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ABSTRACT: Carbon nanoﬁbers, CNFs, due to their superior strength, conductivity,
ﬂexibility, and durability have great potential as a material resource but still have limited
use due to the cost intensive complexities of their synthesis. Herein, we report the highyield and scalable electrolytic conversion of atmospheric CO2 dissolved in molten
carbonates into CNFs. It is demonstrated that the conversion of CO2 → CCNF + O2 can
be driven by eﬃcient solar, as well as conventional, energy at inexpensive steel or nickel
electrodes. The structure is tuned by controlling the electrolysis conditions, such as the
addition of trace transition metals to act as CNF nucleation sites, the addition of zinc as
an initiator and the control of current density. A less expensive source of CNFs will
facilitate its adoption as a societal resource, and using carbon dioxide as a reactant to
generate a value added product such as CNFs provides impetus to consume this
greenhouse gas to mitigate climate change.
KEYWORDS: Carbon nanoﬁbers, carbon composites, carbon capture, climate change, solar energy
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wind turbines and lightweight, low-carbon-footprint transportation.19
Prior to the recognition of a variety of unique carbon
nanoscopic structures such as fullerenes, nanotubes, and
nanoﬁbers, the reduction of carbonates to (macroscopic)
carbons in inorganic molten electrolytes from hydroxides and
a barium chloride/barium carbonate melt was recognized as
early as the late 1800s.20 There are few known routes to the
synthesis of carbon nanoﬁbers, and the existing syntheses are
energy, equipment, time, and cost-extensive. The electrochemical synthesis of CNFs has not been widely explored. Solid
carbon electrodes have been electrolytically converted to
nanostructures such as nanotubes in molten halide solutions
via alkali metal formation, intercalation into, and exfoliation of
the carbon.5 Instead of the conversion of solid carbon, the rate
of the direct reduction of CO2 studied with carbon and
platinum electrodes is limited by the low solubility of CO2 in
molten halides and requires high (15 atm) CO2 pressure. This
conversion is also accompanied by corrosion of the electrodes.21,22 A study of 5−10% Li2CO3 in molten chloride
concluded that “production of CNTs and nanoﬁbers by
electrolysis in molten lithium carbonate is impossible” because
“reduction and carbon deposition occurred by Li discharge and
intercalation into the cathode”.13 That assessment was correct
but did not anticipate the alternative Ni nuclei growth
mechanism with zinc initiated paths from molten Li2CO3
observed here.
Materials and Methods. Experimental details of the solar
thermal electrochemical process, STEP, synthesis of a variety of

he synthesis of nano carbon ﬁbers and modiﬁed CNFs has
been of increasing interest, with applications ranging from
capacitors, Li-ion batteries, and electrocatalysts to the principal
component of lightweight, high strength building materials;
today, CNF demand is mainly limited by the complexity and
cost of the synthetic process, which requires 30−100-fold
higher production energy compared to aluminum.1,2 Carbon
nanoﬁbers have been synthesized from a variety of materials
including pitch, rayon, polyacrylonitrile,3 solid carbon materials,4,5 acetone,6 or hydrocarbon gases,7,8 by employing
electrospinning/carbonization, chemical vapor deposition
(CVD), arc/plasma techniques,9,10 etc. Recent interests are
focusing on renewable feedstocks, i.e., ligin and cellulose,11,12
rather than conventional chemicals from the natural gas or
petroleum industry. Here, we synthesize a valuable commodity,
CNFs, directly from atmospheric CO2 in a one-pot synthesis.
The “production of CNFs by electrolysis in molten lithium
carbonate is impossible” according to a prior report in the
literature.13 Yet here, we present exactly that a high yield
process for the electrolytic conversion of CO2, dissolved in
molten carbonates, directly to CNFs at high rates using
scalable, inexpensive nickel and steel electrodes. The structure
is tuned by controlling the electrolysis conditions, such as the
addition of trace nickel to act as CNF nucleation sites, the
concentration of added oxide, the addition of zinc as an
initiator, and the control of current density. CO2 is a
greenhouse gas that impacts climate change.14,15 CNFs formed
from CO2, can contribute to lower greenhouse gases for
example by consuming, rather than emitting CO2, and by
providing a carbon composite material that can be used as an
alternative to steel, aluminum, and cement whose productions
are associated with massive CO2 emissions.16−18 Carbon
composites will further decrease emissions by facilitating both
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Scheme 1. Molten Carbonate Electrolysis Pathways Converting CO2 Leading to a High Yield, Uniform CNF Product

scanning electron microscope with energy dispersive X-ray
detector. Raman spectroscopy was measured with a LabRAM
HR800 Raman microscope (HORIBA) with 532.14 wavelength
incident laser light, with a high resolution of 0.6 cm−1.
Results and Discussion. Here, we show a facile high yield
route of carbon nanostructure formation on inexpensive
electrodes via molten carbonate electrolysis. The consumed
carbonate is directly replaced by absorbed CO2. Hence, we
show the ﬁrst demonstration in which this atmospheric carbon
dioxide generates carbon nanoﬁbers. Molten carbonates, such
as pure Li2CO3 (mp 723 °C) or low melting eutectics such as
LiNaKCO3 (mp 399 °C) or LiBaCaCO3 (mp 620 °C), mixed
with highly soluble oxides, such Li2O and BaO, can sustain
rapid absorption of CO2 from atmospheric or stack-exhaust
CO2. Equilibrium constraining lithium or lithium/barium oxide
absorption has been presented, and in the context of
atmospheric or smoke stack CO2 the lithium case is described
as16−18,23

societal staples and carbon capture have been detailed in
previous publications.16−18,23−29 This study focuses primarily
on the STEP for carbon electrochemical reactor component to
form a high-yield CNF component. Barium carbonate (Alfa
Aesar, 99.5%), lithium carbonate (Alfa Aesar, 99%), lithium
oxide (Alfa Aesar, 99.5%), and calcium carbonate (Alfa Aesar,
98%) are combined to form various molten electrolytes.
Copper(II) and cobalt(II) oxides are from Alfa Aesar, and
zinc(II) oxide is from Nanotec.
Electrolyses are driven at a 2.3 A (amp) at the maximum
power point of the illuminated concentrator photovoltaic (as
shown in Figure S8) or galvanostatically at a set constant
current as described in the text. The electrolysis is contained in
a pure alumina (AdValue, 99.6%) crucible or pure nickel
crucible (Alfa Aesar). Alumina crucible electrolyses used coiled
Ni wire (Alfa Aesar, 99.5%) as the (oxygen generating) anode
or in scale-up experiments cylinders formed from pure Ni shim
(McMaster 9707K5), while electrolyses in the Ni crucibles used
the inner walls of the crucible as the anode. Ir anodes were
composed of 25 mm × 25 mm × 1 mm 99.7% iridium foil Alfa
Aesar 11432 and platinum from Surepure. A wide variety of
steel wires for coiled cathodes are eﬀective, an economic form
(used in this study) is Fi-Shock 14 gauge, galvanized steel wire
model BWC-14200. During electrolysis, the carbon product
accumulates at the cathode, which is subsequently removed and
cooled. Details of solar (STEP methodology) electrolyses are
provided in refs 16, 23, and 25. Subsequent to electrolysis, the
product remains on the cathode but falls oﬀ when the cathode
is extracted, cooled, and uncoiled. The product is washed with
either DI water or up to 6 m HCl (both yield similar product,
but the latter solution accelerates the washing process) and
separated from the washing solution by either paper ﬁltration or
centrifugation (both yield similar product, but the latter
accelerates the separation process).
The carbon product is washed and analyzed by PHENOM
Pro-X energy dispersive spectroscopy on the PHENOM Pro-X
SEM; by XRD analysis conducted at a sweep rate of 0.12
degree per minute on a Rigaku Miniﬂex diﬀractometer with a
0.01 degree slit width, analyzed using the Jade software package
(JADE, 6:1; Materials Data, Inc. Livermore, CA, 2002) and by
higher resolution with a Carl Zeiss Sigma VP ﬁeld emission

CO2(atmospheric or stack) + Li 2O(dissolved) ⇌ Li 2CO3(molten)
(1)

Scheme 1 presents the successive synthetic variations
described in this study that led to the high yield electrolysis
of straight uniform CNFs from CO2 in molten carbonate. Air
contains 0.04% CO2; this is only 1.7 × 10−5 mol of tetravalent
carbon per liter, whereas molten carbonate contains ∼20 mol of
reducible tetravalent carbon per liter. A separate process to
concentrate atmospheric CO2 is not needed in electrolytic CO2
to CNF conversion. By absorbing CO2 from the air, molten
carbonates provide a million-fold concentration increase of
reducible tetravalent carbon available for splitting (to carbon)
in the electrolysis chamber. Carbonate’s higher concentration of
active, reducible tetravalent carbon sites logarithmically
decreases the electrolysis potential and can facilitate charge
transfer at low electrolysis potentials. CO2 is bubbled into the
molten carbonate, and during electrolysis, oxygen is evolved at
the anode, while a thick solid carbon builds at the cathode
(Figure 1).
We observe that carbonate is readily split to carbon
approaching 100% Coulombic eﬃciency (Coulombic eﬃciency
is determined by comparing the moles of applied charge to the
B
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Figure 1. CO2 to carbon nanoﬁbers formed at a a coiled galvanized steel wire cathode with a nickel anode during 0.05 A; then 1 A constant current
electrolysis. No Li2O is added to the 730 °C molten Li2CO3 electrolyte. SEM F to H are shown at various magniﬁcations of the product removed
from the cooled, washed cathode. “A” shows the 10 cm2 coiled wire (0.12 cm diameter) cathode prior to electrolysis. The anode is the inner wall of a
20 mL Ni crucible containing the electrolyte. “B−E” exemplify the typical maximum variation of observed cathodes subsequent to removal from
carbonate electrolytes after a long (4 Ah) electrolysis in molten carbonate. Red arrows in SEM “H” indicate typical Ni nucleation sites. The blue
arrow originates at one Ni site and moves along the CNF path. “I”: EDS composition mapping along the 6 μ blue arrow path shown in SEM “H”.

moles of product formed, where each mole of solid carbon
product formed depends on four moles of electrons);16−18,23−28 that is unless carbonates are mixed with
hydroxides. In the latter case, H2 and carbon products are
cogenerated.25 High current densities (>1 A cm−2) of carbon
formation are sustained, and we observe similar sustained
currents at carbon, platinum, or steel cathodes (each cathode
eﬀectively become a carbon electrode during the product
deposition). Full cell electrolysis potentials range from less than
1 V under conditions of higher temperature (e.g., 800 °C), low
current density (e.g., ≤ 10 mA cm−2), and high oxide
concentration (e.g., 6 molal Li2O), to several volts at high
current density (e.g., ≥ 500 mA cm−2). Conditions that
increase carbonate electrolysis voltage are high current density,
lower temperature, or lower oxide concentration. Below 800
°C, the product is carbon (and oxygen) and at higher
temperatures, the product gradually shifts to a mix of carbon

and (the 2 electron reduction to) carbon monoxide. It becomes
pure CO (and 1/2O2) by 950 °C.24 The ≤800 °C four-electron
processes is given by
Li 2CO3(molten) → C(solid) + Li 2O(dissolved + O2(gas)

(2)

For a net reaction with eq 1:
CO2(atmospheric or stack) → C(solid) + O2(gas)

(3)

The cathode product of dissolved carbon dioxide in molten
carbonate tends to be an uncontrolled mix of graphites and
amorphous carbons (Supporting Information). However, the
cathode electrolysis product shown in the SEM of Figure 1
consists of controlled carbon ﬁbers with metal nucleation
points (as shown in the ﬁgure by EDS using with Ni
nucleation). The vast majority of the Ni nanoparticles in the
SEM are located at nanoﬁber tips, while a relative few seem to
be aside from, and not associated with, CNF growth. The ﬁbers
C
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structures are seen instead of ﬁbers, indicative of partially
formed multilayered graphene/graphite structures. Electron
dispersive spectroscopy elemental analysis indicates that the
amorphous and platelet structures are composed of >99%
carbon.
We had not previously anticipated the oxygen-generating
anode eﬀects on the structure of the carbon formed at the
cathode during carbonate electrolysis. As demonstrated here,
these anode eﬀects promote signiﬁcant carbon nanoﬁber
formation. We have investigated Pt, Ir, and Ni, and each can
be eﬀective as molten carbonate oxygen generating anodes.7,8,23−29 Whereas Ir exhibits no corrosion following
hundreds of hours use in molten carbonates, the extent of Ni
corrosion is determined by the cation composition of the
carbonate electrolyte. A nickel anode undergoes continuous
corrosion in a sodium and potassium carbonate electrolyte,25 it
is stable after initial minor corrosion in lithium carbonate
electrolytes,8 and no corrosion of the nickel anode is evident in
barium/lithium carbonate electrolytes.22,25 In lithium carbonate
electrolytes, we have quantiﬁed the low rate of nickel corrosion
at the anode as a function of anode current density, electrolysis
time, temperature, and lithium oxide concentration.17 The Ni
loss at a 100 mA cm−2 Ni anode in Li2CO3 at 750 °C with 0 or
5 molal added Li2O is respectively 0.5 or 4.1 mg cm−2 of anode
subsequent to 600 s of electrolysis and increases to 4.6 or 5.0
mg cm−2 subsequent to 1200 or 5400 s of electrolysis. The Ni
loss increases to 7.0 mg or 13.8 mg cm−2, respectively, subject
to higher current (1000 mA cm−2) or higher temperature (950
°C). Each of these nickel losses tends to be negligible compared
to the mass of Ni used in the various Ni wire or Ni shim
conﬁgured anodes. Nickel oxide has a low solubility of 10−5 mol
NiO per mol of molten Li2CO3,31 equivalent to 10 mg Ni per
kg Li2CO3. This low, limiting solubility constrains some of the
corroded nickel to the anode surface as a thin oxide overlayer,
with the remainder as soluble oxidized nickel available for
reduction and redeposition at the cathode.
The characteristic CNF structure is observed when the
electrolysis is initiated at a gradually increasing current density,
or with an initial low current (1 h of 5 mA cm−2 at the cathode)
followed by an extended high current electrolysis such as at 100
mA cm−2 (for several hours). However, when the electrolysis
starts directly at only a high (100 mA cm−2) current density.
The cathode product is principally amorphous (and only ∼25%
CNF). The linear EDS map on the middle, right lower side of
Figure 1 shows elemental variation along the 6 μm path of the
EDS scan from pure Ni at the start of the ﬁber to pure carbon
along the remainder of the ﬁber. We interpret this
mechanistically as follows: due to its low solubility and lower
reduction potential, nickel (in this case originating from the
anode) is preferentially deposited at low applied electrolysis
currents (5 or 10 mA cm−2). This is evidenced by the low
observed electrolysis voltage (<0.7 V) and sustains the
formation of nickel metal cathode deposits, which appear to
be necessary to nucleate CNF formation. The high
concentration of electrolytic [CO32−] ≫ [Ni2+] and mass
diﬀusion dictates that higher currents will be dominated by
carbonate reduction. The subsequent higher electrolysis voltage
thermodynamically required to deposit carbon24 is only
observed at higher applied currents (>20 mA cm−2). Hence,
without the initial application of low current, amorphous
carbon will tend to form, while the CNF structures are readily
formed following the low current nickel nucleation activation.
The lithium carbonate electrolyte has an abundant Li ion

are homogeneous throughout the cathode product, characterized by uniform diameters of 200 to 300 nm, and with length
of 20 to 200 μm. The ﬁbers are prepared by electrolysis at a 10
cm2 coiled galvanized steel wire cathode (shown) and an
oxygen generating nickel anode in 730 °C molten Li2CO3,
initiated by a low current of 5 mA/cm2 cathode, followed by
constant current electrolysis at high current (100 mA cm2) for
2 to 4 Ah. The cooled product consists of ﬁbers mixed with
solidiﬁed electrolyte. Product readily falls of the cooled cathode
when it is uncoiled. The Coulombic eﬃciency is over 80% (and
approaches 100% with carefully recovery of all product after
washing); the product (after washing oﬀ the electrolyte)
consists of >80% pure carbon nanoﬁbers. SEM are shown after
washing electrolyte from the product. The washed cathode
product is further characterized by X-ray powder diﬀraction,
XRD, and Raman spectroscopy in Figure 2.

Figure 2. Top: Raman of the carbon products. Bottom: X-ray powder
diﬀraction of the cathode carbon product.

The XRD diﬀraction peaks in Figure 2 at 26° and 43° are
assigned to the hexagonal graphite (002) and diﬀraction planes
(JCPDS card ﬁles no. 41-1487) within the CNF (speciﬁcally,
the stacking of parallel graphene layers and the size of graphene
layer, respectively).19 The resolved XRD peaks at 43° (100
plane) and 44° (101 plane) is evidence of homogeneity of the
synthesized CNFs. Raman spectrum was recorded to study the
degree of graphitization of the carbon nanoﬁbers. The Raman
spectrum exhibits two sharp peaks observed at 1350 and 1580
cm−1, which correspond to the disorder-induced mode (D
band) and the high frequency E2g ﬁrst order mode (G band),
respectively. The intensity ratio between D band and G band
(ID/IG) is an important parameter to evaluate the graphitization
and is 0.70 in our case, which is consistent with commercial
hollow carbon nanoﬁber samples.30 All of the above
information indicates the formation of good CNFs.
In the absence of a nucleating metal, such as Ni, CNFs are
not evident during molten electrolysis. This is shown in the
Supporting Information in which a Pt or Ir anode is used
instead of the Ni electrode. Subsequent to electrolysis in a Nifree environment (Li2CO3 at 730 °C with 6 molal Li2O utilizing
either a Pt or Ir, rather than Ni, anode), amorphous and platelet
D
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Figure 3. Zn eﬀect (without Ni, Co, or Cu) on SEM of the carbon product formed at the cathode following electrolysis in Li2CO3 (without added
Li2O) between a planar, square 2.5 by 2.5 cm iridium anode and a coiled wire 10 cm2 galvanized (Zn coated) steel cathode. Each electrolysis is
conducted at a low initial (0.05A) current to initiate any metal nucleation at the cathode followed by a 1 A electrolysis for 2 h (2 Ah). The observed
product is the same without (left side) and with (right side) 0.06 m ZnO added to the 770 °C molten Li2CO3 electrolyte.

Figure 4. Cu or Co eﬀect (without Ni) on SEM of the carbon product formed at the cathode following electrolysis in Li2CO3 (without added Li2O)
between a planar, square 2.5 by 2.5 cm iridium anode and a coiled wire 10 cm2 galvanized (Zn coated) steel cathode. Top: with 0.06 m CuO; bottom
right: with 0.06 m CoO added to the 770 °C molten Li2CO3 electrolyte. Bottom: left EDS analysis of spot shown from the CuO cathode product.
Each electrolysis is conducted at a low initial (0.05) current to initiate any metal nucleation at the cathode followed by a 1 A electrolysis for 2 h (2
Ah).

added as 0.06 m ZnO to the molten Li2CO3 electrolyte on the
carbon nanostructures formed at the cathode. In either case,
carbon is formed on a 10 cm2 cathode as photographed in the
top left of Figure 1, but the anode instead of nickel is a planar
6.3 cm2 square iridium electrode. The observed cathode
product conformation consists of spherical ∼1 μm carbon
structures gathered in 3 to 6 μm clusters. In addition, a small
fraction (<10%) of the washed product is seen to contain
CNFs. In the absence of zinc (using either iron or nongalvanized
steel cathodes) but in the presence of nickel, produced
amorphous graphites and uncontrolled nanoﬁber structures
with diameters ranging from 0.2 to 4 μm and either circular or
rectangular duct-like cross sections as shown in the Supporting
Information.
Figure 4 presents evidence that in addition to Ni, Cu and Co
can also act as nucleation sites in the high yield formation of
CNFs at the cathode during electrolysis of molten carbonates.
Each electrolyte yields CNFs. In the top SEM of the CuO
cathode product, EDS analysis of the bright spot shown at the

concentration, and we see no evidence that Li ion intercalation
interferes with the CNF growth. Li intercalation can still occur,
but not the explosive exfoliation of the graphite associated with
lithium metal deposition (the applied potential is too low to
allow Li metal growth).
Rather than the straight, uniform diameter CNFs observed in
Figure 1, when Li2O is added to the molten Li2CO3 electrolyte
the electrolysis product is a proliferation of tangled CNFs of a
wide variety of diameters as shown in the Supporting
Information. Evidently, high concentrations of oxide localized
in the CNF formation region leads to torsional eﬀects
(tangling).
The cathode consists of galvanized (zinc coated steel. This
zinc metal is a critical activator to the observed high-yield CNF
production but acts in a manner diﬀerent than the nickel metal
type of nucleation. Unlike Ni, Zn melts at 420 °C and is a liquid
at the electrolysis temperature. Figure 3 presents the action of
Zn (in the absence of nickel), whether present only as zinc
metal on the galvanized steel cathode surface, or additionally as
E
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directly from carbon dioxide may provide a new pathway to
mitigate this greenhouse gas. Today, carbon nanoﬁbers require
30- to 100-fold higher production energy compared to
aluminum production. We present the ﬁrst high yield,
inexpensive synthesis of carbon nanoﬁbers from the direct
electrolytic conversion of CO2, dissolved in molten carbonates
to CNFs at high rates using scalable, inexpensive nickel and
steel electrodes. The structure is tuned by controlling the
electrolysis conditions, such as the addition of trace nickel to
act as CNT nucleation sites, limits to the electrolytic oxide
concentration, inclusion of zinc, and control of current density.
New infrastructure and merchandise built from CNFs would
provide a repository to store atmospheric CO2. The Raman,
XED, and SEM characterization provides fundamental evidence
of the high yield and purity of the CNF synthesis. Future
papers will explore application level testing of the strength,
thermal, and electrical conductivities and lithium ion
intercalation properties of the CNFs synthesized from CO2 in
molten salts tuned for applications under various electrochemical conditions. It is evident in the Supporting Information
that a range of carbon nanostructures is attainable and future
studies will probe conditions to characterize and optimize
growth of these structures.

beginning of the carbon nanoﬁber exhibits pure copper and
carbon, providing evidence that the deposited copper acts as a
nucleation point to initiate CNF formation. Each of the
nucleation metals which we have observed that promote CNF
growth have in common that they require a low reduction/
deposition potential (which is less than that required for carbon
growth) and lead to higher CNF yield when deposited from
low concentrations at low electrochemical current density. This
range of metals including nickel, copper, iron, and cobalt
enhancing the high yield production of CNFs by molten
electrolysis correlates with the metals that catalyze CVD growth
of CNFs.10,19
As observed in Figures 1 and 4, and as further delineated in
the Supporting Information, Ni, Cu, Co, or Fe nucleates the
high-yield, high-rate production of carbon nanoﬁber formation
in the presence of zinc metal. However, little or uncontrolled
CNF formation is observed in the absence of zinc. In each of
the prior experiments, zinc metal (which melts at 420 °C) is
present in the form of the coating over the steel cathode
formed from conventional, galvanized steel wire. A high
fraction of the carbon product is consistently CNFs when
galvanized (with zinc) steel is used as the cathode and is not
when either iron wire or 316 stainless steel shim was employed
as the cathode.
As noted, we observe that electrolyses initiated at a high
current generated a profusion of amorphous graphites, and a
variety of carbon nanostructures rather than a high yield of
nanoﬁbers, while electrolyses initiated with a low current step
prior to the high current can generate a high yield of uniform
CNFs. Deposition of Ni, Co, Cu (or Fe) at low current density,
from electrolytes which have a low concentration of the metal,
dissolved as the oxide, lead to small, isolated nucleation sites on
the cathode, as evidenced by EDS, which promote CNF
growth. A solid metal cathode does not have these characteristics and does not lead to homogeneous CNF growth. As seen
in the SI, an overabundance of Fe leads to uncontrolled growth,
which in the extreme would tends toward an undeﬁned
randomly distributed (amorphous) carbon. Combined with an
absence of zinc metal, the absence of this low current step
produced amorphous graphites (Supporting Information) or a
profusion of nanoﬁber structures (Supporting Information)
with diameters ranging from 0.2 to 4 μm and either circular or
rectangular duct-like cross sections. It will be of interest in
future studies to isolate conditions that reﬁne the distribution
of these diﬀerent structures. As previously noted, the low
current step occurs at a potential of <0.7 V, which is suﬃcient
to form metal nucleation sites at the cathode, but is
thermodynamically energetically insuﬃcient to reduce carbonate to solid carbon.
A proposed mechanism of the observed high yield CNF that
is consistent with the observed zinc activation and metal
nucleation eﬀects is presented and the observation that the
STEP CNF electrolysis chamber is readily scalable are
described in the Supporting Information. The demonstrated
CNF synthesis can be driven by any electric source. As an
alternative to conventionally generated electrical, we have also
driven the CNF synthesis using electric current as generated by
an illuminated eﬃcient concentrator photovoltaic operating at
maximum power point (SI).
Conclusions. Here, we show a new high yield pathway to
produce carbon nanoﬁbers directly from atmospheric or
exhaust CO2 in an inexpensive molten electrolysis. Formation
of a highly valued, compact, readily stored form of carbon
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Paunović, P. J. Solid State Electrochem. 2013, 17, 399−407.
(22) Novoselova, I.; Oliinyk, N.; Voronina, F.; Volkov, S.; Konchits,
A.; Yanchuk, I.; Yefanov, V.; Kolesnik, S.; Darpets, M. Phys. E 2008,
40, 2231−2237.
(23) Licht, S.; Cui, B.; Wang, B. J. CO2 Utilization 2013, 2, 58−63.
(24) Licht, S.; Wang, B.; Ghosh, S.; Ayub, H.; Jiang, D.; Ganley, J. J.
Phys. Chem. Lett. 2010, 1, 2363−2368.
(25) Li, F.-F.; Liu, S.; Cui, B.; Lau, J.; Stuart, J.; Wang, B.; Licht, S.
Adv. Energy Materials 2015, 5, 1−7.
(26) Licht, S. J. Phys. Chem. C 2009, 113, 16283−16292.
(27) Cui, B.; Licht, S. Green Chem. 2013, 15, 881−884.
(28) Licht, S.; Wang, B. Chem. Commun. 2010, 46, 7004−7006;
2011, 47, 3081−3083.
(29) Licht, S.; Cui, B.; Wang, B.; Li, F.-F.; Lau, J.; Liu, S. Science
2014, 345, 637−640.
(30) Saravanan, M.; Sennu, P.; Ganesan, M.; Ambalavan, S. J.
Electrochem. Soc. 2012, 160, A70−A76.
(31) Ota, K.; Mitshuima, S.; Kato, S.; Asano, S.; Yoshitake, H.;
Kaymiya, N. J. Electrochem. Soc. 1992, 139, 667−671.

