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ABSTRACT: The cost and practicality of greenhouse gas removal processes,
which are critical for environmental sustainability, pivot on high-value secondary
applications derived from carbon capture and conversion techniques. Using the
solar thermal electrochemical process (STEP), ambient CO2 captured in molten
lithiated carbonates leads to the production of carbon nanofibers (CNFs) and
carbon nanotubes (CNTs) at high yield through electrolysis using inexpensive
steel electrodes. These low-cost CO2-derived CNTs and CNFs are demonstrated
as high performance energy storage materials in both lithium-ion and sodium-ion
batteries. Owing to synthetic control of sp3 content in the synthesized
nanostructures, optimized storage capacities are measured over 370 mAh g−1

(lithium) and 130 mAh g−1 (sodium) with no capacity fade under durability tests up to 200 and 600 cycles, respectively. This
work demonstrates that ambient CO2, considered as an environmental pollutant, can be attributed economic value in grid-scale
and portable energy storage systems with STEP scale-up practicality in the context of combined cycle natural gas electric power
generation.

■ INTRODUCTION

A key challenge for atmospheric carbon capture and conversion
technologies is the cost of operation or materials versus the
perceived economic benefit to modern society. Issues such as
stable carbon storage ultimately establish a cost and practicality
bottleneck for many carbon capture processes.1 Such issues can
be resolved with the development of techniques that synergisti-
cally capture and convert atmospheric emissions into materials
that can be developed into high-value products.2 This produces
a secondary market for greenhouse gas emissions and provides
an economic value to pollutants that otherwise challenge the
promise of long-term human sustainability on Earth.
In this manner, the elemental constituents of carbon dioxide,

the most notable greenhouse gas, involve carbon and oxygen,
which are foundational elemental building blocks for
technological systems. Specifically, carbon-based materials are
widely used in applications. One of the most notable
applications of carbon is for anodes in lithium-ion (Li-ion)
batteries, which are the principal rechargeable battery for
electric vehicles (EVs) and consumer electronics.3−5 Commer-
cial Li-ion batteries most commonly rely on anodes produced
with graphite that exhibit a theoretical Li-anode capacity of 1
Li: 6 C, or 372 mAh g−1,5 and an observed capacity of 280−320
mAh g−1.6 Because of the greater Earth abundance of Na
compared to Li (2.3% vs lithium’s 0.0017% in the Earth’s
crust), recent efforts have also focused on carbon-based anodes
for Na-ion battery systems.7−9 A key challenge has been the low

capacity of Na in crystalline carbons (32−35 mAh g−1) which
can be improved by introducing defects into the lattice or
engineering the electrode−electrolyte interface to facilitate
solvent-assisted intercalation.10−12 Whereas other materials
besides carbon can form low-potential compounds practical
for Na-ion and Li-ion anodes, such as Si and Sn,9,13 issues of
rapid capacity fade, solid-electrolyte interphase vulnerability,14

and existing commercial manufacturing infrastructure relevant
to carbon-based anodes all present numerous technological
challenges in transitioning battery systems away from carbon-
based electrodes. Most recently, efforts to combine carbon-
based Earth-abundant electrode materials, such as banana peels
and peat moss, with sodium-ion batteries has been forward
progress in this research area.15,16

In this report, we build upon the solar thermal electro-
chemical process (STEP),17−21 which is designed to convert
greenhouse gas carbon dioxide into a useful carbon commodity.
This technique uses inexpensive electrode materials (galvanized
steel cathode and a nickel anode) and molten carbonate
electrolytes that are heated and powered using concentrated
photovoltaic (CPV) cells that convert sunlight into electricity at
39% efficiency. STEP has been shown to function effectively
with or without solar powered operation to electrolytically split
water, carbon dioxide, or metal oxides,22−24 produce STEP

Received: December 24, 2015
Published: March 2, 2016

Research Article

http://pubs.acs.org/journal/acscii

© 2016 American Chemical Society 162 DOI: 10.1021/acscentsci.5b00400
ACS Cent. Sci. 2016, 2, 162−168

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

http://pubs.acs.org/journal/acscii
http://dx.doi.org/10.1021/acscentsci.5b00400
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


carbon,18 produce STEP ammonia and STEP organic,25−27 and
produce STEP iron or cement.28−30 Here we show that this
process can be used as a sustainable synthetic pathway for
defect-controlled CNT and CNF materials, which exhibit
excellent performance in the context of lithium-ion and
sodium-ion battery anode materials. This presents a sustainable
route to convert carbon dioxide into materials relevant to both
grid-scale and portable storage systems.