G

DOI: 10.1021/acs.nanolett.5b02427
Nano Lett. XXXX, XXX, XXX−XXX

Supporting Information for:

One-pot synthesis of carbon nanofibers from CO2
Jiawen Ren,† Fang-Fang Li,† Jason Lau,† Luis González-Urbina,† and Stuart Licht,†, *
†

Department of Chemistry, The George Washington University, Washington, DC, 20052, USA

I. Conventional CO2 splitting (an example without nano-size control or CNF formation) in
carbonates
II. Ni catalyzed carbon nanofiber formation from CO2 splitting in carbonates
III. Other metals’ action on molten electrolytic carbon formation
IV. A mechanism of high yield electrolytic CNF formation
V. Scalability of the CNT formation
VI. High rate CO2 splitting in carbonates at high solar efficiency

Corresponding Author
*E-mail: slicht@gwu.edu.

1

I. Conventional CO2 splitting (an example without nano-size control or CNF formation) in
carbonates
The SEM in Fig. S1 evidences no CNF in the carbon product deposited at the cathode
subsequent to carbonate electrolysis in a nickel-free environment (Li2CO3 at 730°C with 6 molal
Li2O in the absence of nickel, or added iron oxides, and utilizing either a Pt or Ir anode rather
than a Ni anode). Amorphous and platelet structures are seen, with the platelets indicative of
partially formed multi-layered graphene/graphite. Electron dispersive spectroscopy elemental
analysis indicates that the amorphous and platelet structures are composed of > 99% carbon.
Similarly, little CNF (< 10%) formation was observed in the cathode product when the
electrolysis was instead conducted with a Ni anode in a corrosion-free lower temperature
(630°C) Li1.6Ba0.3Ca0.1CO3 electrolyte. Low temperature and the addition of the alkali earth
cations suppresses Ni oxidation and anodic dissolution into the molten carbonate.23,25

Figure S1. CO2 electrolysis to carbon in molten carbonate without carbon nanofibers in a no-nickel environment
(using a Pt anode). No carbon nanofibers are evident. SEM of the washed cathode product subsequent to a nickelfree, 1.5 hour, 1 A constant current electrolysis in 730°C molten Li2CO3 with 6 m Li2O using a 10cm2 Pt foil anode
and a 10cm2 coiled steel wire (0.12 cm diameter) cathode, in a Ni-free crucible.
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II. Ni catalyzed carbon nanofiber formation from CO2 splitting in carbonates
Nickel originating from corrosion of the anode can deposit onto the galvanized (zinc coated)
cathode and catalyze carbon nanofiber formation. As illustrated in Fig. S2, higher nickel release
during the carbonate electrolysis, which can be controlled by the amount released due to the size
of the nickel anode, results in a proliferation of CNFs of various diameters. As illustrated in Fig.
S3, a lower concentration of controlled release of nickel results in the generation of highly
homogeneous, smaller diameter carbon nanofiber structures. Both products were formed during
electrolysis on a steel wire cathode in 730°C Li2CO3 with added Li2O. The Figure S2 carbon
product was generated in a cell containing a purposefully oversized Ni anode, and the wide
variety of carbon nanofibers generated in this single experiment range from ~0.2 to 4 µm in
diameter and are up to 100µm in length.
Straight, rather than tangled, CNT/CNF formation: The high nickel electrolysis product
examined in the SEM of Figure S2 present a proliferation of tangled carbon nanofibers of a wide
variety of diameters. The nickel initiated electrolysis product examined in the SEM of Figs. S3
and S4 present a tangle of homogeneous-diameter carbon nanofibers. Each of those electrolyses
utilized a molten Li2CO3 electrolyte with 6 m added (dissolved) Li2O. Evidently, high
concentrations of oxide localized in the nanofiber formation region leads to torsional effects
(tangling). As shown in Figure 1 of the main text carbon nanofibers grown by electrolysis in pure
molten Li2CO3 (without added Li2O) are consistently untangled, uniform and long. The CNTs
range from 300 to 1000 nm in width and 20 to 200 µm long. The better resolved XRD peaks at
43° (100 plane) & 44° (101 plane) in Fig. 2 compared to Fig. S2 is evidence of better
homogeneity of the CNTs synthesized under the Ni-limited conditions.
The predominant carbon nanofiber structured cathode product is observed when the
electrolysis is initiated at low current, typically at 5 mA cm-2, followed by an extended high
current electrolysis such as at 100 mA cm-2. The cathode product is principally amorphous (and
only ~25% CNF), when the electrolysis starts directly at only a high (100 mA cm-2) current
density. We interpret this mechanistically as follows: due to its low solubility and lower
reduction potential, nickel (in this case originating from the anode) is preferentially deposited at
low applied electrolysis currents (5 or 10 mA cm-2). This is evidenced by the low observed
electrolysis voltage (<0.7V) and sustains the formation of nickel metal cathode deposits, which
appear to be necessary to nucleate carbon nanofiber formation. The concentration of electrolytic
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[CO32-] >> [Ni2+], and mass diffusion dictates that higher currents will be dominated by
carbonate reduction. The subsequent higher electrolysis voltage thermodynamically required to
deposit carbon24 is only observed at higher applied currents (> 20 mA cm-2). Hence, without the
initial application of low current, amorphous carbon will tend to form, while the carbon
nanofiber structures are readily formed following the low current nickel nucleation activation. In
our typical high yield electrolyses, the current is increased from 50 to 1000 mA at a 10 cm-2 steel
cathode over 15 minutes, followed by a constant current electrolysis at 1000 mA.

Figure S2. CO2 to a diverse range of carbon nanofibers from high nickel media (subsequent to electrolysis with an
oversized nickel anode, the inner wall of a 50 ml Ni crucible, at 0.05 A, then 1 A constant current electrolysis for 2
hours in 730°C molten Li2CO3 with 6 m Li2O using a 10cm2 coiled, 0.12 cm diameter steel wire). Top: X-ray
powder diffraction of the carbon product. Middle, bottom: SEM of the washed cathode product subsequent to
electrolysis with an oversized nickel cathode (the inner wall of a 50 ml Ni crucible. Consistent tangled fiber product
with a wide range of diameter are observed throughout. Typical constant current electrolysis potentials range from
0.5 to1.5 V as the current density is increased from 0.05 A to 1A.
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The CNFs synthesized in Fig. S3 utilized the same cathode and same composition
electrolyte as in the Figure S2 synthesis, but with a controlled, limited amount of nickel released
to limit the Ni nucleation points forming on the cathode. This was accomplished by using a
smaller (by one third) surface area of nickel anode in the electrolysis cell. As illustrated in Fig.
S4 a lower concentration of controlled release of nickel results in the generation of highly
homogeneous CNFs with a smaller, consistent diameter of ~0.2 µm .
As seen in the electron dispersive spectroscopy in Figure S3, the SEM bright spots are Ni
deposits on the cathode. This is consistent with the known alternative CVD CNF growth
mechanism, in which Ni acts as nucleation sites to initiate CNF growth.7 The washed cathode
product is further characterized by x-ray powder diffraction, XRD in Figures 2 and S2. The XRD
diffraction peaks at 26° and 43° are assigned to the hexagonal graphite (002) and diffraction
planes (JCPDS card files no. 41-1487) within the CNF (specifically, the stacking of parallel
graphene layers and the size of graphene layer, respectively).19 The resolved XRD peaks at 43°
(100 plane) & 44° (101 plane) in Figure 2 is evidence of homogeneity of the synthesized CNFs.

Figure S3. CO2 to homogenous set of carbon nanofibers from controlled nickel media, 6 m added Li2O electrolyte.
Left, middle: (repeated, representative of) EDS on fiber showing high carbon concentration; EDS right: (repeated,
representative) EDS on bright spot showing high nickel concentration top) and on a CNF (bottom). Right, bottom:
SEM of washed cathode product subsequent to electrolysis with a smaller nickel cathode (the inner wall of a 20 ml
Ni crucible), 0.05 A, then 1 A constant current electrolysis in 730°C molten Li2CO3 with 6 m Li2O using a 10cm2
coiled steel wire (0.12 cm diameter). Throughout the sample the SEM consistently exhibited the same diameter of
carbon nanofiber structures.
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III. Other metals’ action on molten electrolytic carbon formation
The action of metals other than nickel on carbon nanostructures formed in the cathode product
during electrolysis in molten carbonate is probed by (i) adding no Li2O to the molten carbonate
(ii) replacing the nickel anode with an iridium anode, and (iii) adding metal oxide to the
electrolyte. As previously described17 the iridium, while expensive, is extremely stable and
exhibits no evidence of corrosion, dissolution or cathodic redeposition (as measured by EDS of
the cathode) during extended use (hundreds of hours) as an anode in molten lithium carbonates
without added lithium oxide.
Fig. S4 presents SEM of the effect of added nickel (top) or iron oxide (bottom) on the
carbon product formed during electrolysis in molten Li2CO3 electrolyte in the nickel-free
(iridium) anode electrolysis cell. The 0.06 m added NiO to the electrolyte provides a large
supersaturation excess of Ni(II) and undissolved NiO remains evident at the bottom of the
electrolysis cell. As evident in the large anode (high Ni) case of the SEM in Fig. S2, a wide
variety of type diameters are evident, but additionally in this Fig. S4 case a larger proportion
(~25%) of non-fiber carbon nanostructures are evident. We hypothesize that the more controlled
release of Ni(II) from the nickel anode in the Fig. S3 example, rather than as dissolved excess
NiO in Figure S2, provides for more uniform nucleation of nickel at the cathode leading to the
observed even higher fraction of carbon nanofiber structures. Unlike nickel oxide, we have
previously discovered that iron oxide is highly soluble (~10 m) in lithiated carbonate
electrolytes, dissolving as Fe2O3 +Li2O -> 2LiFeO2.27,28 The concentration of iron oxide as a
source for reduction to form iron nucleation points for CNT formation is more difficult to
control, particularly when using an iron (metal) based cathode. The SEM shown in the lower
portion of Fig. S4, shows that this level (0.06 molal) of dissolved LiFeO2 results in a profusion of
carbon nanofiber structures.
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Figure S4. Fe or Ni effect, added as the oxide to the electrolyte, on the SEM of the carbon product formed at the
cathode following electrolysis in Li2CO3 (without added Li2O) between a planar, square 2.5 by 2.5 cm iridium anode
and a coiled wire 10 cm2 galvanized (Zn coated) steel cathode. Top: with 0.06 m NiO; bottom: with 0.05 m LiFeO2
added to the 770°C molten Li2CO3 electrolyte. Each electrolysis is conducted at a low initial (0.05) current to initiate
any metal nucleation at the cathode followed by a 1A electrolysis for 2 hours (2Ah).

IV. A mechanism of high yield electrolytic CNF formation
As observed, nickel nucleates the high-yield, high-rate production of carbon nanofiber
formation in the presence of zinc metal. However, it is interesting to note in the SEM at the top
of Fig. S5 that little or uncontrolled CNF formation is observed in the absence of zinc. In each of
the prior experiments zinc metal (which melts at 420°C) is present in the form of the coating
over the steel cathode formed from conventional, galvanized steel wire. A high fraction of the
7

carbon product is consistently CNFs when galvanized (with zinc) steel is used as the cathode,
and is not when either iron wire, or 316 stainless steel shim was employed as the cathode.

.

Figure S5. Top: SEM showing the lack of CNF, despite the presence of a Ni anode (as the inner wall of a 20 ml Ni
crucible), specifically when carbonate is electrolyzed at a zinc free iron cathode and without an initial, low current
activating current step. The electrolyses are conducted a 1A electrolysis for 2 hours (2Ah) using a 10cm2 coiled iron
wire (0.12 cm diameter), rather than galvanized steel wire. Bottom: a low fraction of CNFs is observed when the a
zinc free cathode is used with a 2.5 by 2.5 cm iridium anode and with 0.06 m NiO added to the electrolyte.

As previously noted, we observed that electrolyses initiated at a high current generated a
profusion of amorphous graphites, graphenes, and electrolyses initiated carbon nanostructures
rather than a high yield of nanofibers, while electrolyses initiated with a low current step prior to
the high current can generate a high yield of uniform CNFs forms. Combined with an absence of
zinc metal, the absence of this low current step produced amorphous graphites (top of Fig. S5) or
a profusion of nanofiber structures (bottom of Fig. S5) with diameters ranging from 0.2 to 4 µm
and either circular or rectangular duct-like cross-sections. It will be of interest in future studies to
isolate conditions that refine the distribution of these different structures. As previously noted,
8

the low current step occurs at a potential of < 0.7V, which is sufficient to form metal nucleation
sites at the cathode, but is thermodynamically energetically insufficient to reduce carbonate to
solid carbon.
As shown in the calculated electrolysis potentials in the top of Fig. S6, zinc is
thermodynamically unusual compared to nickel, copper, cobalt or iron, in that the energy
required to form zinc metal from zinc oxide is greater than the energy needed to reduce
tetravalent carbon (in the form of carbon dioxide dissolved in carbonate) to solid carbon, and
hence carbon will be preferentially formed from the oxide compared to zinc from the oxide.
However, as also evident from the lower two curves in the figure, zinc metal is energetically
sufficient to chemically spontaneously react (without the need for an applied potential), to form
both solid carbon from carbonate and form nickel (or other CNT nucleation site metals) from the
oxide. The experimental carbon and iron deposition onset potentials we observe are 0.5V less
than the thermodynamic potentials shown in Fig. S6, which is consistent with the Nernst voltage
shift associated with the large amount of dissolved reactant (tetravalent carbon or Fe(III)) that is
available or may be dissolved in molten lithium carbonate. As with the reaction of Zn with nickel
oxide (shown), the reactions of Zn with cobalt, iron, cobalt and copper are also exothermic (with
respective electrolysis potentials E°(25°C) of -0.4, -0.6 and -1.0V).
When zinc is absent from the cathode, carbon formation initiates only at much higher
(~1V or higher) potentials, leading to larger higher current density formed nucleation sites,
which are not conducive to CNF confined growth and the observed profusion of mixed,
amorphous graphite, graphene, and various-shaped carbon nanostructures. The presence of the
zinc metal acts as a beneficial aid as it is energetically sufficient to activate both (i) the
spontaneous formation of solid carbon from carbonate and (ii) the spontaneous formation of
metal catalyst nuclei that aid initiation of the controlled structure growth of nanofibers at the
nucleation site; zinc thereby facilitates subsequent high-yield CNF growth from the greenhouse
gas CO2 dissolved in molten carbonate. This sets the stage for base structures conducive to the
subsequent high growth carbon solvation/diffusion/precipitation application of higher current
densities, advantageous (to rate of formation) without hydrogen, laser ablation or plasma
assistance. The preferred mechanism of high yield electrolytic CNF formation is illustrated in the
right portion of Fig. S6.
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Figure S6. Left: Calculated (using thermochemical data from: reference I. Barin, Thermochemical Data of Pure
Substances, part II, VCH publishers, New York, 1989; ibid, part I, 3rd edition, 1995.) electrolysis potentials relevant
to the high yield electrolytic formation of CNTs from molten carbonates. The reduction of iron is shown as
calculated from conventional hematite, Fe2O3; calculated rest potentials for the lithium soluble form, LiFeO2 or
magnetite Fe3O4 of iron oxide are similar (1.4V and 1.3V respectively at 25°C) and exhibit similar endothermic
trends with increasing temperature. Right: Electrolytic CNT growth mechanisms; A: High voltage electrolysis of
alkali metals followed by exfoliation and alkali intercalation into a solid carbon electrode; B: in lieu of solid carbon,
spontaneous absorption of CO2 into molten carbonate as a low voltage & greenhouse gas source of carbon; C:
Lower voltage reduction of lithium carbonate; D: metal catalyst, such as nickel (shown), cobalt or iron nucleation of
an assortment of carbons (including CNTs) at the cathode. E: Zn metal assisted deposition of catalyst and initial
carbon to generate a high-yield of electrolytic CNTs.
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V. Scalability of the CNT formation
The STEP CNF electrolysis chamber is readily scalable (Fig. S7); we have scaled from 1A to
100A using 300 cm2 (shown) and electrode cells driven with a Xantrex XTR 0-100 A DC power
supply, which scale the smaller cells both in lower carbon splitting potentials (1-1.5 V) and high
(80-100 %) 4 electron coulombic efficiency of carbon product formation. The larger cells use a
cylindrical galvanized steel cylinder as a cathode sandwiched within concentric, cylindrical
nickel anode anodes, and as shown a hammer to separate the product from the cathode. Note
that whereas 1A generates 0.1 gram of carbon per hour, the 100 A generates 10 g/h. We are
currently preparing for a 660A test of a further scaled up 800 cm2 cell.

Figure S7. Scaled-up electrolysis chamber splitting CO2 operated at 100 amp. Driven with a Xantrex XTR 0-100 A
DC power supply, 1.5V, and approaching 100% coulombic efficiency of the 4 electron reduction to carbon.

11

VI. High rate CO2 splitting in carbonates at high solar efficiency

Figure S8. Concentrator photovoltaic driving CNF synthesis. Driven with a Xantrex XTR 0-100 A DC power
supply, 1.5V, and approaching 100% coulombic efficiency of the 4 electron reduction to carbon.

The demonstrated CNF synthesis can be driven by any electric source. As an alternative
to conventionally generated electrical, we have also driven the synthesis using electric current as
generated by an illuminated efficient concentrator photovoltaic (CPV) operating at maximum
power point. We have previously heated CO2 as a reactant for the electrolysis cell by (i) initially

12

passing it over and under the CPV, and then (ii) heating it to the electrolysis temperature using
sub-band gap (infrared) thermal light split from concentrated sunlight (via a hot mirror) prior to
absorption by the CPV.16,24 In this study, to demonstrate the efficient solar synthesis of CNFs, we
use a previously characterized indoor solar simulator,29 and a 39% solar efficient CPV operating
at 550 suns concentration (Figure S8), which has a maximum power point voltage of 2.7 V to
drive two in-series (1.35V x 2) CNF electrolyzers at 2.3A. STEP CNFs are efficiently formed
from CO2 in air, using inexpensive Ni and steel electrodes at high solar efficiency.
Here, we show a new high yield pathway to produce carbon nanofibers directly from
atmospheric or exhaust CO2 in an inexpensive process. Such formation of a highly valued,
compact, readily stored form of carbon directly from carbon dioxide may provide a new pathway
to mitigate this greenhouse gas. Today, carbon nanofibers require 30- to 100-fold higher
production energy compared to aluminum production. We present the first high yield,
inexpensive synthesis of carbon nanofibers from the direct electrolytic conversion of CO2,
dissolved in molten carbonates to CNTs at high rates using scalable, inexpensive nickel and steel
electrodes. The structure is tuned by controlling the electrolysis conditions, such as the addition
of trace nickel to act as CNT nucleation sites, limits to the electrolytic oxide concentration,
inclusion of zinc, and control of current density. New infrastructure and merchandise built from
CNFs would provide a repository to store atmospheric CO2.
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Supplementary Materials
Ammonia synthesis by N2 and steam electrolysis in molten hydroxide
suspensions of nanoscale Fe2O3
Stuart Licht,1* Baochen Cui,1 Baohui Wang,1 Fang-Fang Li,1 Jason Lau,1 Shuzhi Liu1
Materials
Anhydrous sodium hydroxide (Sigma-Aldrich S5881), potassium hydroxide (sigmaaldrich P1767, KOH•½H2O), cesium hydroxide (99.9% CsOH•1-2H2O Alfa-Aesar
13233) and lithium hydroxide (anhydrous, 98%, Acros Organics 37918) are combined to
form various eutectic molten hydroxide electrolytes each with melting points < 300°. The
pure anhydrous akali hydroxides each melt only at temperatures > 300°C; LiOH (Tmp =
462°C), NaOH (Tmp = 318°C), KOH (Tmp = 406°C), CsOH (Tmp = 339°C). Whereas,
molar ratios of 0.3:0.7 LiOH/NaOH, 0.3:0.7 LiOH/KOH, 0.5:0.5 NaOH/KOH, 0.44:0.56
KOH/CsOH, respectively melt at 215°C, 225°C, 170°C and 195°C (22), and are even
lower when hydrated hydroxide salts are used. Conventional microscopic (99.4%, JT
Baker) or high surface area nanoscopic (20-40 nm particle, 30-60 m2/g AlfaAesar 45007,
NanoArc; used lot L20Y042: Alfa Aesar Certificate of analysis, 99.9% iron oxide, 35 nm
average particle size, 33 m2 g-1 BET) Fe2O3 are added to the molten hydroxide electrolyte
to promote ammonia formation.
Gas input to the electrolysis chamber consisted of either A: wet (1) 99.999%
nitrogen (ultra high purity nitrogen generator 3000 cc/min Dominick Hunter G2-110W),
or (2) Ar, bubbled through double deionized water to water saturation at room
temperature (2.6% water at 22°C), or (3) air bubbled through a 1 M KOH solution to
remove carbon dioxide and saturate with water at room temperature, B: the dry gases.
Gas flow was maintained at 4.1 ml min-1 in the 20 mA electrolyses and 111 ml min-1 in
the 250 mA electrolyses. For mass balance the wet (water saturated) gases provide
sufficient water (8x10-8 or 2x10-6 mol H2O/s, respectively) for the hydrogen generation
component of the electrolysis and excess nitrogen. It is a challenge to design higher input
gas flow rates into the current cell design, and the 2000 mA experiment is conducted with
flow of 222 (and also a slow flow experiment of 2.2) ml min-1. The latter, 2000 mA slow
flow 2.2 ml min-1 experiment constrains steam and nitrogen entering the cell and yields
only 0.62 of the initial ammonia production rate of the fast flow experiment, and
respectively after 4 or 6 hours exhibited an ammonia rate of only 13% or 5% of the initial
two hour average rate. As described in the text, excluding either nitrogen or water from
the cell decreased (zeroed) the ammonia output from the electrolysis cell. The electrolysis
is conducted in a pure alumina crucible (AdValue, 99.6%). In the alumina crucible cell,
the anode consists of a pure Ni (McMaster 200) shim cut to 10 cm2, the 10 cm2 Ni
cathode consists of 200 mesh woven wire cloth (Alloy 400, Monel, McMaster
9225T361). This Monel cathode mesh is stable in the molten 200°C hydroxide, whereas
316 stainless steel mesh is observed to (slowly) react forming hydrogen. The electrodes
are connected externally by spot welded Ni wire (99.5% Alfa Aesar 41361).
2

Calculations
Thermodynamic electrolysis potentials for water splitting and ammonia synthesis with
water are calculated from the unit activity thermochemical data for the individual species,
using the convention to describe the positive potential necessary to drove a non
spontaneous potential (19-21), from the reactions: ∑i=1 to x riRi → ∑i=1 to y ciCi; using
ET = ∆G(T)/nF
and ∆G°(T) =∑i=1 to y ci(H°(Ci,T)-TS°(Ci,T)) - ∑i=1 to x ri(H°(Ri,T)-TS°(Ri,T)).
Electrolysis provides control of the relative amounts of reactant and generated product in
a system. A substantial activity differential can also drive STEP improvement at elevated
temperature. The free energy and hence potential variation with activity, a, of the reaction
is,
∆G(T,a)= ∆G°( T)+RTln(( ∏i=1 to x a(Ri)ri / ∏i=1 to y a(Ci)ci )
= ∆G°( T)+2.303RTQ; where Q = log(( ∏i=1 to x a(Ri)ri / ∏i=1 to y a(Ci)ci)
Methods
A single chamber electrolysis configurations was used to electrolyze water saturated air
or N2 to NH3. In addition a double chamber cell configuration was only used to confirm
that ammonia was separately generated at the cathode and oxygen at the anode. The latter
configuration is described in the subsequent paragraph. The single chamber configuration
is photographed in Fig. S1. A stainless steel (316 alloy) cover is cut with a groove on the
lower side that matches the circumference of the alumina crucible (100 ml alumina
crucible Advent AL-2100). The cover to crucible seal is gas-leak free when the groove is
filled with a high temperature adhesive (Resbond 907 heavy grade adhesive) and the
cover is compressed to the crucible by four outer bolts through the cover and a bottom
plate as seen in the figure. 0.25” Inconel (McMaster 89865K) or alumina tubes
(McMaster 8746K) pass through the cover into the electrolyzer, and are gas-leak free
when sealed with the Resbond 907. The middle alumina tube becomes the outlet gas exit,
which is bubbled through an ammonia trap (described below). The anode connecting wire
seen on the left is in an alumina tube. The inconnel tube, seen on the right side, functions
as both the cathode electrical connection and as the gas inlet. Either N2 or air, and water
vapor enters through this inlet The anode and cathode tubes are also sealed at the cover
with Resbond 907 adhesive In addition the cathode tube is connected to the inlet gas
(either N2 or air and water vapor). The cell is situated within a 1700 W Band Heater
(McMaster 8160T21), and insulated by (1) alumina silica ceramic fiber ultra high
insulation with an aluminum facing on one side (McMaster 9379K93) and (2) rigid
thermal shock resistant ceramic insulation without binder (McMaster 9359K75).
Temperature is monitored by thermocouple and controlled by DIN Compact Temperature
Controller (Omega CN2100-R20). The full cell voltage to drive molten hydroxide
electrolysis of wet N2 or air to ammonia at 200°C in the presence of nanoscopic Fe2O3 is
1.2V when the applied current is 20 mA between the 10 cm2 Ni electrodes, and increases
to 1.4 V when the current is increased to 250 mA. In each case, when current is applied
3

the electrolysis potential rises from 0V to 60% of the final voltage within the initial 30
seconds of electrolysis, and to 80% of the final potential within the first 5 minutes of the
electrolysis. We observe that Ni, Pt (18) and lithiated Ni (17) are effective anodes. The
lithiated Ni is prepared by anodization at 1 mA cm-2 for 24 hours in 100°C 3M LiOH,
and drives the electrolysis at a ~0.07V lower potential. However, in this study,
commercial, pure (Ni 200) shim is employed as the anode to demonstrate ease of process.
At these current densities and temperature, variation of the cation has not been observed
to affect these electrolysis potentials. The same electrolysis potentials are observed when
the equimolar NaOH/KOH molten electrolyte, is replaced by an 0.48:0.52 molar ratio
NaOH/CsOH, an 0.7:3 NaOH/LiOH, or an 0.7:3 KOH/LiOH eutectic electrolyte.
Presumably, higher current densities and higher temperature potential will be affected by
the cation, which will affect electrolyte conductivity and water retention.
The product gas from the electrolysis chamber is bubbled (sparged) through an ammonia
trap containing 500 ml doubly deionized water, changed regularly for ammonia analysis.
Ammonia concentration was determined by triple redundant methodologies (1) UV/vis
absorption, (2) ion selective electrode analysis (Hach 2348700 Ammonia ISE Analysis
package) and (3) ammonia test strips (Hach 2755325, dilution required on more
concentrated samples). In each case, redundant measurements yield similar ammonia
measurements, with the observed reproducibility of first two methodologies +2% and the
test strips to +5%. Initially, two water traps (in series) were used to probe whether all
ammonia was collected by the first water trap. No ammonia was measured in the second
water trap, even under high ammonia production conditions, and only a single water trap
was used in subsequent experiments. A (single 500 ml) millimolar acid water trap was
also effective. High ammonia concentrations required a dilution prior to analysis by the
ammonia test strips. The ammonia ISE is calibrated with a series of NHCl4 solutions, and
2 ml pH of ionic strength adjustor (Orion ISA 951210) added to 100 ml of analyte. The
ammonia ISE responds quickly to moderate and high ammonia concentrations, however
required several minutes to reach a limiting voltage (concentration) when analyzing
dilute ammonia concentrations. Hence, UV/vis was the preferred method of analysis. The
UV/vis ammonia determination is measured by absorption at 697 nm on Perkin Elmer
Lambda 35 in a conventional 1 cm path length cuvette by the salicylic method, as
calibrated with standard aqueous ammonium chloride (NH4Cl) solutions. The method is
delineated in reference 30, and in brief absorption is measured following the additions of
0.36 M salicylic acid (C6H4(OH)COOH) in 0.32 M aqueous NaOH, aqueous 0.032
sodium nitroprusside (Na2[Fe(CN)5NO]•2H2O), and 0.1M sodium hypochlorite (NaClO)
in 0.75 M aqueous NaOH. Ammonia measured under a variety of discharge conditions is
presented in Table S1.
H2 was measured directly by a Micro IV hydrogen analyzer (GfG Instrumentation)
or, in the case of high hydrogen concentrations, following serial dilution by added
nitrogen; at lower N2 inlet flow rates, H2 was redundantly determined by the volume of
H2 & O2 gas collected (after corrections for the partial volumes of N2 and H2Ovapor). H2
was redundantly measured, along with O2, by GC (HP 5890 series II gas chromatograph)
with 3 ml/min argon flow using a Carboxen-1010 column, injecting a 250µL sample,
which yields H2 and O2 peaks respectively at 2.15 and 3.7 minutes.

4

Fig. S1. The single chamber electrolysis cell configuration as described in the text and
used to confirm that ammonia was produced at the cathode and oxygen at the electrode.
Top left and right photos: underside and top of cell cover. Bottom left: alumina crucible
situated in the cover groove and bolted closed. Above the cell, from left to right is the
electrical connection of the anode that is sheathed in alumina, the alumina gas outlet, and
on the right side an Inconnel tube functioning as both the gas inlet & the cathode
electrical connection. Bottom, right: the electrolyzer sitting within the band heater (not
visible) and surrounded by insulation.
5

Table S1. Measured ammonia produced as a function of time in the Fig. S1 electrolysis
cell at either 0 or 20 mA applied current and at 200°C in a molten Na/KOH electrolyte. In
the table NH3 is the mg of measured NH3 analyzed as detailed in the text. EE is the
electrolysis efficiency, that is NH3/3e- (%) calculated from the charge, q, and measured
ammonia as: 100%*mol NH3/( q /3). In the case of q =0, EE =NH3 (measured). NanoFe2O3 above the electrolyte (columns 14 & 15) is maintained in the headspace, and kept
separate from the electrolyte by fiber alumina wool. Specifically, three cm above the
molten electrolyte a platform was formed in the headspace of the electrolysis chamber
which consisted of (i) Ni shim pierced with holes and covering the diameter of the
alumina crucible, (ii) fine (400) 316 stainless mesh, and (iii) Cotronics 300 porous
alumina paper with through holes for the alumina tubes covering the electrodes, (iv) then
the nano-Fe2O3, (v) a top layer of Cotronics 300 porous alumina paper, and finally
packed with (vi) high temperature fiber alumina wool (McMaster 9379K93 with foil-face
removed).

A second, double chamber cell is shown in Fig. S2. An alumina crucible (not
shown) sits in the outer groove of the cell cover, while an inner alumina tube sits in the
inner groove. The outer chamber, situated between the crucible and the inner alumina
tube contains an Inconnel tube (left side) which functions both as an inlet of water
saturated air or nitrogen, and as an electrical connector for the nickel 400 mesh cathode.
The outer chamber also contains an alumina tube outlet to one (of two) water traps for
gas analysis. The inner chamber, situated within the alumina tube, contains the nickel
anode connected externally by a nickel wire sheathed in an alumina tube, as well as a
second alumina tube outlet to the second water trap for gas analysis. This configuration
exhibits higher cell voltages due to the long electrolyte path between anode and cathode
and was only used to confirm that ammonia was produced at the cathode and oxygen at
the anode. While this configuration exhibits higher cell voltages, it is interesting to note
that we never observed an improvement in efficiency (that is we did not observe an
increase in the ammonia produced) in these experiments in which oxygen was partially
(with air as the inlet gas) or fully (with nitrogen as the inlet gas) excluded from the
cathode chamber, which suggested that there is no observable reaction of ammonia with
oxygen in the 200°C molten hydroxide electrolyte.

6

Fig. S2. The double chamber electrolysis cell configuration as described in the text and
used to confirm that ammonia was produced at the cathode and oxygen at the electrode.
Top left and right photos: underside and top of cell cover. Bottom photos, left: alumina
tube with cathode outside and anode inside, prior to addition of electrolyte and outer
crucible. Right: Double chamber cell prior to closure with bolts showing from right to left
inconnel tube for gas inlet & cathode electrical connection, outer chamber gas outlet,
inner chamber electrical connection to anode, and inner chamber gas outlet.
7

The electrolyzer current was supplied by power supply in initial experiments and is
now provided by an efficient concentrator photovoltaic in lab under 1 kW Xenon,
daylight color (5600K) AM1(air mass) illumination as described in Fig. S3.

Fig. S3. Electrolyzer current by power supply (initial experiments) and now provided by
an efficient concentrator photovoltaic in lab under 1 kW Xenon, daylight color (5600K)
AM1(air mass) illumination. Left side is the 0.3074 cm2 Envoltek ESRD055 CPV
situated under the air-cooled AM1 filter. Middle top: The fresnel concentrator above the
AM 1 filter. Middle bottom: the unattached CPC under the secondary optical
concentrator. Right side: Typical (550 sun) photocurrent - voltage plot of the CPV.
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Solar Thermal Constrained Volume Pressurization
A low energy route to solar energy conversion. In this study we also introduce a solar
thermal water self-pressurizing, low electrolysis energy path system. The solar generated
high pressure of the reactant gas phase equilibrates with gas or molten phase reactants to
decrease the electrochemical potential required for endothermic electrolyses. Sunlight
provides the energy to evaporate a reactant in a constrained volume, driving the reactant
to high pressure as shown (for H2O) in Scheme S1 (alternatively, the higher pressure H2O
can be used to compress a piston to pressurize a reactant such as N2 in air). The sunlight
also provides higher temperature, which further decreases the electrolysis splitting
energy. Solar thermal energy is readily absorbed at conversion efficiency in excess of
65%, and here provides an efficient energy source and mechanism to maintain a high
reactant pressure. Hence the energy needed to split water or electrochemically synthesize
molecules can be substantially decreased by sunlight. Specifically here, pure water or an
NaOH:KOH electrolyte, was enclosed with air and heated in a confined volume.

Scheme S1. The pressure of water saturating 1 bar of air, without or with solar heating in
a constrained volume, as a feedstock for STEP ammonia production. Note, that dry air's
composition is 78.08% N2, 20.95% O2, 0.93% Ar, and other lower concentration gases;
alternatively a pure N2 feedstock can be considered instead of air.
9

As expected, heating volume constrained water yielded a demonstrated increase in
water pressure from 0.03 bar at room temperature to 60 bar at 275°C measured in the 200
ml constrained volume experimental cell (a modified hydrothermal reaction chamber)
shown in Fig. S4. The generated high water pressure is in accord with improved high Q
/low energy ammonia synthesis conditions theoretically predicted by Eq 7 & 8, seen in
the lower voltage curve of Fig. 1 of the main text.

Fig. S4. High-pressure cell used to measure saturated water pressure as a function of
temperature. The Tech-zoom stainless steel reactor has an inner 200ml Teflon chamber
(top shown as used to measure saturated water pressure), and (bottom) is shown as inhouse modified for electrolysis by replacement of the right-hand flow valve with
throughput electrical contacts using an OMEGA MFT-116-3 Feedthrough for up to three
1/16” diameter probes with a ¼” NPTM fitting.
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In addition to water as shown in Scheme S1, we directly heated water/hydroxide
mixtures in the Fig. S4 modified hydrothermal reaction chamber shown in the Methods
section. Pure water in a constrained environment will achieve a pressure of 85.8 bar at
300°C (31). As seen in in Fig. S5, a KOH mix containing 50% water (an 18m KOH
aqueous solution) will achieve 30 bar in a constrained environment (a substantial portion
of the water is bound by the KOH). The 1:1 molar NaOH:KOH used in the main portion
of this study is a low melting point eutectic but at 1 bar retains relatively low
concentrations of water (<8%) at 200°C. In order to achieve water-saturation pressures
that can decrease the electrolysis energy, higher concentrations of water are required. As
seen in the figure we measure that a 1:1 molar ratio of NaOH to KOH when containing
67 % water (an aqueous solution that is 4 molal in both NaOH and KOH) does rise to a
water pressure of over 50 bar when heated to 300°C. In comparison, as seen in the figure,
the variation with temperature of this saturated water pressure is similar, but slightly less,
than that previously observed above pure 8 m NaOH or pure 8m KOH solutions.

Fig. S5. The measured water pressure above a 4 molal NaOH + 4 molal KOH aqueous
solution (a mix containing a 1:1 molar ratio of NaOH to KOH and 72.2 mass percent
water) compared to the known (31) experimental saturated water pressures above water,
8 or 18 m NaOH, and 8 or 18 m KOH.
In principle, the heat required to raise the aqueous hydroxide mix is low (the heat
capacity for water, NaOH and KOH varies from Cp = 1 to 4 J g-1 K-1 with temperature).
To safely constrain the pressure, the Teflon lined stainless steel 200 ml reaction chamber
used in this study is massive (5 kg) compared to the 70g mass of the heated hydroxide
11

solution, which provides a challenge to heating the chamber solely with solar energy.
However demonstrating that solar thermal is sufficient, is that outdoors 60 to 70 g of an
alkali eutectic salt consistently reaches and sustains temperatures of 500°-700°C, and 30
g reaches over 700°C, with (Edmund Optics) Fresnel lens concentrator under Washington
DC sunlight.
We kept the temperature of Fig. S4 high-pressure cell at or below 300°C, as the
decomposition temperature of Teflon is 325°C. We observe that the Teflon lining began
to soften or deform at temperatures over 300°C. In accord with Scheme S1, high water
content, closed contained electrolyses provide an opportunity to increase the saturated
water pressure above the mNolten phase reaction by three orders of magnitude by
increasing the temperature from 25°C to 300°C. These conditions provide the opportunity
to explore the capability of solar thermal energy to decrease the electrolysis potential
needed to drive water reactant electrolyses such in the ammonia synthesis reactions Eqs.
4-8.
In experiments in the volume constrained cell with externally connected electrodes
shown on the right side of Fig. S4, the potential between Ni electrodes in an 8 m
hydroxide ammonia synthesis electrolyte (4m NaOH, 4 m KOH, nano-Fe2O3) decreased
with increasing temperature providing initial supporting evidence of the predicted high Q,
low potential ammonia synthesis potential calculated in Fig. 1 of the main text.
Specifically at 250°C and 25 bar under volume constrained conditions using the Fig. S4
cell, measured electrolysis potentials are lower than those measured at atmospheric
pressure and lower temperature, and the ammonia generation rate and current efficiency
is higher. Measured potentials over the 10 cm2 electrodes at higher temperature and
pressure were 0.78V at 1 mA, 1.01V at 20 mA (compared to 1.23V at ambient pressure
and 200°C), and 1.31V at 250 mA (compared to 1.44V at ambient pressure and 200°C).
The cell was then maintained at 20 mA (2 mA cm-2) for 10 hours, and regularly (every ~2
hours) vented through a sparger/water trap to analyze for ammonia and the gas analyzed
for hydrogen. Compared to the 200°C, 1 atm experimental results, the 250°C, 25 bar
results require significantly lower electrolysis voltage, while coulombic efficiency and
peak ammonia rate are the same 35% and 2.4 x 10-9 mol NH3 cm-2 s-1. Interestingly
however, no hydrogen co-product was detected during the course of the experiment. At
250°C and 25 bar the ammonia production rate varied with time as 2.1 x 10-9 (hours 0 to
2.5), 2.2 x 10-9 (hours 2.5 to 5), 2.4 x 10-9 (hours 5 to 8), and then dropped to 1.6 x 10-9
(hours 8 to 10). In each case the pressure increased from 25 bar prior to venting. The cell
was allowed to increase in pressure to 39 bar subsequent to the first vent/ammonia
analysis, and then vented at 35 to 36 bar subsequently through 8 hours of electrolysis
time. During hours 8 to 10, the rate of pressure build-up in the cell slowed and only
increased from 25 to 28 bar during this two hour interval. Concurrent with the measured
decrease in ammonia rate during this time interval was an increase in voltage (from 1.01
V to 1.11V).
As expected, we observe that using water evaporation in a closed container increases
the electrolysis cell pressure, and in addition we observe that this induces a significant
decrease in the energy (electrolysis voltage) measured to drive ammonia production. It
should be noted that the lack of an observed hydrogen co-product at high pressure during
ammonia synthesis at 2 mA cm-2 represents a loss of this fuel as a co-product.
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Nonfossil fuel-based, low carbon footprint fuels are needed
to ameliorate the effects of anthropogenic climate change. In
2002, we presented a solar electrochemical theory that the full
spectrum of sunlight was sufficient to split water to hydrogen
fuel at over 50% solar conversion efficiency.[1,2] The water splitting electrolysis is endothermic, requiring a smaller potential at
higher temperature. The rest potential of common electrolyses,
such as E(H2O → H2 +1/2O2) = 1.23 V, is often considerably
greater than the photopotential of visible light semiconductors. Thermal sunlight can provide an efficient heat source to
lower the electrolysis potential, opening a pathway to these
otherwise potential-forbidden pathways of charge transfer. We
demonstrated this theory in 2003 showing that even a small
bandgap semiconductor, such as silicon, was energetically sufficient to split water when sub-bandgap sunlight, not used by
the semiconductor, was directed to heating the water.[3] In 2009,
this theory was renamed STEP (the solar thermal electrochemical process) and generalized to all endothermic reactions.[4]
From 2010 this has been demonstrated for the direct removal
of atmospheric carbon dioxide (STEP carbon),[5–7] water treatment[8,9] and organics,[10] and the CO2-free production of iron
(STEP iron),[6,11,12] magnesium and bleach,[6] calcium oxide
(STEP cement),[13] and ammonia (STEP fertilizer).[14]
The general use of solar thermal energy to lower the potential of useful electrolyses can be applied to liquid, gas, or solid
phase electrolyte cells. In general, we have found an energy
advantage in applying STEP to liquid, molten electrolyte cells.
Such cells can be driven by thermal sunlight to high temperature accommodating both facile kinetics at high current density and a lower endothermic electrolysis potential. Importantly,
molten salt cells can often accommodate high reactant concentrations, which lead to a further decrease in the electrolysis
potential (as driven by the Nernst equation). For example, a
molten carbonate containing dissolved oxide readily absorbs
atmospheric CO2, and has the advantage that the reducible
tetravalent carbon concentration (as carbonate) is 106-fold
higher than that in air (as CO2).[4,5] We have previously demonstrated molten hydroxide electrolytes for solar water splitting
to hydrogen fuel,[3,6,15] and molten carbonate electrolytes for
solar carbon dioxide splitting to carbon and carbon monoxide
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fuels.[5–7] Lubomirsky and co-workers[16] have also probed the
electrolysis of lithium molten carbonates to produce carbon
monoxide, and Chen and co-workers[17] have also probed electrolysis of mixed lithium, potassium molten carbonates to
carbon.
We have previously delineated the solar, optical, and electronic components of STEP.[6,13] In this study, we focus on the
electrolysis component for STEP fuel. Specifically, we present
the first molten electrolyte sustaining electrolytic co-production
of both hydrogen and carbon products in a single cell. Solid
carbon (as coal) is used as the starting point to generate CO
and hydrogen for the Fischer–Tropsch generation of a variety
of fuels, such as synthetic diesel.[18] However, that process is
carbon dioxide emitting intensive. Here, hydrogen and graphitic carbon are produced without carbon dioxide emissions
and instead produced from water and carbon dioxide.
This communication recounts our successful attempt to
simultaneously co-generate hydrogen and solid carbon fuels
from a mixed hydroxide/carbonate electrolyte in a “single-pot”
electrolytic synthesis at temperatures below 650 °C. The alternative co-generated hydrogen and gaseous carbon monoxide
fuel synthesis will be pursued in a later study as the high temperature (over 900 °C) currently required to form CO in molten
carbonates is a challenge to make compatible with the lower
temperature range we have succeeded for hydrogen in the
hydroxide electrolyses. We demonstrate here the functionality
of new lithium–barium–calcium hydroxide carbonate electrolytes to co-generate hydrogen and carbon fuel in a single electrolysis chamber at high current densities of several hundreds
of mA/cm2, at low electrolysis potentials, and from water and
CO2 starting points, which provides a significant step towards
the development of renewable fuels.
Molten hydroxides are important as conductive, high-current, low-electrolysis-potential electrolytes for water splitting to
generate hydrogen that have not been widely explored.[3,6,19,20]
The pure anhydrous akali hydroxides melt only at temperatures
>300 °C: LiOH (Tmp = 462 °C), NaOH (Tmp = 318 °C), KOH
(Tmp = 406 °C), CsOH (Tmp = 339 °C). The mixed hydroxides have
lower melting point. With molar ratios of 0.3:0.7 LiOH/NaOH,
0.3:0.7 LiOH/KOH, 0.5:0.5 NaOH/KOH, 0.44:0.56 KOH/CsOH,
respectively, these melt at 215 °C, 225 °C, 170 °C, and 195°C, and
the melting point is even lower when hydrated hydroxide salts
are used. A eutectic 0.45:0.55 mix of LiOH/Ba(OH)2 melts at
320 °C, compared to 407 °C for anhydrous Ba(OH)2, and 300 °C
for the monohydrate Ba(OH)2·H2O.[21]
Low temperature enhances electrolytic H2 formation in molten
hydroxides. The coulombic efficiency of electrolytic water splitting, ηH2 (moles H2 generated per 2 Faraday of applied charge),
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approaches 100% in low melting point, mixed alkali molten
hydroxides at temperatures up to 300 °C.
H2O → H2 + 1/2O2

(1)

cathode : 2H2O + 2e − → H2 + 2OH−

(2)

anode : 2OH− → 1/2O2 + H2O + 2e −

(3)

Hydroxide hydrates, MOH.nH2O (M = alkali), bind fewer
waters, n, at higher temperature, equilibria, and saturated
aqueous alkali hydroxide solutions contain less water. For
example, saturated NaOH solution equilibrate with 23%, 16%,
or 3% water respectively at 100 °C, 200 °C, or 300 °C (saturated
aqueous NaOH solution does not boil at 1 atmosphere of pressure[3], As temperature increases, molten alkali hydroxides provide a decreasing source of water for hydrogen generation as
they lose water favoring the formation of the oxide:
2MOH → M2O + H2O(gas)

(4)

For example, as temperature increases by 100 °C increments
from 500 °C to 900 °C, the equilibria constant for the LiOH
reaction of Equation 5 (M = Li) increases from 0.006, 0.02, 0.1,
0.3, to 0.8.[22] At higher temperature, the coulombic efficiency
of hydrogen generation in molten hydroxide falls as superoxide,
O2− reduction, increasingly competes with hydrogen formation
in the (parasitic) side reactions:[19]
anode : 4OH− → O2− + 2H2O + 3e −

(5)

cathode : O2− + 2H2O + 3e − → 4OH−

(6)

In Table 1, we demonstrate that the efficiency of electrolytic
hydrogen formation in pure or mixed molten hydroxide electrolytes is enhanced at lower temperature. We measure the coulombic

efficiency of hydrogen formation from water splitting in various
molten, pure or mixed alkali or alkali earth hydroxide electrolytes
at temperatures from 200 °C up to 800 °C. As seen in the table,
the coulombic efficiency falls to ηH2 = 0% with temperature at
800 °C. At high temperature, we observe higher coulombic efficiency in lithium and barium hydroxide electrolytes than in
sodium or potassium hydroxide electrolytes.
High temperature enhances electrolytic carbon fuel formation
in molten carbonates. High temperature is advantageous as it
decreases the energy necessary to drive the STEP endothermic
process. The carbonates, Li2CO3, Na2CO3, and K2CO3, have
respective melting points of 723 °C, 851 °C, and 891 °C. Molten
Li2CO3 not only requires lower thermodynamic electrolysis
energy,[5] but in addition has higher conductivity (6 S cm−1)
than that of Na2CO3 (3 S cm−1) or K2CO3 (2 S cm−1) near the
melting point.[23] Higher conductivity is desired as it leads to
lower electrolysis ohmic losses. Mass transport is also more
facile at higher temperature; the conductivity increases from 0.9
to 2.1 S cm−1 with temperature increase from 650 °C to 875 °C
for a 1:1:1 by mass mixture of the three alkali carbonates.[24]
We observed experimental carbonate electrolysis with two
distinct products in two distinct temperature domains. In both
cases, current densities >1 A cm−2 are sustained with low polarization at nickel anodes and steel cathodes.[5–7,25,26] At temperatures below 800 °C, the only observed cathode product is solid
carbon, formed by an efficient 4e− reduction of carbonate (or
CO2 dissolved in carbonate). XRD analysis identifies the carbon
product as graphite. From 800 °C to 900 °C, the product transitions from carbon to carbon monoxide. The 2e− reduction of
carbonate to carbon monoxide is the only product observed at
temperature ≥975 °C in molten lithium carbonate. At 750 °C
carbon formation occurs at electrolysis voltage ≥1.08 V, and at
950 °C carbon monoxide formation occurs at ≥0.73 V. At 750 °C
carbon formation is sustained at 0.1 A cm−2 at electrolysis
voltage of 1.5 V, and at 950 °C carbon monoxide sustained at
0.1 A cm−2 at 1.0 V. The CO product fraction increases as T
approaches 950 °C.
Li 2CO3 (molten) → C(solid) + Li 2O(dissolved) + O2 (gas)

(7)

Table 1. The measured coulombic efficiency of hydrogen generation, ηH2, in various molten hydroxide electrolytes at various temperatures. Water
(as steam) is bubbled through the electrolyte. Electrolytic water splitting is measured at 267 mA cm−2 (1 A) between two planar 3.75 cm2 nickel
electrodes. Efficiency is determined by comparing the measured mole equivalents of hydrogen generated to each 2 mole equivalents (coulombs) of
applied current in accord with H2O → H2 + 1/2O2.
Electrolyte

Melting point

LiOH

462 °C

Li0.3Na0.7OH

215 °C

NaOH

318 °C

Na0.5K0.5OH

170 °C

KOH

406 °C

Li0.3K0.7OH

225 °C

Ba(OH)2

407 °C

ηH2
(200 °C)

99%

ηH2
(400 °C)

87%

ηH2
(500 °C)

ηH2
(600 °C)

ηH2
(700 °C)

ηH2
(800 °C)