■ RESULTS AND DISCUSSION

The technique utilized to produce CNTs and CNFs from the
STEP process is illustrated in Figure 1. In this study CNTs are
grown by DC electrolysis from (natural isotope abundance)
CO2 dissolved in 750 °C molten Li2CO3 with, or without,
added Li2O. A 100 mL Ni crucible serves as both container and
(O2 generating) anode, and immersed 10 cm2 galvanized steel
as the cathode. The carbon product is characterized in the
bottom of Figure 1. Following an initial low current (0.001 A
for 0.5 h) step to grow Ni nucleation sites on the cathode,

CNTs are grown on an immersed 10 cm2 galvanized steel
cathode at 1 A for 1 h. Two types of nanostructures are
generated: straight CNTs that are grown in electrolyte without
added Li2O, and tangled CNTs that are grown when 4 m Li2O
has been added to the electrolyte.
The control of diffusion conditions during electrolytic

splitting of CO2 in molten lithium carbonate leads to either
filled CNF or hollow CNT nanostructures, and control of oxide
and transition metal concentration leads to tangled or straight
fibers. This gives a level of control on the synthesized carbon
nanostructures critical for battery applications. Specifically, the
13CO2 and Li2

13CO3 CNF (Figure 1B) and 99% 12C on the
CNT (Figure 1C) illustrated are grown under similar
conditions, but diffusion restraints of the heavier isotope
allow more frequent Ni nucleation points, which can tend to fill
the interior of the tube nanostructure. Similarly, both straight
CNTs (Figure 1D) and tangled CNTs (Figure 1F) can be
produced. The straight CNTs shown are grown without added
oxide. Using this process, larger diameter CNTs can be

Figure 1. (A) Concept of high yield electrolytic synthesis of carbon nanostructures from dissolved air or smokestack concentrations of CO2 in
molten lithiated carbonates. During CO2 electrolysis, transition metal deposition controls the nucleation and morphology of the carbon
nanostructure. (B−C) SEM images depicting the different CNT products formed by controlled diffusion. SEM in (B) is from 13C, and SEM in (C) is
grown from natural abundance CO2. (D−F) SEM images showing the different CNT morphologies formed based on either the addition of Li2O (D
- tangled, defective) or the absence of Li2O (F - straight, less defective). (E) Edge-on high magnification view of STEP CNTs. (G, H) Diameter
distribution of straight (G) and tangled (H) CNTs based on image analysis of SEM images, and Raman spectra of CNTs as used in this study and
synthesized at 750 °C from natural abundance 12C.
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obtained by pulsing the formation current for 9 min on (at 1 A)
and 1 min off. The tangled CNTs shown are grown in high
electrolytic oxide DC conditions.18

Raman spectroscopic analysis was carried out to study the
degree of graphitization of the synthesized carbon nanostruc-
tures. In Figure 1, 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) that correspond generally to sp3

and sp2 hybridized carbon species, respectively. The intensity
ratio between the D band and G band (ID/IG) is an important
parameter to evaluate the graphitization and hence the total
relative ratio of defective carbons in the material. As shown in
Figure 1, the ID/IG ratio for tangled CNTs is significantly higher
than straight CNTsthe latter of which is consistent with
commercial hollow carbon nanofiber samples.31 As we show in
this study, synthetic control of the D:G ratio in a carbon
material is useful to engineer the intercalation properties of
carbon-based electrodes. Furthermore, based on a collection of
SEM images of the as-grown tangled and straight CNTs, size
distributions of the CNT materials were assigned based on
ImageJ analysis software.32 Size distributions indicate that the
tangled CNTs exhibit a slightly overall smaller CNT diameter
than the straight CNTs; however, all CNTs in this study are in
a size range that is ideal for battery materials. The sizes of
CNTs in this study (1) minimizes electrolyte consumption due
to SEI formation in comparison to smaller nanostructured
carbons and (2) enables full accessibility of the carbon material
to alkali ion diffusion in thick, 3D electrode slurries.
To demonstrate the capability to transform CO2 into a

usable carbon material that can be assessed for energy storage
applications, two types of CNTs, straight and tangled, were
developed into electrodes, combined into half-cells along with
electrolyte and a separator and pressed into coin cells for
electrochemical testing. For Li-ion cells, CO2-derived CNT