88%

21%

4%

0%

47%

72%
96%

Li0.33Ba0.67(OH)2

86%

47%

28%

13.4%

80%
94%

56%

32%

7.8%

55%

32%

79%

17.2%

96%
77%

(NaOH)0.865(Na2CO3)0.125
(LiOH)0.843(Li2CO3)0.157
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393 °C). We have investigated carbon dioxide
and iron oxide splitting electrolyses in mixed
Li–Na–K, Cs–Li–Na–K, and Ba–Li carbonate
electrolytes, with and without added lithium
oxide, Li2O.[6,7,12,25,26] Lithium oxide (and iron
oxide) is highly soluble in both pure lithium
carbonate and the alkali carbonate eutectic,
and we observe that dissolved Li2O decreases
the carbonate electrolysis potential.[6,12] The
concentration of lithium oxide can be controlled to maintain the carbonate electrolyte
in the CO2 absorption mode and eliminate
electrolyte carbonate decomposition (the
backreaction of Equation (9).
Molten hydroxide/carbonate mix electrolytes to co-generate hydrogen and carbon fuels.
The eutectic carbonates/hydroxides had
not been considered for electrolyses, but
are solar thermal storage molten salt candidates.[27] These electrolytes melt at 346 °C
to 420 °C, and facilitate dissolution of both
water and carbon dioxide. We are studying
these as STEP electrolytes and their phase
diagrams are presented in Figure 1. In
accord with the figure, high molal fractions
of the pure hydroxide salt are necessary to
achieve low melting points. For example,
the eutectic lithium mix studied had
84.3:15.7 mol% LiOH:Li2CO3 with a melting
point of 434 °C, and the 87.5:12.5 mol%
NaOH:Na2CO3 sodium mix studied had a
Figure 1. Carbonate–hydroxide binary phase diagrams in pure Li, Na, or K systems (top, using
melting
point of 330 °C. Constant current
data from ref. [29]) or in a mixed Li, Na, K carbonate with KOH (bottom, using data from ref. [27]).
electrolysis
in these electrolytes was studied
The liquidus areas (above the curves) provide a low temperature molten domain for STEP
between 3.75 cm2 nickel anodes and cathodes
water and carbon dioxide splitting. The low temperature ensures sufficient hydration within
the molten hydroxide component for hydrogen generation, and the simultaneous presence over a wide range of currents. Electrolysis
of carbonate in the molten mix provides the opportunity of the co-generation of carbon fuels.
was measured at 500, 600, and 700 °C in the
lithium hydroxide/carbonate electrolyte and
Li 2CO3 (molten) → CO(gas) + Li 2O(dissolved) + 1/2O2 (gas)
(8)
at 400 °C in the sodium hydroxide/carbonate electrolyte. H2 and
O2 were efficiently generated at the respective nickel anode and
cathodes (Table 1). However, consistent with the low carbonate
When CO2 is bubbled in, a rapid complete reaction back to
compared to hydroxide concentration in these molten salts, no
the original lithium carbonate occurs:
carbon product was observed to be generated during electrolysis
Li 2O(dissolved) + CO2 (gas) → Li 2CO3 (molten)
(9)
in these single cation electrolytes as studied over a wide range
of currents (from mA to A) in either the M = Na electrolyte at
400 °C or the M = Li electrolyte at 500 °C, 600 °C, or 700 °C.
In the presence of carbon dioxide and dissolved Li2O, reacAt relatively high current densities (0.5 A through 3.75 cm2
tion 9 is exothermic, and the rapid reaction back to the original
lithium carbonate occurs while CO2 is bubbled into the molten
planar electrodes), the electrolysis potential averaged respectively at 700 °C, 600 °C, and 500 °C 1.42, 1.52, and 1.66 V in the
lithium carbonate electrolyte.
mixed lithium hydroxide/carbonate electrolyte, and 1.32, 1.49,
The carbon capture reaction in molten carbonate combines
and 1.63 V in the pure LiOH electrolyte. Finally, a comparison
Equations (7)–(9):
of three different single alkali cation electrolytes MOH:M2CO3,
°
for M = either Li, Na, or K, was compared under similar elec(10)
CO2 (gas) → C(solid) + O2 (gas); T < 850 C
trolysis conditions. Each electrolysis was conducted at 500 °C
and 1 A, and in electrolytes containing 15 mol% M2CO3 and
85 mol% MOH. The electrolyses occurred at average potentials
CO2 (gas) → CO(gas) + 1/2O2 (gas); T > 850 ° C
(11)
of 2.13 (M = Li), 2.31 (M = Na), and 1.57 V (for M = K). In the Li
and Na electrolyses, both cathode and anode were clean (after
Low carbonate melting points are achieved by a eutectic
washing off solidified electrolyte) after the electrolysis (Figure 2,
mix of alkali carbonates (Tmp Li2CO3: 723 °C, Na2CO3: 851 °C,
top left). However, during the M = K electrolysis, a grey deposit
K2CO3: 891 °C; Li1.07Na0.93CO3: 499 °C; Li0.85Na0.61K0.54CO3:
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Figure 2. Top left: 3.75 cm2 (1.5 cm × 2.5 cm) Ni anode and cathode are unaffected by a 1 A electrolysis for 4 h at 500 °C in 85 mol% LiOH with
15 mol% Li2CO3. Top middle: the cathode exhibits a deposit subsequent to the 4Ah electrolysis at 500 °C in 85 mol% KOH with 15 mol% K2CO. Top
right: the product removed by sonication of the cathode in water. Bottom: 3.75 cm2 Ni cathode subsequent to a 470 °C electrolysis in Li0.87Na0.63K0.5CO3
with 9.7 mol% LiOH. Left: constant current electrolysis voltage. Right: graphite product on cathode.

formed on the cathode (Figure 2, top middle), which was analyzed by EDS electron dispersive spectroscopy as nickel and no
carbon. This deposit is consistent with the higher corrosivity
towards nickel we previously observed for potassium compared
to lithium carbonate electrolytes, and the potential of this electrolysis. We previously observed that sodium carbonate corrosivity to anodically biased nickel metal was intermediate to that
observed between the corrosive potassium carbonate and the
stabilizing lithium carbonate electrolyte.[28]
From 400 °C to 700 °C, and over a wide range of current
densities, electrolytes containing carbonate as a minor component and with hydroxide as the major component support facile
water splitting forming H2 as the only fuel product. Unexpectedly, an electrolyte containing carbonate as the major component, which is a eutectic carbonate mixed with hydroxide as
the minor component, supports simultaneous splitting of both
H2O (to H2) and CO2 (to graphite), providing a one-pot simultaneous synthesis of H2 and C. Low temperature and high carbonate relative to hydroxide composition were maintained by
using the Li, Na, K mixed electrolyte (Li0.87Na0.63K0.5CO3), but
with LiOH (rather than KOH used for the phase diagram on the
right side of Figure 1) as the hydroxide component. LiOH compared to KOH provides higher conductivity and partially compensates for the K2CO3 in the electrolyte to stabilize the nickel
anode. The cathode has no deposit subsequent to a electrolysis
in a 51.1 mol% LiOH electrolyte, and the cathode exhibits little
deposition evident on the cathode after a 31.7 mol% LiOH
electrolyte electrolysis, while an 18.0 mol% LiOH electrolyte
exhibits a significant, contiguous deposit over the surface of the
cathode. Finally, electrolysis in a 9.7 mol% LiOH eutectic alkali
carbonate electrolyte results in a 5-fold increase in the cathode
product compared (by mass after wash and dry of the product)
to the 18.0 mol% LiOH electrolyte. An electrolysis example is
1401791 (4 of 7)
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presented in Figure 2 at 470 °C; a mix of the eutectic Li, Na, K
carbonate with 9.7 mol% LiOH forms products of graphite and
hydrogen. The synthesis has high coulombic efficiency (≈25%
of the current forms H2 and ≈40% to carbon production). As
seen in Figure 2, the voltage is in the 2.7–3.7 V domain, which
is significantly higher than that observed for hydrogen production (water splitting) alone. However, EDS indicates that
in addition to the carbon product there is a nickel product at
the cathode, and evidence of anode corrosion persists. This
anode corrosion is exacerbated in the Li0.87Na0.63K0.5CO3 electrolyte when the 9.7 mol% lithium hydroxide is replaced by
7.4 mol% Li2O. In the latter case, the anode is at least 60%
etched away during the electrolysis, as evident when the electrode is extracted subsequent to the electrolysis.
In order to understand and alleviate the persistent corrosion
of the anode, which is not evident during electrolytic splitting
to anodic O2 and cathodic C in a pure lithium carbonate electrolyte, three changes were probed. First, the 3.75 cm2 shim
(thin planar) Ni anodes and cathodes were replaced by more
robust 10 cm2 wound wire planar disc electrodes consisting of
pure nickel wire (McMaster 200) for the anode and stainless
steel (McMaster 316) for the cathode (Figure 3). Replacement
of the nickel cathode by steel had little (no) significant effect on
the electrolysis, but allowed for greater discrimination of any
nickel deposited on the cathode. The electrode pairs prior or
subsequent to a corrosive electrolysis are presented in Figure 3.
Second, to compensate for corrosion of the anode in the alkali
eutectic carbonate/hydroxide mixes, we investigated replacing
the LiOH component, with a more stabilizing Ba(OH)2. Figure 3a
presents 10 cm2 coiled wire electrodes prior the electrolysis
with both the (316 steel) cathode (situated under the anode) and
the Ni anode, and as situated prior to immersion in the electrolysis cell. Figure 3b shows the cathode and anode subsequent
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Figure 3. a) 10 cm2 coiled wire electrodes prior the electrolysis. b,c and g,h) The cathode and anode subsequent to a 1A 2h electrolysis at 480 °C, such
as (b) in Li0.87Na0.63K0.5CO3 with 9.7 mol% LiOH which occurred at an average 3.4 V electrolysis potential. While a significant carbon deposition is
evident at the cathode, the anode (always shown on the right side of the photon) has been visibly corroded by the electrolysis. c) The anode improvement by replacing LiOH with Ba(OH)2 in the electrolyte. The cathode and anode are shown subsequent to electrolysis in Li0.87Na0.63K0.5CO3 with
11.5 mol% Ba(OH)2, which occurred at an average 3.6 V electrolysis potential. e) Subsequent to electrolysis in the same Ba(OH)2 alkali eutectic carbonate electrolyte, but with two changes: the electrodes are larger (20 cm2 coiled wire) and CO2 was bubbled into the electrolyte to ensure rapid replacement of the CO2 consumed during the electrolysis. At this lower current density, as shown in Figure 3d, the electrolysis occurred at an average potential
of 3.14 V. The lowest images show the cathode and anode removed subsequent to 1A 2h electrolysis in the following carbonates LiNaBa (f) or LiNaCa
(g), both at 550 °C to ensure melting, or LiCsCa (h), but at 520 °C to ensure melting. LiNaBa = Li0.75Na0.7Ba0.27CO3; LiNaCa = Li0.75Na0.7Ca0.27CO3;
LiCsCa = Li0.75Cs0.7Ca0.27CO3.

to a 1A 2h electrolysis at 480 °C in Li0.87Na0.63K0.5CO3 with
9.7 mol% LiOH, which occurred at an average 3.4 V electrolysis
potential. While a significant carbon deposition is evident at
the cathode, the anode has been visibly corroded by the electrolysis. Figure 3c shows the anode improvement by replacing
LiOH with Ba(OH)2 in the electrolyte. The cathode and anode
are shown subsequent to a 1A 2h electrolysis at 480 °C in
Li0.87Na0.63K0.5CO3 with 11.5 mol% Ba(OH)2, which occurred
at an average 3.6 V electrolysis potential. Figure 3e shows the
electrodes subsequent to electrolysis in the same Ba(OH)2 alkali
eutectic carbonate electrolyte, again at 1A 2h electrolysis at
480 °C, but with two changes: the electrodes are larger (20 cm2
coiled wire) and CO2 was bubbled into the electrolyte to ensure
rapid replacement of the CO2 consumed during the electrolysis.
At this lower current density, as shown in Figure 3d, the electrolysis occurred at an average potential of 3.14 V.
Third, we investigate replacing the most corrosive potassium carbonate component of the alkali eutectic electrolyte by
barium carbonate or calcium carbonate. Figure 3g shows the
electrodes subsequent to electrolysis in LiNaBa and LiNaCa
carbonates, respectively. A voluptuous carbon deposit is evident at the cathode, but the anode is corroded by the electrolysis according to the EDS analysis of the products. As can be
seen in Figure 3,g, the electrolysis containing BaCO3 shows
more corrosion than that containing the CaCO3 electrolyte.
Therefore, we replaced the BaCO3 with Cs2CO3 and use LiCsCa
carbonate as the electrolyte. No visible anodic corrosion is
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evident (as shown in Figure 3h); however, cesium carbonate is
an expensive replacement and while not visually evident, EDS
continues to show the presence of nickel at the cathode due to
corrosion. Finally, we replaced the sodium and potassium carbonates with barium and calcium carbonates, which presented
a greater challenge in minimizing the (lithium/barium/calcium, rather than lithium, sodium, potassium) eutectic melting
point (in order to maximize the hydrogen evolution current efficiency). After testing the melting point of a range of lithium,
barium, and calcium carbonates, a minimum melting point of
620 °C was observed for a Li1.6Ba0.3Ca0.1CO3 electrolyte. Electrolyses were conducted in this electrolyte. Carbon deposition
occurred at the cathode as displayed in Figure 4. At the lower
current density (0.1A 20h) as shown in Figure 4b, the electrolysis occurred at an average potential of 2.0 V over the 10 cm2
coiled wire disk electrodes. The improvement in the anode stability was marked. There is no evidence of anode corrosion, and
the carbon product on the cathode contains no nickel (as measured by EDS). The black/gray overcoat on the anode is a nickel
oxide stable overlayer, which we have previously observed to
sustain the anode as an effective, stable electrocatalyst facilitating oxygen formation.[11] The one-pot co-synthesis of H2 and
C was carried out in this new Li1.6Ba0.3Ca0.1CO3 electrolyte with
LiOH as hydroxide component. An electrolysis is presented
in Figure 4c,d at 620 °C; a mix of the eutectic Li1.6Ba0.3Ca0.1
carbonate with 18.0 mol% LiOH forms a product of graphite
(Figure 4d) and hydrogen which was analyzed by both Micro IV
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Figure 4. Electrolysis in Li1.6Ba0.3Ca0.1 carbonates and 18.3 mol% LiOH electrolyte at 620 °C. a) 10 cm2 coiled wire cathode and anode after electrolysis
at 0.1 A for 20 h with an average potential of 2.0 V (b). c,d) The electrolysis with 3.75 cm2 planar nickel anode and nickel cathodes. (c) displays the
electrolysis voltage at various constant currents and (d) graphite product on the cathode subsequent to the electrolysis.

hydrogen analyzer (GfG Instrumentation) and Gas Chromatograph. The synthesis has high coulombic efficiency with ≈62%
of the current generating H2 and 20% generating carbon at an
applied electrolysis current of 2 A through the 3.75 cm2 planar
nickel anode and nickel cathode. The electrolysis sustains the
simultaneous, efficient co-generation of hydrogen and carbon
in a single electrolysis chamber. It is interesting to note that the
H2 coulombic efficiency in the LiOH/Li1.6Ba0.3Ca0.1CO3 electrolyte is higher than that observed at 500 °C in a pure barium
hydroxide electrolyte, and which had not permitted the cogeneration of fuels However, the observed current efficiency of
H2 generation is observed to be lower at smaller applied currents: 30% at 1.5 A and 23% at 1 A. As seen in Figure 4c, the
voltage is in the 2.5–3.5 V domain (through the flat 3.75 cm2
electrodes), which is slightly lower than that observed in LiNaK
carbonate and 9.7 mol% LiOH but still much higher than that
observed for hydrogen production (water splitting) alone.
The demonstrated functionality of the lithium barium
calcium carbonate and lithium hydroxide electrolytes to cogenerate hydrogen and carbon fuel at high current densities
of several hundreds of mA/cm2, at low electrolysis potentials,
and from water and CO2 starting points, provides a significant
step towards the development of renewable fuels. This one-pot
molten electrolyte synthesis is compatible with the STEP process,[4–15] in which solar thermal energy increases the system
temperature to decrease electrolysis potentials.

Supporting Information
Supporting Information is available from the Wiley Online Library and
consists of experimental details and pure hydroxide (without carbonate)
electrolysis results.
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A transformative, sustainable technology to replace the age-old
CO2-intensive production of iron is presented. Molten calcium
inclusive carbonates are introduced for STEP Iron. Understanding
the speciation constraints permits iron synthesis at nearly 100%
coulombic eﬃciency, without exotic electrocatalysts, and at low
electrolysis energy.

There is an urgent need for a material’s synthesis to replace
the millennia old CO2-extensive (carbothermal) iron making
process. The production of iron and its alloys are one of the
top contributors to greenhouse gases (other major contributors are electrical and vehicular power production and
cement), and 9 kg of carbon dioxide are emitted for each 10 kg
of iron produced. We presented a STEP (Solar Thermal Electrochemical Process) theory of solar energy conversion, building
on an alternative theory of solar water splitting, that solar
thermal energy could drive endothermic electrochemical reactions (such as the reduction of carbon dioxide) at high solar
energy conversion eﬃciency in molten electrolytes and
without carbon dioxide emission.1 We experimentally demonstrated that STEP can extract graphite from carbon dioxide at
solar eﬃciencies exceeding that of solar cells. STEP has now
been applied to a range of useful products including cement,
and towards water desalinization and water treatment.1–3
In this communication a new, eﬀective molten path for the
electrolytic CO2-free formation of iron is introduced. The electrochemical reduction of iron ore had been investigated in
several electrolytes.4–9 Each of those electrochemical
reductions had physical chemical limitations, such as high
energy or corrosivity that, to date, had prevented implementation of an electrochemical replacement to the carbothermal
production of iron. Electrolysis of the emitted CO2 subsequent
to iron production has also been considered.1,10 Recently, we
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presented a molten Li2CO3 electrolytic process (STEP) to generate iron without emitting CO2 and requiring little energy, in
mixed alkali and pure lithium molten carbonates.1,11 However,
a complex, spatially dispersed, electrodeposition occurs near
the cathode that includes partially reduced (Fe2+) species. This
speciation is mapped for the first time in this study. An
alternative, carbonate NaxKyCO3 can confine iron to the
cathode, but is not “green” corroding anode and cathode and
decomposing the carbonate emitting CO2.12 Here, this corrosion is eliminated in a new, less alkaline iron splitting
electrolyte, in which iron ore is eﬀectively electrolyzed to iron
at high eﬃciency and low energy.
In the prior STEP Iron formation process, an oxide, such as
lithium oxide, Li2O, dissolves the iron oxide, and is regenerated during the electrochemical reduction. Iron oxides were
discovered to be unexpectedly, highly soluble in lithiated carbonates.1 The electrolysis of the iron oxide enriched electrolyte
occurs without carbon dioxide release, and without net consumption of the carbonate, such as through the intermediate
soluble salt MFeO2:
Fe2 O3 þ M2 O ! 2MFeO2

ð1Þ

2MFeO2 ! 2Fe þ M2 O þ 3=2O2

ð2Þ

dissolution :
electrolysis :
net :

Fe2 O3 ! 2Fe þ 3=2O2

ð3Þ

Broadening the base of understanding of speciation in the
STEP Iron process will be critical to replace a pervasive high
carbon footprint industrial process with an eﬀective, low
energy CO2-free alternative. In this communication, we provide
(i) the first map of the speciation of the diﬀuse STEP Iron
product, (ii) minimize the energy of the eqn (1)–(3) mechanism, and (iii) demonstrate an alternative synthetic route, which
does not produce a spatially diﬀuse product based on dissolution. The alternative pathway maintains the low carbon footprint, but is based on insoluble iron oxides and produces an
iron metal product confined to within the interfacial domain
of the cathode, and without release of iron oxide to the bulk
electrolyte.
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Fig. 2 Cross sectional proﬁle of the reduced iron species analyzed from the
layers photographed in Fig. 1, and the electrolyte (right side).

Fig. 1 Middle: Potential during the constant current electrolysis in 730 °C
molten Li2CO3 containing 3 m LiFeO2. Top: Photographs of cathode and product
following STEP Iron electrolysis for 2 hours at a constant current of 1 A. Left:
cathode subsequent to electrolysis, extraction and cooling. Middle: bare
cathode after removal of the product (the product readily peels oﬀ the
cooled cathode). This reusable cathode consists of 2.5 cm × 2.5 cm steel. Right:
a cut, cross-section view of the product still on the cathode.

The series of photos in Fig. 1 present a STEP Iron electrolysis product, as deposited from molten lithium carbonate
onto a planar steel cathode. A reductive bias protects cathodes
during STEP Iron electrolysis, and a wide variety of materials
(iron, steel, carbon) are eﬀective as cathodes.11 The left photo
of Fig. 1 presents a cathode subsequent to electrolysis in
molten Li2CO3 containing dissolved iron oxide, extraction and
cooling. The middle photo shows a cut, cross-section view of
the product as removed from the cathode. The product readily
peels oﬀ the cooled cathode, and the right photo shows the
reusable, bare cathode after removal of the product.
The ESI† details the iron analyses and electrolysis configuration used.13–16 To address the issue of the ratio of the
diﬀerent oxidation states of iron in the electrolysis product
several techniques were considered. Techniques such as XPS
provide these diﬀerent oxidation states, but apply to only a
small portion of the sample. From a material’s perspective this
high degree of spatial localization was considered here to leave
the interpretation subject to too small a sample (the “trees”
rather than “forest” perspective). However, such studies will be
valuable in the future. Powder X-ray diﬀraction was also considered, and was performed on several samples. For example
the electrolysis product near lying to the cathode exhibited
iron metal 2-theta peaks (at 44.6°) and Li2CO3 (at 21.3, 29.4,
30.6, 31.8, 34.2 36.1, 36.9, 43.6, 44.7, and 48.8°). However the
technique was considered more time consuming, expensive
and less direct than classic quantitative analysis methodologies. This latter method directly probes the oxidation state of
the iron species, and had the added advantage that it was conducted in-lab. Hence the classic quantitative analysis technique of precipitation analysis was chosen for this study to
provide a complete description of the ferrous, ferric and metallic iron oxidation states as detailed in the ESI.†
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Fig. 2 profiles the measured concentrations of the reduced
iron species subsequent to electrolysis. The width reflects the
relative total fraction of iron metal found in each layer. The
vertical subdivisions of each bar reflect the relative iron oxide
concentration that has been reduced to Fe2+ or to iron metal.
Product closer to the cathode is on the left side, and product
further from the cathode is on the right side of the scheme.
The Fig. 2 compositional analysis provides an understanding of each of the layers evident in the photograph of the
cathode product. Consistent with the grey-metal color, the
dominant iron species in the layer adjacent to the cathode is
zero-valent iron. The additional black evident in the next layers
is consistent with the color of partially reduced iron oxides,
such as ferrous oxide or Fe3O4. The thin, top layer on the
product was still molten while the cathode was extracted. The
red/brown color of this layer is similar to that of the remaining
bulk electrolyte, but still contains a significant (zero valent)
iron metal content. Finally furthest from the cathode, the post
electrolysis bulk electrolyte also contains zero valent iron
(although at a much lower level, less than 1% of that found at
the cathode surface), as well as partially reduced (ferrous) iron,
and also ferric ion remaining from the initial iron oxide
dissolution.
The product speciation profile in Fig. 2 presents the substantial, but incomplete reduction of iron. One objective of
this study is the systematic optimization of the STEP Iron to
approach 100% coulombic eﬃciency of the conversion of
ferric ion, Fe3+, to iron metal, Fe°, and a second objective to
accomplish that high coulombic eﬃciency at low energy (low
applied electrolysis potential and high current density). The
electrolysis of Fig. 1, is conducted with parallel, horizontal
anode and cathode. The nickel oxygen evolving anode is situated near the surface of electrolyte, 1 cm above the cathode.
The 10 cm2 nickel electrode is oversized compared to the
6.2 cm2 cathode.
The electrolyte composition and temperature, and the electrode configuration, duration and current density have a substantial impact on STEP Iron coulombic eﬃciency. For
example, the electrolysis of Fig. 1 is conducted at 730 °C, near
the electrolyte melting point, and a rise in temperature to
850 °C decreases the requisite electrolysis potential but
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generates a lower fraction of iron metal. The ESI† begins with
an electrolysis temperature of 800 °C, and systematically conducts modification of the physical chemical components of
the system to understand conditions which increase coulombic eﬃciency and minimize the requisite electrolysis potential.
Following extensive modification and systematic optimization as delineated in the ESI,† optimized, high eﬃciency, low
energy electrolyses are measured with an outer foil or wire
cylinder pure nickel anode and a small or large diameter inner
steel foil cathode. The coulombic eﬃciency compares the
applied electrolysis current to the theoretical required for the
three electron reduction of Fe3+ to iron metal. Eﬃciency is
highest at minimum molten lithium carbonate temperature,
intermediate dissolved ferric concentration (3 molal), intermediate cathode and anode current density, anode electron
transfer facilitated by situating the anode near the electrolyte//
air interface, and or a vertical cathode parallel to a vertical
anode. Extended duration electrolyses can be sustained if
levels of ferric are not depleted, such as would be achieved via
continuous addition of ferric oxide during the electrolysis. The
electrolysis configuration is simplified when the electrolysis is
conducted in a nickel crucible, which comprises both the
anode and the cell body in one piece.
The overpotential is constrained by the anode current
density; energy minimization is achieved with a maximum
anode surface area. Interelectrode separations must be
small enough (<1 cm) to minimize potential loss at high
(>0.1 A cm−2) current density. Consistent with the expected
Nernst decrease of redox potential with increasing ferric concentration, higher LiFeO2 (and Li2O) concentration decreases
the electrolysis potential.
As delineated in the ESI,† optimized electrolyses occur in a
low electrolysis potential of 1.35 V and at coulombic eﬃciency
approaching 100%. The energy required to generate a mole of
iron is 1.35 V × (3 Faraday/mole Fe) × (26.8 Ah per Faraday) =
109 Wh per mole of iron. This is only approximately 1/3 of the
energy required to produce a mole of iron using coke carbon
by the conventional carbothermal method (this assumes solar
thermal energy is used to maintain the 730 °C STEP Iron
electrolysis temperature).
Lithium containing carbonate electrolytes promote soluble
iron oxide, as mediated by lithium oxide, eqn (1). The high
solubility leads to low energy iron metal electrodeposition, but
the iron product can be spatially diﬀuse. The carbon footprint
of molten carbonate electrolytes with less soluble or insoluble
is explored here as green, low cost alternatives to a pure
lithium carbonate electrolyte. Iron oxide solubility in a molten
carbonate electrolyte decreases when there is less lithium
present; the solubility of Fe3+ in a Li0.87Na0.63K0.5CO3 eutectic
is less than half of its value in Li2CO3.1 Electrolysis of Fe3+ dissolved in this eutectic diminishes the secondary Fe2+ layer in
the product, compared to that in Li2CO3, as seen in Fig. 7 of
the ESI.†
We previously observed that a lithium-free carbonate
Na1.23K0.77CO3 eutectic is corrosive towards the nickel anode,
the steel cathode, and the electrolyte, impeding CO2

This journal is © The Royal Society of Chemistry 2013

Communication

Fig. 3 Electrolytic production of iron using solid, rather than dissolved, iron
oxide.

electrolysis, and in preliminary results (on CO2 splitting)
observed that CaCO3 addition is highly stabilizing, sustaining
an eﬀective electrolysis of CO2 to carbon and oxygen.2 We
attributed the Na1.23K0.77CO3 corrosivity to the observed high
solubility and alkalinity of Na2O, and the eﬀective electrolysis
in Ca0.27Na0.7K0.75CO3 to the low solubility and alkalinity of
CaO.
Here we observe that Fe3+ is insoluble (solubility ≪ 0.1 m
Fe2O3) in both Na1.23K0.77CO3 and Ca0.27Na0.7K0.75CO3. We
investigate electrolysis of solid Fe2O3 pressed onto the cathode
as shown on the bottom of Fig. 3. Electrolytic reduction of 2 g
of solid Fe2O3 ( pressed at 6000 psi on each side of a coiled
26.5 cm, 1.2 mm diameter, 10 cm2 iron wire, Fig. 3 bottom),
then dry annealed at 750 °C for 2 hours, was compared in
three molten carbonate electrolytes: pure lithium, a sodium
potassium eutectic and a calcium, sodium, potassium eutectic.
The previous STEP Iron process using Fe2O3 dissolved as
LiFeO2 in Li2CO3 is a CO2-free process.11,12 However, the
electrolytic reduction of Fe2O3 in Na1.23K0.77CO3 is not “green”.
Unlike the Li2O containing Li2CO3 electrolyte, this electrolyte
reacts with iron oxide and releases CO2 in accord with:
Fe2 O3 þ M2 CO3 ! 2MFeO2 þ CO2

ð4Þ

Eqn (4) is observable both as a mass loss from the electrolyte, rapid bubble evolution from the cathode, and darkening
of the electrolyte during the electrolysis.
Electrolysis in the Ca0.27Na0.7K0.75CO3 electrolyte decreases
the rate of CO2 emission from the cathode, and results in a
high quality iron metal deposit. The observed, qualitative
rate of bubble evolution from the immersed cathode
during 750 °C electrolysis decreased in the order Li2CO3
(vigorous in the absence of dissolved Li2O) > Na1.23K0.77CO3
(vigorous) > Ca0.27Na0.7K0.75CO3 (little, if any bubble
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evolution). Similarly as shown on the top of Fig. 3, post electrolysis, the molten calcium-containing electrolyte had not
changed color, whereas the Li2CO3 electrolyte has turned red
due to ferric dissolution (as LiFeO2), and the Na1.23K0.77CO3
electrolyte has become black. The electrolyte, which solidifies
on extraction of the Ca0.27Na0.7K0.75CO3 electrolysis product, is
readily removed by a water wash. The washed metal product
seen in Fig. 3, is formed at high coulombic eﬃciency (98%
compared to only 49 or 50% coulombic conversion from Fe2O3
in either the Li2CO3, or Na1.23K0.77CO3 during the 2 hour 0.5
amp electrolysis). The nickel oxygen anode, photographed on
the top right of Fig. 3 is unaﬀected by this electrolysis in
Ca0.27Na0.7K0.75CO3.
Finally, although Ca2+ added to the NayKzCO3 electrolyte
as calcium carbonate, CaCO3, suppresses corrosion and
CO2 emission from the cathode, it does not prevent CO2
emission from another source; that is the decomposition of
the carbonate electrolyte, which occurs in accord with the
equilibrium:
M2 CO3 Ð M2 O þ CO2

ð5Þ

This final electrolyte decomposition challenge is overcome
by the addition of 0.5 m CaO (lime) rather than CaCO3 (limestone) to the molten carbonate electrolyte, and we observe that
both the iron oxide insoluble CaO/NayKzCO3 and CaO/Li2CO3
electrolytes, as well as the previous iron oxide soluble
Li2O/Li2CO3 electrolyte, provide a high quality iron metal
electrolysis product from solid, pressed iron oxide. Added
oxide eliminates the carbonate decomposition emission of
CO2 by driving equilibrium 5 to the left. Specifically, we had
previously observed that at 750 °C Li2CO3 with 3 m Li2O,
absorbs atmospheric CO2 and gains mass when exposed to air,
while without added Li2O, Li2CO3 or CaCO3/Li2CO3 both emit
CO2 and lose mass (these eﬀects are quantified and elaborated
upon in ref. 2 ESI†).
In summary, the chemistry of a transformative process to
decrease greenhouse gas emissions is developed here. High
quality, low energy iron metal products are produced by the
green electrolysis of iron oxide in molten carbonates and
provide an important opportunity to replace the CO2 intensivecarbothermal production of iron. A calcium-containing electrolyte, CaO/NayKzCO3, is more eﬀective for iron production than
NayKzCO3 from several perspectives, maximizing iron conversion eﬃciency, minimizing nickel anode corrosion, minimizing dissolution into the electrolyte, and spatially constraining
the iron product to the cathode surface. The energy required
to produce STEP Iron is only approximately 1/3 of the energy
required to produce a mole of iron using coke carbon by the
conventional carbothermal method (this assumes solar
thermal energy is used to maintain the 730 °C STEP Iron
electrolysis temperature). Future studies will probe replacing
calcium with barium, which presumably will have similar, less
alkaline, advantageous eﬀects on the iron product, and electrolyte and anode stability.

884 | Green Chem., 2013, 15, 881–884

Acknowledgements
We gratefully acknowledge partial support of this research by
the US NSF.

Notes and references
1 S. Licht, Adv. Mater., 2011, 47, 5592.
2 S. Licht, H. Wu, C. Hettige, B. Wang, J. Lau, J. Asercion and
J. Stuart, Chem. Commun., 2012, 48, 6019; S. Licht, H. Wu,
C. Hettige, B. Wang, J. Lau, J. Asercion and J. Stuart, Chem.
Commun., 2011, 47, 3081; S. Licht, H. Wu, C. Hettige,
B. Wang, J. Lau, J. Asercion and J. Stuart, Chem. Commun.,
2010, 46, 7004; S. Licht, H. Wu, C. Hettige, B. Wang, J. Lau,
J. Asercion and J. Stuart, Chem. Commun., 2005, 4623;
S. Licht, H. Wu, C. Hettige, B. Wang, J. Lau, J. Asercion and
J. Stuart, Chem. Commun., 2003, 3006; and as related to
batteries: S. Licht, H. Wu, C. Hettige, B. Wang, J. Lau,
J. Asercion and J. Stuart, Chem. Commun., 2008, 3257;
S. Licht, H. Wu, C. Hettige, B. Wang, J. Lau, J. Asercion and
J. Stuart, Chem. Commun., 2007, 2753; S. Licht, H. Wu,
C. Hettige, B. Wang, J. Lau, J. Asercion and J. Stuart, Chem.
Commun., 2006, 4341.
3 S. Licht, J. Phys. Chem. C, 2009, 35, 16283; S. Licht, B. Wang
and H. Wu, J. Phys. Chem. C, 2011, 115, 11803; S. Licht,
et al., J. Phys. Chem. Lett., 2010, 1, 2363; S. Licht, et al.,
Int. J. Hydrogen Energy., 2010, 35, 10867; B. Wang, H. Wu,
G. Zhang and S. Licht, ChemSusChem, 2012, 5, 2000. The
studies date back to the original STEP-like theory on water
splitting at: S. Licht, J. Phys. Chem. B, 2003, 107, 4253;
S. Licht, Electrochem. Commun., 2002, 4, 789.
4 B. He, R. V. Gudavarthy, J. A. Koza and J. A. Switzer, J. Am.
Chem. Soc., 2011, 133, 12358.
5 C. Donath, E. Neacsu and N. Ene, Rev. Roum. Chim., 2011,
56, 763.
6 A. Pal, A. N. Samata and S. Ray, Hydrometallurgy, 2010, 105,
30.
7 B. Y. Yuan, O. E. Kongstein, G. M. Haarberg, A. N. Samata
and S. Ray, J. Electrochem. Soc., 2009, 156, D64.
8 A. Allanore, H. Lavelaine, J. P. Birat, G. Velentin and
F. Lapicue, J. Appl. Electrochem., 2010, 40, 2010.
9 E. Mostad, S. Rolseth and J. Thonstad, Hydrometallurgy,
2008, 90, 213.
10 A. L. Dipu, J. Ryu and Y. Kato, ISIJ Int., 2012, 52, 1427.
11 S. Licht and H. Wu, J. Phys. Chem. C, 2011, 115, 25138.
12 S. Licht, arXiv [ physics.chem-ph], 2012, arXiv: 1209.3512, 1.
13 Z. Xu, H. Hwant, R. Greenlund, X. Huang, J. Luo and
S. Anshuetz, J. Miner. Mater. Character. Eng., 2003, 2, 65.
14 X. Shi, J. Liao and S. Wang, Rock Miner. Anal., 2009, 28,
197.
15 ASTM designation: D3872-86. Standard Test Method for
Ferrous Iron in Iron Oxides. Annual Book of ASTM Standards, 1999, 1.
16 Y. Gende and O. Lahav, Appl. Geochem., 2008, 23, 2123.

This journal is © The Royal Society of Chemistry 2013

ChemComm

Dynamic Article Links

Cite this: Chem. Commun., 2012, 48, 6019–6021

COMMUNICATION

www.rsc.org/chemcomm

STEP cement: Solar Thermal Electrochemical Production of CaO
without CO2 emissionw
Stuart Licht,* Hongjun Wu,z Chaminda Hettige, Baohui Wang,z Joseph Asercion, Jason Lau
and Jessica Stuart
Received 22nd February 2012, Accepted 5th April 2012
DOI: 10.1039/c2cc31341c
New molten salt chemistry allows solar thermal energy to drive
calcium oxide production without any carbon dioxide emission.
This is accomplished in a one pot synthesis, and at lower
projected cost than the existing cement industry process, which
after power production, is the largest contributor to anthropogenic
greenhouse gas emissions.
Cement production accounts for 5–6% of all anthropogenic
CO2 emissions. Society consumes over 3 ! 1012 kg of cement
annually, and the cement industry releases 9 kg of CO2 for
each 10 kg of cement produced. The majority of CO2 emissions occurs during the decarbonation of limestone (CaCO3)
to lime (CaO) described in eqn (1), and the remainder (30 to
40%) from burning fossil fuels, such as coal, to heat the kiln
reactors to B900 1C, eqn (2):1–3
ClimateCentral.org recently wrote that no other sector has
such a high potential for drastic emission reductions, and
while other processes are being explored to sequester cement’s
CO2, none eliminate it. In forming CaO, solar thermal reactors
have been studied as replacements to the fossil fuel heat in
eqn (2).4 However, the majority of the CO2 emissions still
occurs (as decarbonation in eqn (1)) in the conventional
decarbonation of limestone to lime:
CaCO3 + Qheat - CaO + CO2

(1)

nC + nO2 - nCO2 + Qheat

(2)

Here we show a new thermal chemistry, based on anomalies
in oxide solubilites, to generate CaO, without CO2 emission, in
a high throughput, cost eﬀective, environment conducive to
the formation of cement. The aqueous solubility of CaCO3
(6 ! 10"5 m, where molal # moles per kg solvent) is 3 orders
of magnitude less than the 2 ! 10"2 m solubility of calcium
oxide, dissolving as calcium hydroxide. Surprisingly, this
situation is reversed at high temperatures in molten carbonates,
Department of Chemistry, George Washington University, Ashburn,
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references. See DOI: 10.1039/c2cc31341c
z Present address: Northeast Petroleum Univ., Daqing, P. R. China.

This journal is

c

The Royal Society of Chemistry 2012

which allows the endothermic, electrolytic one pot synthesis,
and precipitation of CaO.
Conducive to our new solar process,5,6 electrolysis of molten
carbonates forms oxides, which precipitate as calcium oxide
when mixed with calcium carbonate. Thus no CO2 is formed,
to eliminate cement’s greenhouse gas contribution to anthropogenic climate change.
In STEP cement limestone undergoes low energy electrolysis
to produce (i) lime, (ii) O2 and (iii) reduced carbonate without
carbon dioxide emission. Alternative configurations of the electrolysis component of this STEP ("
Solar Thermal
Electrochemical
"
"
Production)
are
represented
in
Scheme
1.
Compared
to the
"

Scheme 1 Conventional thermal decomposition production of lime
(top left) versus STEP direct solar conversion of calcium carbonate to
calcium oxide (top right) eliminating CO2. Carbonate electrolysis is
endothermic requiring lower potential at higher temperature or carbonate
concentration. Solar thermal energy provides the heat to lower this
Eelectrolysis. When this solar heated electrolysis energy is generated by a
non-fossil fuel electricity source the process is fully carbon dioxide free.
Bottom: the indirect mode of STEP cement as delineated in the ESI.w
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conventional cement thermochemical process (top left), in
the STEP cement direct electrolysis configuration (top right),
solar thermal heated molten carbonates are electrolyzed forming
oxides, which in the presence of calcium carbonate precipitate
as lime:
below 800 1C: CaCO3 + Qsolar + Eelectrolysis - CaOk + C + O2
(3)
above 800 1C: CaCO3 +Qsolar +Eelectrolysis - CaOk +CO+ 1/2O2
(4)
Heat significantly decreases the required electrolysis potentials needed to split calcium carbonate and to drive eqn (3) and
(4), to below the electrolysis potential required at room

Fig. 1 CO2 and carbonate splitting potentials. Top: The low thermodynamic potential to electrolyze calcium carbonate in the CO2-free
production of lime. Bottom: The measured full electrolysis potential as
a function of current density in either Li2CO3 at 750 or 950 1C, or
eutectic molten carbonates at 500 1C. At negative currents, the cathode
is iron wire, and at positive current, the anode is either nickel or
iridium wire (both yield similar electrolysis potentials).

6020
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temperature. Our calculated values are summarized on the
top of Fig. 1. The unit activity thermodynamic electrolysis
potential is lower for CaCO3 than for lithium, sodium or
potassium carbonate electrolyses. The high ratio of molten
carbonate reactant to product is expected to further decrease
the electrolysis potential.5–7 Below 800 1C in the top figure, the
energetically preferred (lower potential) carbon electrolysis
product of CaCO3 is solid carbon, while above that temperature
CO is produced.
While calcium hydroxide is water soluble, calcium carbonate
is highly insoluble in water, which leads to seashell stability.
This situation is reversed at high temperatures in molten
carbonates. Fig. 2, top, compares our measured solubility of
oxides or calcium carbonate, in either molten lithium carbonate
(squares) or a molten alkali carbonate mix (circles), to that of
lithium oxide (triangles).
As measured in Fig. 2, at each temperature in either a
eutectic mix of carbonates or in pure lithium carbonate,
the solubility of calcium oxide is low, and ranges from 30 to
100 times less than the solubility of calcium carbonate, and
50 times less soluble than that of Li2O. Beyond this low

Fig. 2 The low solubility of calcium oxide, compared to calcium
carbonate and lithium oxide solubility in molten carbonates (top)
facilitates the electrolysis and precipitation of calcium oxide. STEP
cement (bottom) with carbonate electrolyzers (detailed in the Electronic
Supplementary Information (ESIw)), CPV and Fresnel concentrators
mounted on a Suntura dual axis heliostat. Photographs of 5 h, 1 A
750 1C molten electrolysis products, upper: C and CaO from Li2CO3,
lower: CaO from Li2CO3 containing 1 m Li2O.
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solubility of CaO, when molten carbonates undergo electrolysis to form oxides, added CaCO3 will precipitate the desired
CaO product for extraction, and the added carbonate replenishes
the electrolyte for ongoing CaO production.
In 2009 we introduced the STEP theory of an eﬃcient solar
chemical process, based on a synergy of solar thermal and
endothermic electrolyses.5 Solar heat and high molten reactant
concentration, substantially decreases the electrolysis energy.6
As delineated in the ESI, experimentally, STEP can synthesize
chemicals at solar eﬃciencies of 50%, as demonstrated with
CO2-free production of metals, fuels, and bleach.6,7
STEP cement, the direct CO2-free synthesis of CaO from
calcium carbonate is described and introduced in Scheme 1. In
addition to the desired calcium oxide product, lower temperature
electrolysis favors the dense storage of captured CO2 as solid
carbon (eqn (3)) at the cathode, while higher temperature
electrolysis has the advantage of a lower electrolysis potential,
and forms carbon monoxide at the cathode, a useful industrial
reagent. The bottom of Fig. 1 summarizes the electrolysis
potential measured in molten carbonates during the production of oxide. The indicated 1 A cm"2 is a high reaction rate,
and higher rate, at even lower potential occurs with textured,
or porous, rather than flat electrodes such as reticulated
(spongy) Ni or iron. The oxide is formed at low energy (low
electrolysis potential) and at high rate (high current densities),
which is necessary to maintain production for commodities.
For example aluminum is commercially produced at 0.8 A cm"2
in contemporary industrial plants.
Fig. 1 includes the measured full electrolysis potentials in a
system constrained by either the anode or cathode surface
area. Nickel and iridium are eﬀective anode materials; CaO
can improve nickel stability and decrease oxidative attack.8,9
Steel is an eﬀective cathode material in this system.
The electrolysis of carbonates is endothermic, which
provides the opportunity to add a significant portion of the
required energy to drive the process as solar thermal heat.
A two axis Suntura heliostat provides orthonormal orientation to sun. Details of the 20 cm2 steel cathode and 40 cm2
nickel anode cathode electrolysis cell are included in the
Electronic Supplementary Information (ESIw). As seen in the
bottom of Fig. 2, concentrators direct sunlight to the CPV and
electrolysis cells, and within minutes melt the electrolyte.
Electrolysis electrode surface areas were chosen to match
the solar cell generated power, and the 2.7 V, 3.5 W drives two
electrolysis cells in series at 750 1C and three in series at 9501.
A Spectrolab CDO-100-C1MJ concentrator solar photovoltaic
cell is used to generate 2.7 V at maximum power point, with
solar to electrical energy eﬃciencies of 37% under 500 suns
illumination. At maximum power, the 0.99 cm2 cell generates
1.3 A at 100 suns, and when masked to 0.2 cm2 area generates
1.4 A at 500 suns. Molten salt heat storage, as currently used
in concentrator solar power CSP electricity plants, can be
adapted to the STEP process. This will facilitate continuous
operation independent of the sunlight variation, but has not yet
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been incorporated into this outdoor STEP calcium oxide generator.
Intermittent and variable sunlight incident on this STEP
configuration limits temperature and electric control, and long
duration (5 h) electrolyses are conducted indoor at constant
temperature and current. Indoors, the measured electrolysis
potential is steady throughout the electrolysis. In pure, molten
Li2CO3 the 0.1 A electrolysis occurs at 1.2 V, and at 1 A occurs
at 1.6 V, or 0.9 V, respectively at 750 1C, or 950 1C. At 750 1C
and 1 A, the addition of 1 m Li2O lowers the observed
potential to 1.5 V, and the addition of 1 to 6 m CaCO3
increases the electrolysis potential to 1.8 V.
Constant current Li2CO3 electrolysis reduces carbonate,
and produces Li2O, which with the addition of CaCO3 precipitates CaO (Fig. 2 photo), while oxygen evolves from the anode
as oxygen solubility is low.10,11 The precipitate is separately
identified as CaO by FTIR, XRD, and AA analysis.w The
products are CaO, C and oxygen without carbon dioxide
evolution. The photo in Fig. 2 shows the carbon and CaO
deposited after a 5 h electrolysis at 1 A, resulting in 0.56 g of
carbon, 1.5 g of O2(gas) and 2.6 g of lime in quantitative accord
with the 5 Ah, 4 electron splitting of carbonate.
This study presents a new chemistry of energy eﬃcient,
CO2-free lime production, and the challenge of system scale-up
awaits. It should be noted that the carbonate product is readily
removed (dropping cleanly from the extracted steel wire
cathode when it is uncoiled, or at higher temperature as a
simple evolved gas CO), oxygen evolution is confined to the
vicinity of the anode, and the high density calcium oxide
product does not decompose in the molten carbonate and
forms a slurry at the bottom of the vessel where it may be
removed by tap in the same manner in which molten iron is
removed from conventional iron production kilns.
In the present study new molten salt chemistry is found
which allows solar thermal energy to drive CO2-free lime
production, in a one-pot synthesis, at lower projected cost
than the existing cement industry process (details in ESI).
After power production, the cement industry is largest single
contributor to anthropogenic greenhouse gas emissions.
This work has been partially supported by NSF award
1006568.
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Efficient Solar-Driven Synthesis, Carbon Capture,
and Desalinization, STEP: Solar Thermal Electrochemical
Production of Fuels, Metals, Bleach
S. Licht*
of photoelectrochemical, biomimetic, electrolytic, and thermal pathways of carbon
dioxide splitting.[10,11]
The direct thermal splitting of CO2
requires excessive temperatures to drive
any significant dissociation. As a result,
lower
temperature
thermochemical
processes using coupled reactions have
recently been studied.[12–16] The coupling
of multiple reactions steps decreases the
system efficiency. To date, such challenges,
and the associated efficiency losses, have
been an impediment to the implementation of the related, extensively studied field
of thermochemical splitting of water.[2]
Photo-electrochemistry probes the energetics of illuminated semiconductors in
an electrolyte, and provides an alternative
path to solar fuel formation. Photoelectrochemical solar cells (PECs) can convert
solar energy to electricity,[17–21] and with inclusion of an electrochemical storage couple, have the capability for internal
energy storage to provide a level output despite variations in
sunlight.[22,23] Solar to photo-electrochemical energy can also be
stored externally in chemical form, when it is used to drive the
formation of energetically rich chemicals. With photochemical
and photo-electrochemical splitting of carbon dioxide[24–29] the
selective production of specific fuel products has been demonstrated. Such systems function at low current density and efficiencies of ^1 percent, and as with photoelectrochemical water
splitting face stability and bandgap challenges related to effective operation with visible light.[21,30,31]
The electrically driven (nonsolar) electrolysis of dissolved
carbon dioxide is under investigation at or near room temperature in aqueous, non-aqueous, and PEM media.[32–41] These
are constrained by the thermodynamic and kinetic challenges
associated with ambient temperature, endothermic processes,
of a high electrolysis potential, large overpotential, low rate and
low electrolysis efficiency. High-temperature, solid-oxide electrolysis of carbon dioxide dates back to suggestions from the
1960s to use such cells to renew air for a space habitat,[42–44]
and the sustainable rate of the solid oxide reduction of carbon
dioxide is improving rapidly.[45–51] Molten-carbonate rather than
solid-oxide fuel cells running in the reverse mode had also been
studied to renew air in 2002.[52] In a manner analogous to our
2002 high-temperature solar water-splitting studies (described
below),[53–55] we showed in 2009 that molten-carbonate cells

STEP (solar thermal electrochemical production) theory is derived and
experimentally verified for the electrosynthesis of energetic molecules at solar
energy efficiency greater than any photovoltaic conversion efficiency. In STEP
the efficient formation of metals, fuels, chlorine, and carbon capture is driven
by solar thermal heated endothermic electrolyses of concentrated reactants
occuring at a voltage below that of the room temperature energy stored in the
products. One example is CO2, which is reduced to either fuels or storable
carbon at a solar efficiency of over 50% due to a synergy of efficient solar
thermal absorption and electrochemical conversion at high temperature and
reactant concentration. CO2-free production of iron by STEP, from iron ore,
occurs via Fe(III) in molten carbonate. Water is efficiently split to hydrogen
by molten hydroxide electrolysis, and chlorine, sodium, and magnesium from
molten chlorides. A pathway is provided for the STEP decrease of atmospheric carbon dioxide levels to pre-industial age levels in 10 years.

1. Introduction
The anthropogenic release of carbon dioxide and atmospheric
carbon dioxide have reached record levels. One path towards
CO2 reduction is to utilize renewable energy to produce electricity. Another, less explored path is to utilize renewable energy
to produce societal staples such as metals, bleach, and fuels
(including carbonaceous fuels) directly. Whereas solar-driven
water splitting to generate hydrogen fuels has been extensively
studied,[1,2] there have been few studies of solar-driven carbon
dioxide splitting, although recently we introduced a global
process for solar thermal electrochemical production (STEP)
of energetic molecules, including CO2 splitting.[3–8] “CO2 is a
highly stable, noncombustible molecule, and its thermodynamic stability makes its activation energy demanding and
challenging.”[9] In search of a solution for climate change associated with increasing levels of atmospheric CO2, the field of
carbon dioxide splitting (solar or otherwise), while young, is
growing rapidly, and as with water splitting, includes the study
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are particularly effective for solar-driven electrolysis of carbon
dioxide,[3,4,8] and also for CO2-free iron metal production.[5,6]
Light-driven water splitting was originally demonstrated with
TiO2 (a semiconductor with a bandgap, Eg  3.0 eV).[56] However, only a small fraction of sunlight has sufficient energy to
drive TiO2 photoexcitation. Studies had sought to tune (lower)
the semiconductor bandgap to provide a better match to the
electrolysis potential.[57] In 2000 we used external multiple
bandgap PVs (photovoltaics) to generate H2 by splitting water at
18% solar energy conversion efficiency.[58] However, that room
temperature process does not take advantage of additional,
available thermal energy.
An alternative to tuning a semiconductor bandgap to provide
a better match to the solar spectrum, is an approach to tune
(lower) the electrolysis potential.[55] In 2002 we introduced a
photo electrochemical thermal water splitting theory,[53] which
was verified by experiment in 2003, for H2 generation at over
30% solar energy conversion efficiency, and providing the first
experimental demonstration that a semiconductor, such as
Si (Eg  1.1 eV), with bandgap lower than the standard water
splitting potential (EnH2O(25 nC)  1.23 V), can directly drive
hydrogen formation.[55] With increasing temperature, the
quantitative decrease in the electrochemical potential to split
water to hydrogen and oxygen had been well known by the
1950s.[59a,59b] In 1976 Wentworth and Chen wrote on “simple
thermal decomposition reactions for storage of solar energy,”
with the limitation that the products of the reaction must be
separated to prevent back reaction, and were without any electrochemical component.[60] As early as 1980 it was noted that
thermal energy could decrease the necessary energy for the
generation of H2 by electrolysis.[61] However, that process would
combine elements of solid state physics, insolation and electrochemical theory, complicating rigorous theoretical support of
the process. Our photo-electrochemical thermal water splitting
model for solar/H2 by this process, was the first derivation of
bandgap-restricted, thermal-enhanced, high solar water splitting efficiencies. The model, predicting solar energy conversion
efficiencies that exceed those of conventional photovoltaics was
initially derived for AM(Air Mass)1.5, terrestrial insolation, and
later expanded to include sunlight above the atmosphere (AM0
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insolation).[53,54] The experimental accomplishment followed,
and established that the water splitting potential can be specifically tuned to match efficient photo-absorbers,[55] eliminating
the challenge of tuning (varying) the semiconductor bandgap,
and which can lead to over 30% solar to chemical energy conversion efficiencies. Our early process was specific to H2 and
did not incorporate the additional temperature enhancement of
excess super-band gap energy and concentration enhancement
of excess reactant to further decrease the electrolysis potential,
in our contemporary STEP process.