electrodes were cast into a slurry with conductive carbon black
and PVDF binder (3:1:1 ratio). This electrode was then
combined with a separator, 1 M LiPF6 in EC/DEC electrolyte,
lithium metal foil, and pressed into a 2032 coin cell. Cyclic
voltammetry tests (Supporting Information) and galvanostatic
charge−discharge tests at rates of 100 mA/g elucidate the
storage capability of both tangled (Figure 2A) and straight
(Figure 2B) CO2-derived CNTs. The first discharge, which is
associated with solid electrolyte interphase (SEI) formation, is
isolated from subsequent discharge cycles and plotted relative
to the top axis in Figure 2A,B. For both the tangled and straight
CNTs, subsequent cycling leads to high Coulombic efficiency
(near 100%) and stable performance by the ∼15th cycle. In
both cases, the reversible capacity on the second discharge is
measured near 370 mAh g−1, and this stabilizes near 350 mAh
g−1 by the 15th cycle in both cases. To further assess the long-
term performance of these materials, we carried out extended
cycling tests at 100 mA/g (∼C/7.5) rates for 200 cycles, which
extended for ∼2.5 months of continuous testing (Figure 2C).
Here, a distinction between the storage behavior of straight
(less defective) and tangled (higher defect content) CNTs
emerges. Whereas the capacity of straight CNTs remains
virtually unchanged over the cycling process, the storage
capacity of the tangled CNTs is observed to steadily increase.
After 200 cycles, the tangled CNT capacity is measured as
∼460 mAh g−1, with the capacity of straight CNTs remaining
invariant at ∼360 mAh g−1. As such increased capacity above
372 mAh g−1,33,34 and specifically during cycling,35 has been
reported in other studies on carbon nanostructured electrodes,
our results imply this effect may be related to defect-induced
modification to storage processes over the course of cycling. On
the basis of the comparison of straight CNTs to tangled CNTs,
the high defect content and torturous bends in the tangled
CNTs likely could enable a transition from dilute staging of Li+,
which occurs during the formation of LiC6,

36 to a combination

Figure 2. CO2-derived Li-ion batteries. (A, B) First 15 galvanostatic charge−discharge profiles for CO2-derived straight and tangled CNTs at a
current density of 100 mA/g. The first discharge (dashed line) is longer than subsequent discharge cycles due to SEI formation and is referenced to
the top axis in mAh/g. (C) Extended cycling performed at a current density of 100 mAh/g over 200 cycles for both straight and tangled CNTs.
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of this and a mechanism analogous to pore-filling, which has
been observed with other alkali-ion systems with very high
defect-containing carbons.11 The increased capacity over
cycling emphasizes the continuous activation of this storage
mode, which enables a capacity superior to the maximum
alloying capacity of Li in LiC6.
In addition to lithium-ion batteries, we also analyzed these

materials as electrodes for Na+ battery anodes. Recent efforts
have been focused on Na+ storage mechanisms into carbon
materials,11 and whereas some reports indicate intercala-
tion,15,16 often involving solvent cointercalation,12 defect-
containing carbon materials are known to achieve moderate
Na+ storage capacities based on a combined intercalation and
pore-filling mechanism that only occurs with highly defective
materials.11 In this manner, the ability to modulate the defect
density based on the STEP synthesis pathway enables a
comparison that can elucidate this effect and highlights a
synthetic trajectory toward high performance CO2-derived
sodium-ion battery electrodes for grid-scale applications. In this
case, the batteries were prepared identically, except the
electrolyte was based on 1 M NaPF6 in diethylene glycol
dimethyl ether (DGM), and the half-cells were cycled against
Na foil counterelectrodes. Unlike the case of Li-ion cells, the
Na-ion cells exhibit significantly different storage performance
between the straight and tangled CNTs (Figure 3). In this case,
galvanostatic charge−discharge data elucidates the straight
CNTs to exhibit a reversible capacity that is only slightly higher
than the maximum intercalation capacity of Na+ in crystalline
carbons. Whereas the ID/IG ratio is ∼0.4, which implies a highly
defective material relative to crystalline carbon, galvanostatic
data indicate that this defect density is still too low to access a
significant capacity of stored Na+ in the context of pore-filling
mechanism. However, the tangled CNTs, which exhibit a
higher ID/IG ratio near 0.9, exhibit reversible capacities over 130
mAh g−1, which is ∼2× that of the straight CNTs. This implies

defects in a CNT material are critical to activate the mechanism
for Na+ storage, and this is achieved in the tangled CNTs
produced in the STEP process. To further assess the stability of
this anode performance, both straight and tangled CNTs were
cycled for 600 cycles at a similar rate of 100 mA/g. In parallel to
Li-ion cells, this represents ∼2.5 months of continuous cycling
of the devices. Over the course of this cycling process, the
devices show invariant performance with no observed capacity
fade, which is improved compared to other defective carbon
materials that exhibit storage via the pore-filling mechanism.37

One possible explanation for this improved performance is a
storage capacity that appears to originate mostly from the
sloping part of the galvanostatic Na+ insertion curve. Recent
work by Bommier et al. has proposed that this sloping region is
correlated with defect-activated sodium insertion in hard
carbons.11 This is distinguished from the flat, lower-voltage
feature attributed primarily to plating of Na+ on the interior of
micropores in the anode. Our results are consistent with this
picture since by increasing the defect density of the CNTs, the
total capacity of the sloping region in the galvanostatic curves
also similarly increases, but notably the flat signature at low
voltages remains generally absent. Therefore, our results not
only are in agreement with Bommier et al., but the invariant
cycling performance observed over 600 cycles (∼2.5 months)
implies that defect-activated storage is highly reversible and not
as prone to the capacity fade observed when sodium insertion
occurs primarily through the plating mechanism. This implies
that high capacity sodium-ion batteries with excellent cycling
performance can be rationally designed by controlling structural
and defect properties of the carbons. Results from cyclic
voltammetry scans and rate capability tests of these materials
are available in the Supporting Information.
Overall, electrochemical tests give promise to the function of

CO2-derived CNTs as practical anode materials for batteries.
This establishes the principle that energy input can transform

Figure 3. CO2-derived Na-ion batteries. (A−B) First 15 galvanostatic charge−discharge profiles for CO2-derived straight and tangled CNTs at
current density of 100 mA/g. The first discharge (dashed line) is longer than subsequent discharge cycles due to SEI formation and is referenced to
the top axis in mAh/g. (C) Extended cycling performed at current density of 100 mAh/g over 600 cycles for both straight and tangled CNTs.
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CO2, which is a global pollutant with adverse environmental
impact, into a secondary product that now is associated with an
economic value in a thriving technological area. In order to
illustrate this point, simple calculations were performed based
on available data in the literature to correlate the average value
of CO2 in batteries based upon the total cost per kWh of the
battery cell (Figure 4). Unlike routes to transform CO2 into

fuels such as methanol, which targets a low-value hydrocarbon
commodity, the transformation of CO2 into active battery
materials provides a valuation of the CO2 that is associated with
the total cost of the battery technology. The U.S. Department
of Energy Vehicle Technology Office (FY 2015 Budget
Outlook38) has set a target of $125 per kWh by year 2022,

with an average battery cost of ∼$325 per kWh in 2013. These
calculations, which are very generalized and can widely vary
based on battery manufacturing techniques, battery size, and
packaging processes, build upon the assumptions that (1) ∼8%
of the total battery cost is associated with the anode,39 (2) the
total mass of anodic carbon in a 1 kWh module is <10% of the
total weight of the battery, (3) the mass extrapolated for a 1
kWh module is ∼5.3 kg (e.g., Panasonic 18650 type 1.5 kWh
modules), and (4) processes to convert CO2 to functional
carbon materials transform all carbon into usable material. This
explicitly demonstrates an operation window for large-scale
processes capable of converting CO2 into carbon-based battery
anodes and explicitly demonstrates the principle that CO2 can
be associated with economic value in a growing technological
sector.
In this spirit, two possibilities emerge to produce materials

derived from CO2 that can have economic value in battery
systems: ambient atmospheric capture of CO2 or the extraction
of CO2 from industrial smokestacks, such as from conventional
fossil fuel power plants. The energy costs of the latter based on
combined cycle (CC) natural gas plants are discussed in brief.
Rather than processing large volumes to transform CO2 from
air, the CO2 is available at higher concentration, and not only
provides the hot CO2 for dissolution in the electrolysis, but also
removes CO2 from the plant emission. Additionally, the
electrolysis provides a pure oxygen product for improved
power plant combustion efficiency. Figure 5A illustrates action
of a conventional CC electrical power plant which emits a flue
gas that contains ∼9% CO2. The conventional CC plant
increases the fuel to electricity efficiency compared to single
cycle electrical power plants by directing the exhaust heat
emissions from a gas (Brayton cycle) electrical turbine to boil
water to power a steam (Rankine cycle) electrical turbine.
As shown in Figure 5B, an alternative CNT CC plant

product provides a platform for the simplified CNT cost
analysis, and in addition to electricity, simultaneously produces

Figure 4. Generalized value of 1 kg CO2 converted into CNT
materials for batteries based on the total cost per kWh for the battery.
The DOE target of $125/kWh for 2022 and the 2013 average Li-ion
battery cost provide a window ranging from ∼$5 to $18 of secondary
value per kg of CO2. Anode cost relative to the full cell is extrapolated
from data in ref 39, and weight per kWh is extrapolated from a
Panasonic 1.5 kWh (52 Ah) module.