2. Solar Thermal Electrochemical Production
of Energetic Molecules: An Overview
2.1. STEP Theoretical Background
A single, small band gap junction, such as in a silicon PV,
cannot generate the minimum photopotential required to drive
many room temperature electrolysis reactions, as shown in the
left of Scheme 1. The advancement of such studies had focused

Scheme 1. Top: Comparison of PV and STEP solar driven electrolysis energy diagrams. STEP uses sunlight to drive otherwise energetically forbidden
pathways of charge transfer. The energy of photodriven charge transfer is insufficient (left) to drive (unheated) electrolysis, but is sufficient (right)
to drive endothermic electrolysis in the solar heated synergestic process. The process uses both visible & thermal solar energy for higher efficiency;
thermal energy decreases the electrolysis potential forming an energetically allowed pathway to drive electrochemical charge transfer.
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Scheme 2. Global use of sunlight to drive the formation of energy rich molecules. Left: Charge and heat flow in STEP: heat flow (yellow arrows), electron flow (blue), & reagent flow (green). Right: Beam splitters redirect sub-bandgap sunlight away from the PV onto the electrolyzer. Modified with
permission.[3]

on tuning semiconductor bandgaps[57] to provide a better match
to the electrochemical potential (specifically, the water splitting potential), or by utilizing more complex, multiple bandgap
structures using multiple photon excitation.[58] Either of these
structures are not capable of excitation beyond the bandedge
and can not make use of longer wavelength sunlight. Photovoltaics are limited to super-bandgap sunlight, hN  Eg, precluding use of long wavelength radiation, hN  Eg. STEP instead
directs this IR sunlight to heat electrochemical reactions, and
uses visible sunlight to generate electronic charge to drive these
electrolyses.
Rather than tuning the bandgap to provide a better energetic
match to the electrolysis potential, the STEP process instead
tunes the redox potential to match the bandgap. The right side of
Scheme 1 presents the energy diagram of a STEP process. The
high temperature pathway decreases the free energy requirements for processes whose electrolysis potential decreases
with increasing temperature. STEP uses solar energy to drive,
otherwise energetically forbidden, pathways of charge transfer.
The process combines elements of solid state physics, insolation (solar illumination) and high temperature electrochemical
energy conversion. Kinetics improve, and endothermic thermodynamic potentials, decrease with increasing temperature. The
result is a synergy, making use of the full spectrum of sunlight,
and capturing more solar energy. STEP is intrinsically more
efficient than other solar energy conversion processes, as it utilizes not only the visible sunlight used to drive PVs, but also
utilizes the previously detrimental (due to PV thermal degradation) thermal component of sunlight, for the electrolytic formation of chemicals.
The two bases for improved efficiencies using the STEP
process are (i) excess heat, such as unused heat in solar cells,
can be used to increase the temperature of an electrolysis cell,
such as for electrolytic CO2 splitting, while (ii) the product to

Adv. Mater. 2011, XX, 1–21

reactant ratio can be increased to favor the kintetic and energetic formation of reactants. With increasing temperature, the
quantitative decrease in the electrochemical potential to drive
a variety of electrochemical syntheses is well known, substantially decreasing the electronic energy (the electrolysis potential)
required to form energetic products. The extent of the decrease
in the electrolysis potential, Eredox, may be tuned by choosing the
constituents and temperature of the electrolysis. The process
distinguishes radiation that is intrinsically energy sufficient to
drive PV charge transfer, and applies all excess solar thermal
energy to heat the electrolysis reaction chamber.
Scheme 2 summarizes the charge, heat and molecular flow
for the STEP process; the high temperature pathway decreases
the potential required to drive endothermic electrolyses, and
also facilitates the kinetics of charge transfer (i.e., decreases
overpotential losses), which arise during electrolysis. This
process consists of (i) sunlight harvesting and concentration, (ii) photovoltaic charge transfer driven by super-bandgap
energy, (iii) transfer of sub-bandgap and excess super-bandgap
radiation to heat the electrolysis chamber, (iv) high temperature, low energy electrolysis forming energy rich products, and
(v) cycle completion by pre-heating of the electrolysis reactant
through heat exchange with the energetic electrolysis products.
As indicated on the right side of Scheme 2, the light harvesting
can use various optical configurations; e.g. in lieu of parabolic,
or Fresnel, concentrators, a heliostat/solar tower with secondary
optics can achieve higher process temperatures (1000 nC) with
concentrations of ^2000 suns. Beam splitters can redirect subbandgap radiation away from the PV (minimzing PV heating)
for a direct heat exchange with the electrolyzer.
Solar heating can decrease the energy to drive a range of
electrolyses. Such processes can be determined using available
entropy, S, and enthalpy, H, and free-energy, G, data,[59b] and are
identified by their negative isothermal temperature coefficient
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of the cell potential.[59a] This coefficient (dE/dT)isoth is the derivative of the electromotive force of the isothermal cell:
(1)

(dE=dT)isoth D1S=nF D (1H 1G)=nFT

The starting process of modeling any STEP process is the
conventional expression of a generalized electrochemical
process, in a cell which drives an n electron charge transfer
electrolysis reaction, comprising “x” reactants, Ri, with stoichiometric coefficients ri, and yielding “y” products, Ci, with stoichiometric coefficients ci.
Electrode 1 \ Electrolyte \ Electrode 2
Using the convention of E  Ecathode – Eanode to describe the
positive potential necessary to drive a non-spontaneous process,
by transfer of n electrons in the electrolysis reaction of reactants
to products:
P
P
(2)
i 1 to x r i Ri !
i  1 to y c i Ci
At any electrolysis temperature, TSTEP, and at unit activity,
the reaction has electrochemical potential, EnT. This may be calculated from consistent, compiled unit activity thermochemical
data sets, such as the NIST condensed phase and fluid properties data sets,[59b] as:

E T  1G (T  TSTEP ) nF; Eambient
 ET (Tambient ); here

Tambient  29815 K  25 C and :
P

1G (T  TSTEP ) 
i  1 to y c i (H (Ci T )
P

TS (Ri T ))
i  1 to x r i (H (R i T )


TS (Ci T ))

(3)

Compiled thermochemical data are often based on different
reference states, while a consistent reference state is needed to

understand electrolysis limiting processes, including water.[62,63]
This challenge is overcome by modification of the unit activity
(a  1) consistent calculated electrolysis potential to determine
the potential at other reagent and product relative activities via
the Nernst equation.[64,65] Electrolysis provides control of the
relative amounts of reactant and generated product in a system.
A substantial activity differential can also drive STEP improvement at elevated temperature, and will be derived. The potential
variation with activity, a, of the Equation 2 reaction is given by:
P
P
i 1 to x r i Ri !
i  1 to y c i Ci, is given by:
r

c

ET a  ET (RT nF)  ln(5i  1 to x a(Ri ) i 5 i  1 to y a(Ci ) i )

(4)
Electrolysis systems with a negative isothermal temperature
coefficient tend to cool as the electrolysis products are generated. Specifically in endothermic electrolytic processes, the
Equation 4 free-energy electrolysis potential, ET, is less than
the enthalpy based potential. This latter value is the potential at
which the system temperature would remain constant during
electrolysis. This thermoneutral potential, Etn, is given by:

Etn (TSTEP ) 

1H(T )nF;1H(TSTEP )
P
P
 i 1 to b c i H(Ci TSTEP )
i 1 to a r i H(Ri TSTEP )

(5)

Two general STEP implementations are being explored. Both
can provide the thermoneutral energy to sustain a variety of
electrolyses. The thermoneutral potential, determined from the
enthalpy of a reaction, describes the energy required to sustain
an electrochemical process without cooling. For example, the
thermoneutral potential we have calculated and reported for
CO2 splitting to CO and O2 at unit activities, from Equation 5,
is 1.46(o0.01) V over the temperature range of 25–1400 nC. As
represented in Scheme 3 on the left, the standard electrolysis

Scheme 3. Comparison of solar energy utilization in STEP and Hy-STEP implementations of the solar thermal electrochemical production of energetic
molecules.
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2.2. STEP Solar to Chemical Energy Conversion Efficiency
The Hy-STEP mode is being studied outdoors with either wind
or solar CPV (concentrator photovoltaic) generated electricity
to drive Eelectrolysis. The STEP mode is experimentally more
complex and is presently studied indoors under solar simulator illumination. Determination of the efficiency of Hy-STEP
with solar electric is straightforward in the domain in which
Eelectrolysis  Ethermoneutral and the coulombic efficiency is high. Solar
thermal energy is collected at an efficiency of Hthermal to decrease
the energy from Ethermoneutral to Eelectrolysis, and then electrolysis is
driven at a solar electric energy efficiency of Hsolar-electric:

Hy

STEPsolar

 (thermal (Ethermoneutral Eelectrolysis )

 solar

electric Eelectrolysis ) Ethermoneutral

(6)

Hthermal is higher than Hsolar-electric, and gains in efficiency occur
in Equation 6 in the limit as Eelectrolysis approaches 0. Eelectrolysis 
0 is equivalent to thermochemical, rather than electrolytic, production. As seen in Figure 1, at unit activity EnCO2/CO does not
approach 0 until 3000 nC. Material constraints inhibit approach
to this higher temperature, while electrolysis not only permits
lower temperature, but also provides the advantage of spontaneous product seperation. At lower temperature, small values
of Eelectrolysis can occur at higher reactant and lower product
activities, as described in Equation 4. In the present configuration sunlight is concentrated at 75% solar to thermal efficiency,
heating the electrolysis to 950 nC, which decreases the high current density CO2 splitting potential to 0.9V, and the electrolysis
charge is provided by CPV at 37% solar to electric efficiency.
The solar to chemical energy conversion efficiency is in accordance with Equation 6:
Hy

STEPsolar

D (75%(1:46V
D 52%

0:90V) C 37%0:90V)=1:46V

(7)

A relatively high concentration of reactants lowers the voltage
of electrolysis via the Nernst term in Equation 4. With appropriate choice of high temperature electrolyte, this effect can be
dramatic, for example both in STEP iron and in comparing the
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benefits of the molten carbonate to solid oxide (gas phase) reactants for STEP CO2 electrolytic reduction, sequestration and
fuel formation. Fe(III) (as found in the common iron ore, hematite) is nearly insoluble in sodium carbonate, while it is soluble
to over 10 m (molal) in lithium carbonate,[6] and as discussed in
Section 2.3, molten carbonate electrolyzer provides 103 to 106
times higher concentration of reactant at the cathode surface
than a solid oxide electrolyzer.
In practice, for STEP iron or carbon capture, we simultaneously drive lithium carbonate electrolysis cells together in series,
at the CPV maximum power point (Figure 2). Specifically, a
Spectrolab CDO-100-C1MJ concentrator solar cell is used to
generate 2.7 V at maximum power point, with solar to electrical
energy efficiencies of 37% under 500 suns illumination. As
seen in Figure 2, at maximum power, the 0.99 cm2 cell generates 1.3 A at 100 suns, and when masked to 0.2 cm2 area generates 1.4 A at 500 suns. Electrolysis electrode surface areas were
chosen to match the solar cell generated power. At 950 nC at
0.9V, the electrolysis cells generate carbon monoxide at 1.3 to
1.5 A (the electrolysis current stability is shown at the bottom
of Figure 2).
In accord with Equation 6 and Scheme 3, Hy-STEP efficiency
improves with temperature increase to decrease overpotential
and Eelectrolysis, and with increase in the relative reactant activity.
Higher solar efficiencies will be expected, both with more effective carbonate electrocatalysts (as morphologies with higher
effective surface area and lower overpotential) are developed,
and as also as PV efficiencies increase. Increases in solar to
electric (both PV, CPV and solar thermal-electric) efficiencies
continue to be reported, and will improve Equation 7 efficiency.
For example, multijunction CPV have been reported improved
to HPV  40.7%.[69]
Engineering refinements will improve some aspects, and
decrease other aspects, of the system efficiency. Preheating the
CO2, by circulating it as a coolant under the CPV (as we currently do in the indoor STEP experiment, but not outdoor, HySTEP experiments) will improve the system efficiency. In the
present configuration outgoing CO and O2 gases at the cathode
and anode heat the incoming CO2. Isolation of the electrolysis
products will require heat exchangers with accompanying radiative heat losses, and for electrolyses in which there are side reactions or product recombination losses, HHy-STEP solar will decrease
proportional to the decrease in coulombic efficiency. At present,
wind turbine generated electricity is more cost effective than
solar-electric, and we have demonstrated a Hy-STEP process
with wind-electric, for CO2 free production of iron (delineated
in Section 3.3). Addition of long-term (overnight) molten salt
insulated storage will permit continuous operation of the STEP
process. Both STEP implementations provide a basis for practical, high solar efficiencies.
Components for STEP CO2 capture and conversion to solid
carbon are represented on the left side of Figure 2, and are
detailed in references [4–7]. A 2.7 V CPV phootopotential drives
three in series electrolyses at 950nC. Fundamental details of the
heat balance are provided in reference 4. The CPV has an experimental solar efficiency of 37%, and the 63% of insolation not
converted to electricity comprises a significant heat source. The
challenge is to direct a substantial fraction of this heat to the
electrolysis. An example of this challenge is in the first stage of
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potential at room temperature, En, can comprise a significant
fraction of the thermoneutral potential. The first STEP mode,
energetically represented next to the room temperature process
in the scheme, separates sunlight into thermal and visible radiation. The solar visible generates electronic charge which drives
electrolysis charge transfer. The solar thermal component
heats the electrolysis and decreases both the En at this higher
T, and the overpotential. The second mode, termed Hy-STEP
(on the right) from “hybrid-STEP”, does not separate sunlight,
and instead directs all sunlight to heating the electrolysis,
generating the highest T and smallest E, while the electrical
energy for electrolysis is generated by a separate source (such
as by photovoltaic, solar thermal electric, wind turbine, hydro,
nuclear or fossil fuel generated electronic charge). As shown on
the right side, high relative concentrations of the electrolysis
reactant (such as CO2 or iron oxide will further decrease the
electrolysis potential).
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Figure 1. The calculated potential to electrolyze selected oxides (top) and chlorides (bottom). The indicated decrease in electrolysis energy, with increase
in temperature, provides energy savings in the STEP process in which high temperature is provided by excess solar heat. Energies of electrolysis are calculated from Equation 3, with consistent thermochemical values at unit activity using NIST gas and condensed phase Shomate equations.[59b] Note with
water excluded, the chloride electrolysis decreases (in the lower left of the figure). All other indicated electrolysis potentials, including that of water or
carbon dioxide, decrease with increasing temperature. Thermoneutral potentials are calculated with Equation 5. Modified with permission from [3].

heating, in which higher temperatures increases CO2 preheat,
but diminishes the CPV power. Heating of the reactant CO2 is
a three tier process in the current configuration: the preheating
of room temperature CO2 consists of either (1a) flow-through
a heat exchange fixed to the back of the concentrator solar cell
and/or (1b) preheating to simulate CO2 extracted from an available heat source such as a hot smoke (flue) stack, (2) secondary
heating consists of passing this CO2 through a heat exchange
with the outgoing products, (3) tertiary heat is applied through
concentrated, split solar thermal energy (Figure 2).
An upper limit to the energy required to maintain a constant system temperature is given in the case in which neither solar IR, excess solar visible, nor heat exchange from
the environment or products would be applied to the system.
When an 0.90 V electrolysis occurs, an additional 0.56 V, over
Etn  1.46 V, is required to maintain a constant system temperature. Hence, in the case of three electrolyses in series, as
in Figure 2, an additional 3 r 0.56 V  1.68 V will maintain
6
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constant temperature. This is less than the 63% of the solar
energy (equivalent to 4.6 V) not used in generating the 2.7 V
of maximum power point voltage of electronic charge from the
CPV in this experiment. Heating requirements are even less,
when the reactant activity is maintained at a level that is higher
than the product activity. For example, this is accomplished
when products are continuously removed to ensure that the
partial pressure of the products is lower than that of the CO2.
This lowers the total heat required for temperature neutrality to
below that of the unit activity thermoneutral potential 1.46 V.
The STEP effective solar energy conversion efficiency, HSTEP,
is constrained by both photovoltaic and thermal boost conversion efficiencies, HPV and Hthermal-boost.[8] Here, the CPV sustains
a conversion efficiency of HPV  37.0%. In the system, passage
of electrolysis current requires an additional, combined (ohmic,
anodic, and cathodic over-) potential above the thermodynamic
potential. However, mobility and kinetics improve at higher
temperature to decrease this overpotential. The generated CO
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Figure 2. Left: STEP carbon capture in which three molten carbonate electrolysis in series are driven by a concentrator photovoltaic. Sunlight is split into
two spectral regions; visible drives the CPV and thermal heats the electrolysis cell. In Hy-STEP (not shown) sunlight is not split and the full spectrum
heats the electrolysis cell, and electronic charge is generated separately by solar, wind, or other source. Right: The maximum power point photovoltage
of one Spectrolab CPV is sufficient to drive three in series carbon dioxide splitting 950 nC molten Li2CO3 electrolysis cells. Top: Photocurrent at 500
suns (masked (0.20 cm2) Spectrolab CDO-100 CPV, or electrolysis current, versus voltage; electrolysis current is shown of one, two or three series
950 nC Li2CO3 electrolysis cells with 200 cm2 Ni electrodes. Three in series electrolysis cells provide a power match at the 2.7 V maximum power point
of the CPV at 950 nC; similarly (not shown), two 750 nC Li2CO3 electrolysis cells in series provide a power match at 2.7V to the CPV. Bottom: Stable
carbon capture (with 200 cm2 “aged” Ni electrodes at 750 nC; fresh electrodes (not shown) exhibit an initial fluctuation as carbon forms at the cathode
and Ni oxide layer forms on the anode. The rate of solid carbon deposition gradually increases as the cathode surface area slowly increases in time.
Modified with permission from [4].

contains an increase in oxidation potential compared to carbon
dioxide at room temperature (ECO2/CO(25 nC)  1.33 V for CO2 l
CO 1/ 2O2 in Figure 1), an increase of 0.43 V compared to the
0.90 V used to generate the CO. The electrolysis efficiency compares the stored potential to the applied potential, Hthermal-boost 
Enelectrolysis(25 nC)/Velectrolysis(T).[4] Given a stable temperature
electrolysis environment, the experimental STEP solar to CO
carbon capture and conversion efficiency is the product of this
relative gain in energy and the electronic solar efficiency:

 STEP   PV  thermal

boost

 370%  (133 V090 V)  547%

(8)

Ohmic and overpotential losses are already included in the
measured electrolysis potential. This 54.7% STEP solar conversion efficiency is an upper limit of the present experiment,
and as with the Hy-STEP mode, improvements are expected in
electrocatalysis and CPV efficiency. Additional losses will occur
when beam splitter and secondary concentrator optics losses,
and thermal systems matching are incorporated, but serves to
demonstrate the synergy of this solar/photo/electrochemical/
thermal process, leads to energy efficiency higher than that for
solar generated electricity,[69] or for photochemical,[70] photoelectrochemical,[21,27] solar thermal,[71] or other CO2 reduction
processes.[72]
The CPV does not need, nor function with, sunlight of
energy less than that of the 0.67 eV bandgap of the multijunction Ge bottom layer. From our previous calculations, this
thermal energy comprises 10% of AM1.5 insolation, which will
be further diminished by the solar thermal absorption efficiency
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and heat exchange to the electrolysis efficiency,[54] and under
0.5 MW m 2 of incident sunlight (500 suns illumination), yields
^50 kW m 2, which may be split off as thermal energy towards
heating the electrolysis cell without decreasing the CPV electronic power. The CPV, while efficient, utilizes less than half
of the super-bandgap (hN  0.67 eV) sunlight. A portion of
this  ^250 kW m 2 available energy, is extracted through heat
exchange at the backside of the CPV. Another useful source
for consideration as supplemental heat is industrial exhaust.
The temperature of industrial flue stacks varies widely, with
fossil fuel source and application, and ranges up to 650 nC for
an open circuit gas turbine. The efficiency of thermal energy
transfer will limit use of this available heat.
A lower limit to the STEP efficiency is determined when no
heat is recovered, either from the CPV or remaining solar IR,
and when heat is not recovered via heat exchange from the electrolysis products, and when an external heat source is used to
maintain a constant electrolysis temperature. In this case, the
difference between the electrolysis potential and the thermoneutral potential represents the enthalpy required to keep the
system from cooling. In this case, our 0.9 V electrolysis occurs
at an efficiency of (0.90V/1.46V)  54.7%  34%. While the STEP
energy analysis, detailed in Section 4.2 for example for CO2 to
CO splitting, is more complex than that of the Hy-STEP mode,
more solar thermal energy is available including a PV’s unused
or waste heat to drive the process and to improve the solar
to chemical energy conversion efficiency. We determine the
STEP solar efficiency over the range from inclusion of no solar
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thermal heat (based on the enthalpy, rather than free energy, of
reaction) to the case where the solar thermal heat is sufficient
to sustain the reaction (based on the free energy of reaction).
This determines the efficiency range, as chemical flow out
to the solar flow in (as measured by the increase in chemical
energy of the products compared to the reactants), from 34%
to over 50%.
2.3. Identification of STEP Consistent Endothermic Processes
The electrochemical driving force for a variety of chemicals
of widespread use by society will be shown to significantly
decrease with increasing temperature. As calculated and summarized in the top left of Figure 1, the electrochemical driving
force for electrolysis of either carbon dioxide or water, significantly decreases with increasing temperature. The ability to
remove CO2 from exhaust stacks or atmospheric sources, provides a response to linked environmental impacts, including
global warming due to anthropogenic CO2 emission. From the
known thermochemical data for CO2, CO and O2, and in accord
with Equation 1, CO2 splitting can be described by:
CO2 (g) ! CO(g)

1 2O2 (g);

E CO2 split  (G CO




05G O2 G CO2 )2F; E (25  C)

 1333 V

(9)

As an example of the solar energy efficiency gains, this
progress report focuses on CO2 splitting potentials, and provides examples of other useful STEP processes. As seen in
Figure 1, CO2 splitting potentials decrease more rapidly with
temperature than those for water splitting, signifying that the
STEP process may be readily applied to CO2 electrolysis. Efficient, renewable, non-fossil fuel energy rich carbon sources
are needed, and the product of Equation 9, carbon monoxide
is a significant industrial gas with a myriad of uses, including
the bulk manufacturing of hydrocarbon fuels, acetic acid and
aldehydes (and detergent precursors), and for use in industrial nickel purification.[66] To alleviate challenges of fossil-fuel
resource depletion, CO is an important syngas component and
methanol is formed through the reaction with H2. The ability
to remove CO2 from exhaust stacks or atmospheric sources,
also limits CO2 emission. Based on our original analogous
experimental photo-thermal electrochemical water electrolysis
design,[55] the first CO2 STEP process consists of solar driven
and solar thermal assisted CO2 electrolysis. In particular, in a
molten carbonate bath electrolysis cell, fed by CO2.
cathode : 2CO2(g)

2e

!CO3 (molten)

anode :

CO3 (molten) ! CO2 (g)

cell :

CO2 (g) ! CO(g)

1 2O2 (g)

1 2O2 (g)

CO(g)
2e

(10)

Molten alkali carbonate electrolyte fuel cells typically operate
at 650 nC. Li, Na or K cation variation can affect charge mobility
and operational temperatures. Sintered nickel often serves
as the anode, porous lithium doped nickel oxide often as the
cathode, while the electrolyte is suspended in a porous, insulating, chemically inert LiAlO2 ceramic matrix.[67]
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Solar thermal energy can be used to favor the formation of
products for electrolyses characterized by a negative isothermal
temperature coefficient, but will not improve the efficiency
of heat neutral or exothermic reactions. An example of this
restriction occurs for the electrolysis reaction currently used
by industry to generate chlorine. During 2008, the generation
of chlorine gas (principally for use as bleach and in the chloralkali industry) consumed approximately 1% of the world’s
electricity,[68] prepared in accord with the industrial electrolytic
process:
2NaCl

2H2 O ! Cl2

H2

2NaOH; E (25  C)  2502 V (11)

In the lower left portion of Figure 1, the calculated electrolysis potential for this industrial chlor-alkali reaction exhibits
little variation with temperature, and hence the conventional
generation of chlorine by electrolysis would not benefit from the
inclusion of solar heating. This potential is relatively invariant,
despite a number of phase changes of the components (indicated on the figure and which include the melting of NaOH or
NaCl). However, as seen in the figure, the calculated potential
for the anhydrous electrolysis of chloride salts is endothermic,
including the electrolyses to generate not only chlorine, but also
metallic lithium, sodium and magnesium, and can be greatly
improved through the STEP process:
MCln ! n2Cl2

M;

E MCln split(25 C)  398 V M for M = Li or Na;




4.24 V for M = K; 3.07 V for M = Mg

(12)

The calculated decrease for the anhydrous chloride electrolysis potentials are on the order of volts per 1000 nC temperature change. For example, from 25 nC up to the MgCl2 boiling
point of 1412 nC, the MgCl2 electrolysis potential decreases
from 3.07 V to 1.86 V. This decrease provides a theoretical basis
for significant, non CO2 emitting, non-fossil fuel consuming
processes for the generation of chlorine and magnesium, to be
delineated in Section 3.4, and occurring at high solar efficiency
analogous to the similar CO2 STEP process.
In Section 3.2 the STEP process will be derived for the efficient solar removal/ recycling of CO2. In addition, thermodynamic calculation of metal and chloride electrolysis rest potentials identifies electrolytic processes which are consistent with
endothermic processes for the formation of iron, chlorine,
aluminum, lithium, sodium and magnesium, via CO2-free
pathways. As shown, the conversion and replacement of the
conventional, aqueous, industrial alkali-chlor process, with an
anhydrous electrosynthesis, results in a redox potential with a
calculated decrease of 1.1 V from 25 to 1000 nC.
As seen in the top right of Figure 1, the calculated electrochemical reduction of metal oxides can exhibit a sharp,
smooth decrease in redox potential over a wide range of phase
changes. These endothermic process provide an opportunity
for the replacement of conventional industrial processes by
the STEP formation of these metals. In 2008, industrial electrolytic processes consumed ^5% of the world’s electricity,
including for aluminum (3%), chlorine (1%), and lithium, magnesium and sodium production. This 5% of the global 19 r
1012 kWh of electrical production, is equivalent to the emission
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Fe2 O3

3C

32O2 ! 2Fe

3CO2

(13)

molten salt processes. For example as discussed in Section 4.3,
the thermal buffer capacity of molten salts has been effective
for solar to electric power towers to operate 24/7. These towers
concentrate solar thermal energy to heat molten salts, which
circulate and via heat exchange boil water to drive conventional
mechanical turbines.

PROGRESS REPORT

of 6 r 108 metric tons of CO2.[68] The iron and steel industry
accounts for a quarter of industrial direct CO2 emissions. Currently, iron is predominantly formed through the reduction of
hematite with carbon, emitting CO2:

A non-CO2 emitting alternative is provided by the STEP
driven electrolysis of Fe2O3:
Fe2 O3 ! 2Fe

32O2

E  128 V

3. Demonstrated STEP Processes

(14)
As seen in the top right of Figure 1, the calculated iron
3.1. STEP Hydrogen
generating electrolysis potentials drops 0.5 V (a 38% drop)
from 25 nC to 1000 nC, and as with the CO2 analogue, will be
STEP occurs at both higher electrolysis and higher solar conexpected to decrease more rapidly with high iron oxide activity
version efficiencies than conventional room temperature phoconditions. Conventional industrial processes for these metals
tovoltaic (PV) generation of hydrogen. Experimentally, we
and chlorine, along with CO2 emitted from power and transpordemonstrated a sharp decrease in the water splitting potential
tation, are responsible for the majority of anthropogenic CO2
in an unusual molten sodium hydroxide medium, Figure 3,
release. The STEP process, to efficiently recover carbon dioxide
and as shown in Figure 4, three series connected Si CPVs effiand in lieu of these industrial processes, can provide a transiciently driving two series molten hydroxide water splitting cells
tion beyond the fossil fuel-electric grid economy.
at 500 nC to generate hydrogen.[55]
The top left of Figure 1 includes calculated thermoneutral
Recently we have considered the economic viability of solar
potentials for CO2 and water splitting reactions. At ambient
hydrogen fuel production. That study provided evidence that
temperature, the difference between Eth and ET does not indithe STEP system is an economically viable solution for the procate an additional heat requirement for electrolysis, as this heat
duction of hydrogen.[55]
is available via heat exchange with the ambient environment. At
ambient temperature, Etn – ET for CO2 or water is respectively
3.2. STEP Carbon Capture
0.13 and 0.25 V, is calculated (not shown) as 0.15 o 0.1 V for
Al2O3 and Fe2O3, and 0.28 o 0.3 V for each of the chlorides.
We find that molten electrolytes present several fundamental
In this process carbon dioxide is captured directly, without the
advantages compared to solid oxides for CO2 electrolysis.
need to pre-concentrate dilute CO2, using a high temperature
(i) Molten carbonate electrolyzer provides 103 to 106 times
electrolysis cell powered by sunlight in a single step. Solar thermal
higher concentration of reactant at the cathode surface than
energy decreases the energy required for the endothermic
a solid oxide electrolyzer. Solid oxides utilize gas phase reactants, whereas carbonates utilize molten phase reactants. Molten
carbonate contains 2 r 10 2 mol reducible
tetravalent carbon/ cm3. The density of
reducible tetravalent carbon sites in the gas
phase is considerably lower. Air contains
0.03% CO2, equivalent to only 1 r 10 8 mol
of tetravalent carbon/ cm3, and flue gas
(typically) contains 10-15% CO2, equivalent to 2 r 10 5 mol reducible C(IV)/ cm3.
Carbonate’s higher concentration of active,
reducible tetravalent carbon sites, logarithmically decreases the electrolysis potential,
and can facilitate charge transfer at low electrolysis potentials. (ii) Molten carbonates can
directly absorb atmospheric CO2, whereas
solid oxides require an energy consuming
pre-concentration process. (iii) Molten carbonates electrolyses are compatible with both
solid and gas phase products. (iv) Molten
processes have an intrinsic thermal buffer
not found in gas phase systems. Sunlight
Figure 3. Water electrolysis potential, measured in aqueous saturated or molten NaOH, at 1
intensity varies over a 24-hour cycle, and
atm. Steam is injected in the molten electrolyte. The O2 anode is 0.6 cm2 Pt foil. IR and polarimore frequently with variations in cloud zation losses are minimized by sandwiching 5 mm from each side of the anode, oversized Pt
cover. This disruption to other solar energy gauze cathode. Inset: At 25 nC, 3 electrode values comparing Ni and Pt working electrodes and
conversion processes is not necessary in with a Pt gauze counterelectrode at 5 mV/s.
Adv. Mater. 2011, XX, 1–21
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Figure 4. Photovoltaic and electrolysis charge transfer of STEP hydrogen
using Si CPV’s driving molten NaOH water electrolysis. The photocurrent
is shown for 1, 2, or 3 1.561 cm2 HECO 335 Sunpower Si photovoltaics in
series at 50 suns. The CPVs drive 500 nC molten NaOH steam electrolysis
using Pt gauze electrodes. Left inset: electrolysis current stability.

conversion of carbon dioxide and kinetically facilitates electrochemical reduction, while solar visible generates electronic
charge to drive the electrolysis. CO2 can be captured as solid

carbon and stored, or used as carbon monoxide to feed chemical or synthetic fuel production. Thermodynamic calculations
are used to determine, and then demonstrate, a specific low
energy, molten carbonate salt pathway for carbon capture.
Prior investigations of the electrochemistry of carbonates
in molten salts tended to focus on reactions of interest to fuel
cells,[67] rather than the (reverse) electrolysis reactions of relevance to the STEP reduction of carbon dioxide, typically in
alkali carbonate mixtures. Such mixtures substantially lower the
melting point compared to the pure salts, and would provide
the thermodynamic maximum voltage for fuel cells. However,
the electrolysis process is maximized in the opposite temperature domain of fuel cells, that is at elevated temperatures which
decrease the energy of electrolysis, as schematically delineated
in Scheme 1. These conditions provide a new opportunity for
effective CO2 capture.
CO2 electrolysis splitting potentials are calculated from
the thermodynamic free energy components of the reactants
and products[3,4,59b] as E  –$G(reaction)/nF, where n  4 or
2 for the respective conversion of CO2 to the solid carbon or
carbon monoxide products. As calculated using the available
thermochemical enthalpy and entropy of the starting components, and as summarized in the left side of Figure 5, molten
Li2CO3, via a Li2O intermediate, provides a preferred, low
energy route compared to Na2CO3 or K2CO3 (via Na2O or K2O),
for the conversion of CO2. High temperature is advantageous
as it decreases the free energy energy necessary to drive the
STEP endothermic process. The carbonates, Li2CO3, Na2CO3
and K2CO3, have respective melting points of 723, 851, and
891 nC. Molten Li2CO3 not only requires lower thermodynamic
electrolysis energy, but in addition has higher conductivity

Figure 5. The calculated (left) and measured (right) electrolysis of CO2 in molten carbonate. Left: The calculated thermodynamic electrolysis potential
for carbon capture and conversion in Li2CO3 (main figure), or Na2CO3 or K2CO3 (left middle); squares refer to M2CO3 l C M2O O2 and circles to
a M2CO3 l CO M2O 1/ 2O2. To the left of the vertical brown line, solid carbon is the thermodynamically preferred (lower energy) product. To the
right of the vertical line, CO is preferred. Carbon dioxide fed into the electrolysis chamber is converted to solid carbon in a single step. Photographs:
coiled platinum cathode before (left), and after (right), CO2 splitting to solid carbon at 750 nC in molten carbonate with a Ni anode. Right: The electrolysis full cell potential is measured, under anode or cathode limiting conditions, at a platinum electrode for a range of stable anodic and cathodic
current densities in molten Li2CO3. Lower midde: cathode size restricted full cell cyclic voltammetry, CV, of Pt electrodes in molten Li2CO3. Modified
with permission from [4].

10

wileyonlinelibrary.com

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2011, XX, 1–21

www.advmat.de

www.MaterialsViews.com

CO2 ! CO

12O2

E (T  25  C)  133 V

(15)
The observed experimental carbon capture correlates with:

Li2 CO3 (molten) ! C(solid) C Li2 O(dissolved) C O2 (gas)
Li2 CO3 (molten) ! CO(gas)

Li2 O(dissolved)

(16A)

12O2 (gas) (16B)

When CO2 is bubbled in, a rapid reaction back to the original
lithium carbonate is strongly favored:
Li2 O(dissolved) C CO2 (gas) ! Li2 CO3 (molten)
Li2 CO 3 ! Li2 O

(17A)

CO2

(17B)
In the presence of carbon dioxide, reaction 17A is strongly
favored (exothermic), and the rapid reaction back to the original
lithium carbonate occurs while CO2 is bubbled into molten
lithium carbonate containing the lithium oxide.
The carbon capture reaction in molten carbonate, combines
Equations 16 and 17:

CO2 (gas) ! C(solid)

O2 (gas)T  900  C

(18A)

CO2 (gas) ! CO(gas)

12O2 (gas)T  950  C

(18B)

The electrolysis of carbon capture in molten carbonates can
occur at lower experimental electrolysis potentials than the unit
activity potentials calculated in Figure 5. A constant influx of
carbon dioxide to the cell maintains a low concentration of Li2O,
in accord with reaction 23. The activity ratio, 1, of the carbonate
reactant to the oxide product in the electrolysis chamber, when
Adv. Mater. 2011, XX, 1–21
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(6 S cm 1) than that of Na2CO3 (3 S cm 1) or K2CO3 (2 S cm 1)
near the melting point.[73] Higher conductivity is desired as it
leads to lower electrolysis ohmic losses. Low carbonate melting
points are achieved by a eutectic mix of alkali carbonates (Tmp
Li1.07Na0.93CO3: 499 nC; Li0.85Na0.61K0.54CO3: 393nC). Mass transport is also improved at higher temperature; the conductivity
increases from 0.9 to 2.1 S cm 1 with temperature increase
from 650 to 875 nC for a 1:1:1 by mass mixture of the three
alkali carbonates.[74]
In 2009 we showed that molten carbonate electrolyzers can
provide an effective media for solar splitting of CO2 at high
conversion efficiency. In 2010 Lubormirsky, et al, and our
group separately reported that molten lithiated carbonates provide a particularly effective medium for the electrolysis reduction of carbon dioxide.[4,75] As we show in the photograph
in Figure 5, at 750 nC, carbon dioxide is captured in molten
lithium carbonate electrolyte as solid carbon by reduction at
the cathode at low electrolysis potential. It is seen in the cyclic
voltammetry, CV, that a solid carbon peak that is observed at
750 nC is not evident at 950 nC. At temperatures less than
^900 nC in the molten electrolyte, solid carbon is the preferred
CO2 splitting product, while carbon monoxide is the preferred
product at higher temperature. As seen in the main portion
of the figure, the electrolysis potential is 1.2V at either 0.1 or
0.5 A/cm2, respectively at 750 or 850 nC. Hence, the electrolysis energy required at these elevated, molten temperatures is
less than the minimum energy required to split CO2 to CO at
25 nC:

00592 V T (K )(n  298 K) log(2);

n  4 or 2 f or X  C solid or CO product

(19)

For example from Equation 19, the expected cell potential
at 950 nC for the reduction to the CO product is ECO2/CO 
1.17 V (0.243/2)4  0.68 V, with a high 1  10 000 carbonate/
oxide ratio in the electrolysis chamber. As seen in the Figure 5
photo, CO2 is captured in 750 nC Li2CO3 as solid carbon by
reduction at the cathode at low electrolysis potential. The
carbon formed in the electrolysis in molten Li2CO3 at 750 nC is
in quantitative accord with the 4 e- reduction of Equation 16A,
as determined by (i) mass, at constant 1.25 A for both 0.05 and
0.5 A/cm2 (large and small electrode) electrolyses (the carbon
is washed in a sonicator, and dried at 90 nC), by (ii) ignition
(furnace combustion at 950 nC) and by (iii) volumetric analysis
in which KIO3 is added to the carbon, converted to CO2 and I2
in hot phosphoric acid (5C 4KIO3 4H3PO4 l 5CO2 2I2
2H2O 4KH2PO4), the liberated I2 is dissolved in 0.05 M KI
and titrated with thiosulfate using a starch indicator. We also
observe the transition to the carbon monoxide product with
increasing temperature. Specifically, while at 750 nC the molar
ratio of solid carbon to CO-gas formed is 20:1, at 850n in
molten Li2CO3, the product ratio is a 2:1, at 900 nC, the ratio
is 0.5:1, and at 950 nC the gas is the sole product. Hence, in
accord with Figure 2, switching between the C or CO product
is temperature programmable.
We have replaced Pt, with Ni, nickel alloys (inconel and
monel), Ti and carbon, and each are effective carbon capture
cathode materials. Solid carbon deposits on each of these cathodes at similar overpotential in 750 nC molten Li2CO3. For the
anode, both platinum and nickel are effective, while titanium
corrodes under anodic bias in molten Li2CO3. As seen in the
right side of Figure 5, electrolysis anodic overpotentials in
Li2CO3 electrolysis are comparable, but larger than cathodic
overpotentials, and current densities of over 1A cm 2 can be
sustained. Unlike other fuel cells, carbonate fuel cells are
resistant to poisoning effects,[67] and are effective with a wide
range of fuels, and this appears to be the same for the case in
the reverse mode (to capture carbon, rather than to generate
electricity). Molten Li2CO3 remains transparent and sustains
stable electrolysis currents after extended (hours/days) carbon
capture over a wide range of electrolysis current densities and
temperatures.
As delineated in Section 2.3, in practice, either STEP or
Hy-STEP modes are useful for efficient solar carbon capture.
CO2 added to the cell is split at 50% solar to chemical energy
conversion efficiency by series coupled lithium carbonate electrolysis cells driven at maximum power point by an efficient
CPC. Experimentally, we observe the facile reaction of CO2
and Li2O in molten Li2CO3. We can also calculate the thermodynamic equilibrium conditions between the species in the
system, Equation 3B. Using the known thermochemistry of
Li2O, CO2 and Li2CO3,[59b] we calculate the reaction free-energy
of Equation 1, and from this calculate the thermodynamic equilibrium constant as a function of temperature. From this equilibrium constant, the area above the curve on the left side of
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Figure 6. Left: Species stability in the lithium carbonate, lithium oxide, carbon dioxide system, as calculated from Li2CO3, Li2O, and CO2 thermochemical data. Right: Thermogravimetric analysis of lithium carbonate. The measured mass loss in time of Li2CO3. Not shown: The Li2CO3 mass loss
rate also decreases with an increasing ratio of Li2CO3 mass to the surface area of the molten salt exposed to the atmosphere. This increased ratio, may
increase the released partial pressure of CO2 above the surface, increase the rate of the back reaction (Li2O CO2 l Li2CO3), and therefore result in
the observed decreased mass loss. Hence, under an open atmosphere at 950 nC, the mass loss after 5 hours falls from 7% to 4.7%, when the starting
mass of pure Li2CO3 in the crucible is increased from 20 to 50 g. Under these latter conditions (open atmosphere, 950 nC, 50 g total electrolyte), but
using a 95% Li2CO3, 5% Li2O mix, the rate of mass loss is only 2.3%. Modified with permission from [8].

Figure 6 presents the wide domain (above the curve) in which
Li2CO3 dominates, that is where excess CO2 reacts with Li2O
such that pCO2 · aLi2O  aLi2CO3. This is experimentally verified
when we dissolve Li2O in molten Li2CO3, and inject CO2(gas).
Through the measured mass gain, we observe the rapid reaction to Li2CO3. Hence, CO2 is flowed into a solution of 5% by
weight Li2O in molten Li2CO3 at 750 nC, the rate of mass gain
is only limited by the flow rate of CO2 into the cell (using an
Omega FMA 5508 mass flow controller) to react one equivalent
of CO2 per dissolved Li2O. As seen in the measured thermogravimetric analysis on the right side of Figure 6, the mass loss
in time is low in lithium carbonate heated in an open atmosphere (^0.03% CO2) up to 850 nC, but accelerates when heated
to 950 nC. However the 950 nC mass loss falls to nearly zero,
when heated under pure (1 atm) CO2. Also in accord with Equation 1 added Li2O shifts the equilibrium to the left. As seen in
the figure in an open atmosphere, there is no mass loss in a
10% Li2O, 90% Li2CO3 at 850 nC, and the Li2O containing electrolyte absorbs CO2 (gains mass) at 750 nC to provide for the
direct carbon capture of atmospheric CO2, without a CO2
pre-concentration stage. This consists of the absorption of
atmospheric CO2 (in molten Li2CO3 containing Li2O, to form
Li2CO3), combined with a facile rate of CO2 splitting due to the
high carbonate concentration, compared to the atmospheric
concentration of CO2, and the continuity of the steady-state of
concentration Li2O, as Li2CO3 is electrolyzed in Equation 16.
3.3. STEP of Iron
A fundamental change in the understanding of iron oxide thermochemistry, can open a facile, new CO2-free route to iron
production. Along with the control of fire, iron production is
one of the founding technological pillars of civilization, but is
a major source of CO2 emission. In industry, iron is still produced by the carbothermal greenhouse gas intensive reduction
of iron oxide by carbon-coke, and a carbon dioxide free process
to form this staple is needed.
The earliest attempt at electrowinning iron (the formation
of iron by electrolysis) from carbonate appears to have been in
1944 in the unsuccessful attempt to electrodeposit iron from
12
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a sodium carbonate, peroxide, metaborate mix at 450–500 nC,
which deposited sodium and magnetite (iron oxide), rather
than iron.[76,77] Other attempts[77] have focused on iron electrodepostion from molten mixed halide electrolytes, which has
not provided a successful route to form iron,[78,79], or aqueous
iron electrowinning[80–83] that is hindered by the high thermodynamic potential (En  1.28 V) and diminished kinetics at low
temperature.
We present a novel route to generate iron metal by the electrolysis of dissolved iron oxide salts in molten carbonate electrolytes, unexpected due to the reported insolubility of iron oxide
in carbonates. We report high solubility of lithiated iron oxides,
and facile charge transfer that produces the staple iron at high
rate and low electrolysis energy, and can be driven by conventional electrical sources, but is also demonstrated with STEP
procesess that decreases or eliminates a major global source of
greenhouse gas emission.[3,4]
As recently as 1999, the solubility of ferric oxide, Fe2O3, in
650 nC molten carbonate was reported as very low, a 10 4.4 mole
fraction in lithium/potassium carbonate mixtures, and was
reported as invariant of the fraction of Li2CO3 and K2CO3.[84]
Low solubility, of interest to the optimization of molten carbonate fuel cells, had likely discouraged research into the electrowinning of iron metal from ferric oxide in molten lithium
carbonate. Rather than the prior part per million reported solubility, we find higher Fe(III) solubilities, on the order of 50% in
carbonates at 950 nC. The CV of a molten Fe2O3 Li2CO3 mixture presented in Figure 7, and exhibits a reduction peak at
–0.8 V, on Pt (gold curve); which is more pronounced at an iron
electrode (light gold curve). At constant current, iron is clearly
deposited. The cooled deposited product contains pure iron
metal and trapped salt, and changes to rust color with exposure
to water (figure photo). The net electrolysis is the redox reaction
of ferric oxide to iron metal and O2, Equation 14. The deposit
is washed, dried, and is observed to be reflective, grey metallic,
responds to an external magnetic field, and consists of dendritic
iron crystals.
The two principle natural ores of iron are hematite (Fe2O3)
and the mixed valence Fe2 /3 magnetite (Fe3O4). We observe
that, Fe3O4 is also highly soluble in molten Li2CO3, and may
also be reduced to iron with the net electrolysis reaction:
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Figure 7. Middle: Photographs of electrolysis products from 20% Fe2O3 or Fe3O4 by mass in 800nC Li2CO3: following extended 0.5A electrolysis at
a coiled wire (Pt or Fe) cathode with a Ni anode. Left: cathode restricted CV in Li2CO3, containing 1:5 by weight of either Fe2O3 or Fe3O4. Right: The
measured iron electrolysis potentials in molten Li2CO3, as a function of the temperature, current density, and the concentration of dissolved Fe(III).
Modified with permission from [5].

Fe3 O4 ! 3Fe 2O2 E  132 V Ethermoneutral  145 V

(20)

Fe3O4 electrolysis potentials run parallel, but ^0.06 V higher,
than those of Fe2O3 in Figure 1. The processes are each endothermic; the required electrolysis potential decreases with
increasing temperature. For Fe3O4 in Figure 7, unlike the single
peak evident for Fe2O3, two reduction peaks appear in the CV
at 800 nC. Following the initial cathodic sweep (indicated by the
left arrow), the CV exhibits two reduction peaks, again more
pronounced at an iron electrode (grey curve), which appear to
be consistent with the respective reductions of Fe2 and Fe3 .
In either Fe2O3, or Fe3O4, the reduction occurs at a potential
before we observe any reduction of the molten Li2CO3 electrolyte, and at constant current, iron is deposited. Following
1 hour of electrolysis at either 200 or 20 mA/cm2 of iron deposition, as seen in the Figure 7 photographs, and as with the Fe2O3
case, the extracted cooled electrode, following extended electrolysis and iron formation, contains trapped electrolyte. Following
washing, the product weight is consistent with the eight electron per Fe3O4 coulombic reduction to iron.
The solid products of the solid reaction of Fe2O3 and Li2CO3
had been characterized.[85,86] We prepare and probe the solubility of lithiated iron oxide salts in molten carbonates, and
report high Fe(III) solubilities, on the order of 50% in molten
carbonates, are achieved via the reaction of Li2O with Fe2O3,
yielding an effective method for CO2 free iron production.