Figure 5. Action of a conventional CC power plant which has an exhaust with CO2 (A) compared to the introduced CNF CC power plant with the
carbon dioxide removed from the exhaust gas (B).40 Left (A) The conventional gas/steam combined cycle CC power plant is illustrated as modified
from ref 41. Right (B) The CC CNF power plant described in this study, illustrating the CNF (including carbon nanofibers or carbon nanotube)
product, the electrolysis pure oxygen cycled back into the gas combustion, recovered heat to the steam turbine and carbon dioxide removed from the
exhaust gas.
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a valuable carbon nanofiber product. Unlike the conventional
CC (Figure 5A), CO2 is removed from the exhaust of the CNT
CC power plant on the right. As shown, the hot CO2, N2, and
H2O CC emission is instead bubbled into molten carbonate
where only the CO2 dissolves. The remaining gases (with the
CO2 removed) become the exhaust gas (after heat recovery).
The dissolved CO2 is split by electrolysis into oxygen gas at the
anode, which is fed (after heat recovery) back into the gas
turbine and carbon (CNT) at the cathode. The CNT product
can hence be tuned for strength, diameter, length, defect-
content, geometry, and electrical or thermal conductivity by the
specific molten salt electrochemistry employed. The CNT
product may be removed periodically or as a constant
throughput). The recovered heat boils water to power a
steam turbine to also generate electricity. Heat is returned to
the steam generator chamber using (i) heat recovered from the
electrolysis (pure oxygen and carbon nanofiber) products, and
(ii) from the carbon dioxide removed electrolysis exhaust.
The CNT CC natural gas to electricity plant efficiency is

increased by the “free” pure oxygen generated during the CNT
production by electrolysis by increasing the natural gas
combustion temperature compared to the more dilute oxygen
in air and contributes to an offset of the energy required to
drive the electrolysis. The heated CO2 reactant is provided by
the plant, and the electrical energy required to drive the
electrolysis of CO2 is recovered many fold by the increased
value of the CNT product (e.g., Figure 5) compared to the cost
of the natural gas consumed. Electrolysis costs to produce
CNTs will be similar to infrastructure costs associated with the
chlor-alkali and aluminum industries. The electrical energy
costs to prepare the CNFs are low, requiring 0.9 to 1.4 V.21

CNFs are consistently prepared here at 80 to 100% Coulombic
efficiency of the four electrons required to reduce CO2, which
at $0.10 per kWh is equivalent to $800 to $1,600 per metric
tonne of CNTleading to high revenue windows for battery
applications. Lithium carbonate is not consumed during the
CO2 electrolysis and at today’s cost of $6,000 per ton, as
amortized over 10 year’s usage, cost an additional $140 per
metric tonne CNT. These costs compare to today’s cost of
$200,000 to 400,000 per metric tonne of industrial grade (90%
purity) CNTs. The production of CNTs by electrolysis
provides a low-cost pathway for CNTs and hence gives an
economically practical trajectory toward the conversion of CO2
into battery materials.

■ CONCLUSIONS

Here we report the transformation of CO2 into low-defect
(straight) and higher defect (tangled) CNT materials for use in
both lithium-ion and sodium-ion batteries using the STEP
process. These battery materials show excellent performance
and durability, with no capacity fade measured in over 2.5
months of continuous cycling, corresponding to over 200 cycles
and 600 cycles for lithium-ion and sodium-ion devices,
respectively. Control on the defect density was observed to
be critical to enable capacities that surpass LiC6 in Li-ion cells
and overcome the bottleneck of 30−40 mAh/g capacity in
sodium-ion cells that is associated with carbon materials. This
provides a bridge toward associating economic value to CO2,
with a revenue window controlled by the cost of conventional
battery technology per kWh. Processes to scale this STEP
technique to levels of industrial CO2-containing smokestacks
give promise for high energy efficiency CNT production

through the STEP process with a STEP byproduct of O2 that
can aid combustion.
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