Lithium oxide, as well as Fe2O3 or Fe3O4, each have melting
points above 1460 nC. Li2O dissolves in 400–1000 nC molten
carbonates. We find the solubility of Li2O in molten Li2CO3
increases from 9 to 14 m from 750 to 950 nC. Following preparation of specific iron oxide salts, we add them to molten alkali
carbonate. The resultant Fe(III) solubility is similar when either
LiFeO2, or LiFeO2 as Fe2O3 Li2O, is added to the Li2CO3. As
seen in the left side of Figure 8, the solubility of LiFeO2 is over
12 m above 900 nC in Li2CO3.
The solid reaction of Fe2O3 and Na2CO3 produces both
NaFeO2 and NaFe5O8 products.[87] As seen in Figure 8, unlike
the high solubility of iron oxide in molten Li2CO3, Na2CO3 or
K2CO3, exhibit 1 wt% iron oxide solubility, even at 950 nC.
However, the solubility of (Li2O Fe2O3) is high in the alkali
carbonate eutectic, Li0.87Na0.63K0.50CO3, and is approximately
proportional to the Li fraction in the pure Li2CO3 electrolyte.
The solubility of this lithiated ferric oxide in the LixNayKzCO3
mixes provides an alternative molten media for iron production, which compared to pure lithium carbonate, has the disadvantage of lower conductivity,[5] but the advantage of even
greater availability, and a wider operating temperature domain
range (extending several hundred degrees lower than the pure
lithium system).
Fe2O3 or LiFe5O8 dissolves rapidly in molten Li2CO3, but
reacts with the molten carbonate as evident in a mass loss,
which evolves one equivalent of CO2 per Fe2O3, to form a

Figure 8. Left: Measured ferric oxides solubilities in alkali molten carbonates. Right: Calculated unit activity electrolysis potentials of LiFe5O8, Fe2O3 or
Li2CO3. Vertical arrows indicate Nernstian shifts at high or low Fe(III). Modified with permission from [5].
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steady state concentration of LiFeO2 in accord with the reaction
of Equation 21 (but occurring in molten carbonate).[6] However,
1 equivalent of Li2O and 1 equivalent of Fe2O3, or LiFeO2, dissolves without the reactive formation of CO2. This is significant
for the electrolysis of Fe2O3 in molten carbonate. As LiFeO2 is
reduced Li2O is released, Equation 22, facilitating the continued
dissolution of Fe2O3 without CO2 release or change in the electrolyte, More concisely, iron production via hematite in Li2CO3
is given by I and II:
I dissolution in molten carbonate Fe2 O3

Li2 O ! 2LiFeO2

II electrolysis Li2O regeneration : 2LiFeO2 ! 2Fe

Li2 O

(21)

32O2

(22)

Iron Production, Li2 O unchanged (I II): Fe2 O3 ! 2Fe 32O2
(23)

As indicated in Figure 6, a molar excess, of greater than 1:1
of Li2O to Fe2O3 in molten Li2CO3, will further inhibit the Equation 1 disproportionation of lithium carbonate. The right side
of Figure 8 summarizes the thermochemical calculated potentials constraining iron production in molten carbonate. Thermodynamically it is seen that at higher potential, steel (iron
containing carbon) may be directly formed via the concurrent
reduction of CO2, which we observe in the Li2CO3 at higher
electrolysis potential, as Li2 CO3 ! C C Li2 O C O2, followed by
carbonate regeneration via Equation 3, to yield by electrolysis in
molten carbonate:
Steel Production: Fe2 O3

2xCO2 ! 2FeCx

(32

2x)O2

(24)

From the kinetic perspective, a higher concentration of dissolved iron oxide improves mass transport, decreases the cathode
overpotential and permits higher steady-state current densities
of iron production, and will also substantially decrease the thermodynamic energy needed for the reduction to iron metal. In
the electrolyte Fe(III) originates from dissolved ferric oxides,
such as LiFeO2 or LiFe5O8. The potential for the 3e reduction to
iron varies in accord with the general Nerstian expression, for a
concentration [Fe(III)], at activity coefficient, A:
EFe(III=0) D E Fe(III=0) C(RT=nF)log(

1=3
Fe(III) [Fe(III)])

(25)
This decrease in electrolysis potential is accentuated by high
temperature and is a ^0.1 V per decade increase in Fe(III) concentration at 950 nC. Higher activity coefficient, AFe(III)  1, would
further decrease the thermodynamic potential to produce iron.
The measured electrolysis potential is presented on the right of
Figure 7 for dissolved Fe(III) in molten Li2CO3, and is low. For
example 0.8V sustains a current density of 500 mA cm 2 in 14
m Fe(III) in Li2CO3 at 950 nC. Higher temperature, and higher
concentration, lowers the electrolysis voltage, which can be considerably less than the room potential required to convert Fe2O3
to iron and oxygen. When an external source of heat, such as
solar thermal, is available then the energy savings over room
temperature iron electrolysis are considerable.
Electrolyte stability is regulated through control of the CO2
pressure and/or by dissolution of excess Li2O. Electrolyte mass
change was measured in 7 m LiFeO2 and 3.5 m Li2O in molten
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Li2CO3 after 5 hours. Under argon there is a 1, 5, or 7 wt%
loss at 750, 850, or 950 nC, respectively), through CO2 evolution. Little loss occurs under air (0.03% CO2), while under pure
CO2 the electrolyte gains 2-3 wt% (external CO2 reacts with dissolved Li2O to form Li2CO3).
The endothermic nature of the new synthesis route, that is
the decrease in iron electrolysis potential with increasing temperature, provides a low free energy opportunity for the STEP
process. In this process, solar thermal provides heat to decrease
the iron electrolysis potential, Figure 7, and solar visible generates electronic charge to drive the electrolysis. A low energy
route for the carbon dioxide free formation of iron metal from
iron ores is accomplished by the synergistic use of both visible
and infrared sunlight. This provides high solar energy conversion efficiencies, Figure 2, when applied to Equations 14 and
20 in a molten carbonate electrolytes. We again use a 37% solar
energy conversion efficient concentrator photovoltaic (CPV) as
a convenient power source to drive the low electrolysis energy
iron deposition without CO2 formation in Li2CO3,[3] as schematically represented in Figure 9.
A solar/wind hybrid solar thermal electrochemical production (Hy-STEP) iron electrolysis process is also demonstrated.[6]
In lieu of solar electric, electronic energy can be provided by
alternative renewables, such as wind. As shown on the right
side of Figure 9, in this Hy-STEP example, the electronic energy
is driven by a wind turbine and concentrated sunlight is only
used to provide heat to decrease the energy required for iron
splitting. In this process, sunlight is concentrated to provide
effective heating, but is not split into separate spectral regions
as in our alternative implementation. Hy-STEP iron production is measured with a 31.5” x 44.5” Fresnel lens (Edmund
Optics) which concentrates sunlight to provide temperatures
of over 950 nC, and a Sunforce-44444 400 W wind turbine provides electronic charge, charging series nickel metal hydride,
MH, cells at 1.5V). Each MH cell, provides a constant discharge
potential of 1.0–1.3 V, which are each used to drive one or
two series connected iron electrolysis cells as indicated in the
right side of Figure 9, containing 14 m Fe(III) molten Li2CO3
electrolysis cells. Electrolysis current is included in the lower
right of Figure 9. Iron metal is produced. Steel (iron containing
carbon) may be directly formed via the concurrent reduction of
CO2, as will be delineated in an expanded study.
3.4. STEP Chlorine and Magnesium Production
(Chloride Electrolysis)
The predominant salts in seawater (global average 3.5 o 0.4%
dissolved salt by mass) are NaCl (0.5 M) and MgCl2 (0.05 M).
The electrolysis potential for the industrial chlor-alkali reaction
exhibits little variation with temperature, and hence the conventional generation of chlorine by electrolysis, Equation 11, would
not benefit from the inclusion of solar heating.[3] However,
when confined to anhydrous chloride splitting, as exemplified
in the lower portion of Figure 1, the calculated potential for the
anhydrous electrolysis of chloride salts is endothermic for the
electrolyses, which generate a chlorine and metal product.
The application of excess heat, as through the STEP process,
decreases the energy of electrolysis and can improve the
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Figure 9. STEP and (wind) Hy-STEP iron. Left: STEP iron production in which two molten carbonate electrolysis in series are driven by a concentrator
photovoltaic. The 2.7 V maximum power of the CPV can drive either two 1.35 V iron electrolyses at 800 nC (schematically represented), or three 0.9 V
iron electrolyses at 950 nC. At 0.9V, rather than at En(25 nC)  1.28V, there is a considerably energy savings, achieved through the application of external
heat, including solar thermal, to the system. Right: The Hy-STEP solar thermal/wind production of CO2 free iron. Concentrated sunlight heats, and wind
energy drives electronic transfer into the electrolysis chamber. The required wind powered electrolysis energy is diminished by the high temperature
and the high solubility of iron oxide. Bottom: Iron is produced at high current density and low energy at an iron cathode and with a Ni anode in 14 m
Fe2O3 14 m Li2O dissolved in molten Li2CO3. Modified with permission from [6].

kinetics of charge transfer for the equation 12 range of chloride
splitting processes. The thermodynamic electrolysis potential
for the conversion of NaCl to sodium and chlorine decreases,
from 3.24 V at the 801 nC melting point, to 2.99 V at 1027 nC.[3]
Experimentally, at 850 nC in molten NaCl, we observe the
expected, sustained generation of yellow-green chlorine gas at a
platinum anode and of liquid sodium (mp 98 nC) at the cathode.
Electrolysis of a second chloride salt, MgCl2, is also of particular
interest. The magnesium, as well as the chlorine, electrolysis
products are significant societal commodities. Magnesium
metal, the third most commonly used metal, is generally produced by the reduction of calcium magnesium carbonates by
ferrosilicons at high temperature,[88] which releases substantial levels of carbon dioxide contributing to the anthropogenic
greenhouse effect. However, traditionally, magnesium has also
been produced by the electrolysis of magnesium chloride, using
steel cathodes and graphite anodes, and alternative materials
have been invesitgated.[89]
Of significance, here to the STEP process, is the highly endothermic nature of anhydrous chloride electrolysis, such as for
MgCl2 electrolysis, in which solar heat will also decrease the
energy (voltage) needed for the electrolysis. The rest potential
for electrolysis of magnesium chloride decreases from 3.1 V, at
room temperature, to 2.5 V at the 714 nC melting point. As seen
in Figure 10, the calculated thermodynamic potential for the
electrolysis of magnesium chloride continues to decrease with
increasing temperature, to ^2.3 V at 1000 nC. The 3.1 V energy
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stored in the magnesium and chlorine room temperature products, when formed at 2.3 V, provide an energy savings of 35%,
if sufficient heat applied to the process can sustain this lower
formation potential. Figure 10 also includes the experimental
decrease in the MgCl2 electrolysis potential with increasing
temperature in the lower right portion. In the top portion of
the figure, the concurrent shift in the cyclic voltammogram is
evident, decreasing the potential peak of magnesium formation, with increasing temperature from 750 nC to 950 nC. Sustained electrolysis and generation of chlorine at the anode and
magnesium at the cathode (Figure 10, photo inset) is evident at
platinum electrodes. The measured potential during constant
current electrolysis at 750 nC in molten MgCl2 at the electrodes
is included in the figure.
In the magnesium chloride electrolysis cell, nickel electrodes
yield similar results to platinum, and can readily be used to
form larger electrodes. The nickel anode sustains extended chlorine evolution without evident deterioration; the nickel cathode
may slowly alloy with deposited magnesium. The magnesium
product forms both as the solid and liquid (Mg mp 649 nC).
The liquid magnesium is less dense than the electrolyte, floats
upwards, and eventually needs to be separated and removed to
prevent an inter-electrode short, or to prevent a reaction with
chlorine that is evolved at the anode. In a scaled up cell configuration (not shown in Figure 10, a larger Ni cathode (200 cm2
cylindrical nickel sheet (McMaster 9707K35) was employed,
sandwiched between two coupled cylindrical Ni sheet anodes
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Figure 10. Photograph lower left: coiled platinum before (left), and after (right), MgCl2 electrolysis forming Mg metal on the cathode (shown) and
evolving chlorine gas on the anode. Main figure: cathode size restricted cyclic voltammetry of Pt electrodes in molten MgCl2 Inset: The measured full
cell potential during constant current electrolysis at 750 nC in molten MgCl2. Lower right: Thermodynamic and measured electrolysis potentials in
molten MgCl2 as a function of temperature. Electrolysis potentials are calculated from the thermodynamic free energies components of the reactants
and products as E  $G(reaction)/2F. Measured electrolysis potentials are stable values on Pt at 0.250 A/cm2 cathode.[8] Lower right: A schematic
representation of a separate (i) solar thermal and (ii) photovoltaic field to drive both water purification, hydrogen generation, and the endothermic
electrolysis of the separated salts to useful products. Modified with permission from [8].

(total 200 cm2, of area across from the cathode) in a 250 mL alumina (Adavalue) crucible, and sustains multi-ampere currents.
The potential at constant current is initially stable, but this cell
configuration leads to electrical shorts, unless liquid magnesium is removed.
One salt source for the STEP generation of magnesium
and chlorine from MgCl2 are via chlorides extracted from
salt water, with the added advantage of the generation of less
saline water as a secondary product. In the absence of effective heat exchanger, concentrator photovoltaics heat up to over
100 nC, which decreases cell performance. Heat exchange with
the (non-illuminated side of) concentrator photovoltaics can
vaporize seawater for desalinization and simultaneously prevent overheating of the CPV. The simple concentrator STEP
mode (coupling super-bandgap electronic charge with solar
thermal heat) is applicable when sunlight is sufficient to both
generate electronic current for electrolysis and sustain the electrolysis temperature. In cases, requiring both the separation
of salts from aqueous solution followed by molten electrolysis
of the salts, a single source of concentrated sunlight can be
insufficient, to both drive water desalinization, and to also heat
and drive electrolysis of the molten salts. Figure 10 includes a
16
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schematic representation of a Hy-STEP process with separate
(i) solar thermal and (ii) photovoltaic field to drive both desalinization and the endothermic carbon dioxide-free electrolysis
of the separated salts, or water splitting, to useful products. As
illustrated, the separate thermal and electronic sources may
each be driven by insolation, or alternatively, can be (i) solar
thermal and (ii) (not illustrated) wind, water, nuclear or geothermal driven electronic transfer.

4. STEP Constraints
4.1. STEP Limiting Equations
As illustrated on the left side of Scheme 2, the ideal STEP
electrolysis potential incorporates not only the enthalpy
needed to heat the reactants to TSTEP from Tambient, but also
the heat recovered via heat exchange of the products with
the inflowing reactant. In this derivation it is convenient to
describe this combined heat in units of voltage via the conversion factor nF:
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The energy for the process, incorporates ET, EQ, and the nonunit activities, via inclusion of Equation 26 into Equation 4, and
is termed the STEP potential, ESTEP:
ESTEP (T a)  [ 1G (T ) QT

r

RT·ln (5 i  1 to x a(Ri ) i 


5 i 1 to y a(Pi )pi )] nF; ESTEP
(a  1)  ET

(27)

EQ

In a pragmatic electrolysis system, product(s) can be be
drawn off at activities that are less than that of the reactant(s).
This leads to large activity effects in Equation 27 at higher temperature,[3–6,8,53–55] as the RT/nF potential slope increases with T
(e.g., increasing three-fold from 0.0592V/n at 25 nC to 0.183V/n
at 650 nC).
The STEP factor, ASTEP is the extent of improvement in carrying out a solar driven electrolysis process at TSTEP, rather than
at Tambient. For example, when applying the same solar energy,
to electronically drive the electrochemical splitting of a molecule which requires only two thirds the electrolysis potential at
a higher temperature, then ASTEP  (2/3) 1  1.5. In general, the
factor is given by:
ASTEP  ESTEP (Tambient a)ESTEP (TSTEP a); eg Tambient  298 K (28)

The STEP solar efficiency, HSTEP, is constrained by both
photovoltaic and electrolysis conversion efficiencies, HPV
and Helectrolysis, and the STEP factor. In the operational
process, passage of electrolysis current requires an additional, combined (anodic and cathodic) overpotential above
the thermodynamic potential; that is Vredox  (1 z)E redox,
Mobility and kinetics improve at higher temperature and
X(T  Tambient)  X (Tambient,). [63,67] Hence, a lower limit of
HSTEP(VT) is given by HSTEP-ideal(ET). At Tambient, A STEP  1,
yielding H STEP(Tambient)  H PV· Helectrolysis. H STEP is additionally
limited by entropy and black body constraints on maximum
solar energy conversion efficiency. Consideration of a black
body source emitted at the sun’s surface temperature and
collected at ambient earth temperature, limits solar conversion to 0.933 when radiative losses are considered, [90] which
is further limited to H PV  H limit  0.868 when the entropy
limits of perfect energy conversion are included. [91] These
constraints on HSTEP-ideal and the maximum value of solar
conversion, are imposed to yield the solar chemical conversion efficiency, HSTEP:

 STEP

ideal (T

a)  H PVH electrolysis ASTEP (T a)

HSTEP (T a) ^
 HPVHelectrolysis (Tambient a)ASTEP (T a);
(HSTEP < 0868)

(29)

As calculated from Equation 3 and the thermochemical
component data[59b] and as presented in Figure 1, the electrochemical driving force for a variety of chemicals of widespread use by society, including aluminium, iron, magnesium and chlorine, significantly decreases with increasing
temperature.
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The global community is increasingly aware of the climate consequences of elevated greenhouse gases. A solution to rising
carbon dioxide levels is needed, yet carbon dioxide is a highly
stable, noncombustible molecule, and its thermodynamic stability makes its activation energy demanding and challenging.
The most challenging stage in converting CO2 to useful products and fuels is the initial activation of CO2, for which energy
is required. It is obvious that using traditional fossil fuels as the
energy source would completely defeat the goal of mitigating
greenhouse gases. A preferred route is to recycle and reuse the
CO2 and provide a useful carbon resource. We limit the nonunit activity examples of CO2 mitigation in Equation 15 to the
case when CO and O2 are present as electrolysis products, which
yields aO2  0.5aCO, and upon substitution into Equation 27:

ESTEP (T a)  ESTEP
(T ) (RT2F)·ln(N); E  (25  C)
i
32
 1333 V; N  2a CO2 aCO

(30)

The example of ESTEP(T,aw1) on the left side of Figure 11 is
derived when N  100, and results in a substantial drop in the
energy to split CO2 due to the discussed influence of RT/2F.
Note at high temperature conditions in the figure, ESTEP  0
occurs, denoting the state in which the reactants are spontaneously formed (without an applied potential). This could lead to
the direct thermochemical generation of products, but imposes
substantial experimental challenges. To date, analogous direct
water splitting attempts, are highly inefficient due to the twin
challenges of high temperature material constraints and the
difficulty in product separation to prevent back reaction upon
cooling.[92] The STEP process avoids this back reaction through
the separation of products, which spontaneously occurs in the
electrochemical, rather than chemical, generation of products
at separate anode and cathode electrodes.
The differential heat required for CO2 splitting, EQ, and the
potential at unit activity, EnSTEP, are calculated and presented in
the top of Figure 11. EQ has also been calculated and is included.
EQ is small (comprising tens of millivolts or less) over the entire
temperature range. Hence from Equation 27, EnSTEP does not
differ significantly from the values presented for ETn for CO2 in
Figure 2. ECO2split (25 nC) yields ASTEP(T)  1.333V/EnSTEP(T)
with unit activity, and ASTEP(T)  1.197V/ESTEP(T) for the N 
100 case. Large resultant STEP factors are evident in the left of
Figure 11. This generates substantial values of solar to chemical
energy conversion efficiency for the STEP CO2 splitting to CO
and O2.
A STEP process operating in the HPV·Helectrolysis range of 0.20
to 0.40 includes the range of contemporary 25% to 45% efficient
concentrator photovoltaics,[69] and electrolysis efficiency range of
80% to 90%. From these, the CO2 solar splitting efficiencies are
derived from Equations 29 and 30, and are summarized on the
right side of Figure 11. The small values of ESTEP(T) at higher T,
generate large STEP factors, and result in high solar to chemical energy conversion efficiencies for the splitting of CO2 to
CO and O2. As one intermediate example from Equation 30, we
take the case of an electrolysis efficiency of 80% and a 34% efficient photovoltaic (HPV·Helectrolysis  0.272). This will drive STEP
solar CO2 splitting at molten carbonate temperatures (650 nC)
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Figure 11. Top: Calculated STEP parameters for the solar conversion of CO2. Bottom: Solar to chemical conversion efficiencies calculated through Equation 29 for the conversion of CO2 to CO and O2. In the case in which the product of the photovoltaic and electrolysis efficiency is 27.2% (HPV·Helectrolysis 
0.272), the STEP conversion efficiency at unit activity is 35%, at the 650 nC temperature consistent with molten carbonate electrolysis, rising to 40% at
the temperature consistent with solid oxide electrolysis (1000 nC). Non-unit activity calculations presented are for the case of 2 aCO2 aCO 3/2  100. A
solar conversion efficiency of 50% is seen at 650 nC when N  100 (the case of a cell with 1 bar of CO2 and ^58 mbar CO). Modified with permission
from [3].

at a solar conversion efficiency of 35% in the unit activity case,
and at 50% when N  100 (the case of a cell with 1 bar of CO2
and ^58 mbar CO).
4.3. Scalability of STEP Processes
STEP can be used to remove and convert carbon dioxide. As
with water splitting, the electrolysis potential required for CO2
splitting falls rapidly with increasing temperature (Figure 1),
and we have shown here (Figure 2) that a photovoltaic, converting solar to electronic energy at 37% efficiency and 2.7 V,
may be used to drive three CO2 splitting, lithium carbonate
electrolysis cells, each operating at 0.9 V, and each generating
a 2 electron CO product. The energy of the CO product is 1.3V
(Equation 1), even though generated by electrolysis at only
0.9V due to synergistic use of solar thermal energy. As seen
in Figure 5, at lower temperature (750 nC, rather than 950 nC),
carbon, rather than CO, is the preferred product, and this
4 electron reduction approaches 100% Faradaic efficiency.
The CO2 STEP process consists of solar driven and solar
thermal assisted CO2 electrolysis. Industrial environments provide opportunities to further enhance efficiencies; for example
fossil-fueled burner exhaust provides a source of relatively
concentrated, hot CO2. The product carbon may be stored or
used, and the higher temperature product carbon monoxide
can be used to form a myriad of industrially relevant products including conversion to hydrocarbon fuels with hydrogen
(which is generated by STEP water splitting in Section 3.1),
such as smaller alkanes, dimethyl ether, or the Fischer Tropsch
generated middle-distillate range fuels of C11-C18 hydrocarbons including synthetic jet, kerosene and diesel fuels.[93] Both
STEP and Hy-STEP represent new solar energy conversion
processes to produce energetic molecules. Individual components used in the process are rapidly maturing technologies
18
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including wind electric,[94] molten carbonate fuel cells,[67] and
solar thermal technologies.[95–100]
It is of interest whether material resources are sufficient to
expand the process to substantially impact (decrease) atmospheric levels of carbon dioxide. The buildup of atmospheric
CO2 levels from a 280 to 392 ppm occurring over the industrial revolution comprises an increase of 1.9 r 1016 mole (8.2 r
1011 metric tons) of CO2,[101] and will take a comparable effort
to remove. It would be preferable if this effort results in usable,
rather than sequestered, resources. We calculate below a scaled
up STEP capture process can remove and convert all excess
atmospheric CO2 to carbon.
In STEP, 6 kWh m 2 of sunlight per day, at 500 suns on
1 m2 of 38% efficient CPV, will generate 420 kAh at 2.7 V to
drive three series connected molten carbonate electrolysis cells
to CO, or two series connected series connected molten carbonate electrolysis cells to form solid carbon. This will capture
7.8 r 103 moles of CO2 day 1 to form solid carbon (based on
420 kAh2 series cells/ 4 Faraday mol 1 CO2). The CO2 consumed per day is three fold higher to form the carbon monoxide product (based on 3 series cells and 2 F mol 1 CO2) in
lieu of solid carbon. The material resources to decrease atmospheric carbon dioxide concentrations with STEP carbon capture,
appear to be reasonable. From the daily conversion rate of 7.8 r
103 moles of CO2 per square meter of CPV, the capture process,
scaled to 700 km2 of CPV operating for 10 years can remove
and convert all the increase of 1.9 r 1016 mole of atmospheric
CO2 to solid carbon. A larger current density at the electrolysis
electrodes, will increase the required voltage and would increase
the required area of CPVs. While the STEP product (chemicals,
rather than electricity) is different than contemporary concentrated solar power (CSP) systems, components including a
tracker for effective solar concentration are similar (although
an electrochemical reactor, replaces the mechanical turbine).
A variety of CSP installations, which include molten salt heat

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2011, XX, 1–21

www.advmat.de

www.MaterialsViews.com

5. Conclusions
To mitigate the consequences of rising atmospheric carbon
dioxide levels and its effect on global climate change, there
is a drive to replace conventional fossil fuel driven electrical
production by renewable energy driven electrical production.
In addition to the replacement of the fossil fuel economy by
a renewable electrical economy, we suggest that a renewable
chemical economy is also warranted. Solar energy can efficiently ube sed, as demonstrated with the STEP process, to
form the chemicals needed by society without carbon dioxide
emission directly and efficiently. Iron, a basic commodity, currently accounts for the release of one quarter of worldwide CO2
emissions by industry, which may be eliminated by replacement with the STEP iron process. The unexpected solubility
of iron oxides in lithium carbonate electrolytes, coupled with
facile charge transfer and a sharp decrease in iron electrolysis
potentials with increasing temperature, provides a new route
for iron production. Iron is formed without an extensive release
of CO2 in a process compatible with the predominant naturally
occurring iron oxide ores, hematite, Fe2O3, and magnetite,
Fe3O4. STEP can also be used in direct carbon capture, and the
efficient solar generation of hydrogen and other fuels.
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In addition to the removal of CO2, the STEP process is shown
to be consistent with efficient solar generation from a variety of
metals, as well as chlorine via endothermic electrolyses. Commodity production and fuel consumption processes are responsible for the majority of industry based CO2 release, and their
replacement by STEP processes provides a path to end the root
cause of anthropogenic global warming, as a transition beyond
the fossil fuel, electrical, or hydrogen economy, to a renewable
chemical economy based on the direct formulation of the materials needed by society. An expanded understanding of electrocatalysis and materials will advance the efficient electrolysis of
STEP’s growing portfolio of energetic products.
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storage, are being commercialized, and costs are decreasing.
STEP provides higher solar energy conversion efficiencies than
CSP, and secondary losses can be lower (for example, there are
no grid-related transmission losses). Contemporary concentrators, such as based on plastic Fresnel or flat mirror technologies, are relatively inexpensive, but may become a growing fraction of cost as concentration increases.[100] A greater degree of
solar concentration, for example 2000 suns, rather than 500
suns, will proportionally decrease the quantity of required CPV
to 175 km2, while the concentrator area will remain the same at
350 000 km2, equivalent to 4% of the area of the Sahara desert
(which averages ^6 kWh m 2 of sunlight per day), to remove
anthropogenic carbon dioxide in ten years.
A related resource question is whether there is sufficient
lithium carbonate, as an electrolyte of choice for the STEP
carbon capture process, to decrease atmospheric levels of
carbon dioxide. 700 km2 of CPV plant will generate 5 r 1013 A
of electrolysis current, and require ^2 million metric tonnes of
lithium carbonate, as calculated from a 2 kg/l density of lithium
carbonate, and assuming that improved, rather than flat, morphology electrodes will operate at 5 A/cm2 (1000 km2) in a cell of
1 mm thick. Thicker, or lower current density, cells will require
proportionally more lithium carbonate. Fifty, rather than ten,
years to return the atmosphere to pre-industrial carbon dioxide
levels will require proportionally less lithium carbonate. These
values are viable within the current production of lithium carbonate. Lithium carbonate availability as a global resource has
been under recent scrutiny to meet the growing lithium battery
market. It has been estimated that the current global annual
production of 0.13 million tonnes of LCE (lithium carbonate
equivalents) will increase to 0.24 million tonnes by 2015.[102]
Potassium carbonate is substantially more available, but as
noted in the main portion of the paper can require higher
carbon capture electrolysis potentials than lithium carbonate.
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