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Electrochemical Carbon Deposition from CO2 in Molten 
Carbonates: Substrate-Dependent Growth 
Ivy Wua, Samuel M. Pennella, Haley Hoovera, Tolga H. Ulucanb, Drew J. Pereriaa, Demelza Wrighta, 
Oluwatamilore Olushinaa, Nicholas A. Strangeb, Kerry C. Rippya, Robert T. Bella

Electrochemical carbon deposition from molten carbonate salts using inert electrodes and no additional catalyst is 
systematically examined. At sufficiently cathodic potentials, carbon formation occurs within 30 min and transitions from a 
substrate-dependent nucleation to carbon-on-carbon growth. Although deposits formed on either mild steel or graphite 
cathodes exhibit comparable thicknesses and salt content, their macrostructures differ, reflecting differences in early-stage 
growth rates and surface chemistry. Characterization by ICP-OES, Raman spectroscopy, SEM/EDS, synchrotron powder X-
ray diffraction, and C K-edge X-ray absorption near edge structure reveals that the as-deposited carbon is predominantly 
disordered sp²-bonded material; However, post-treatment reveals latent turbostratic ordering in select samples, indicating 
that short-range order is established during deposition but is obscured by entrained electrolyte and kinetically formed 
amorphous phases. No anode-derived contamination is detected and carbon grown on graphite cathodes show minimal 
metallic impurities. These results clarify the roles of cathode surface chemistry and provide pathways for controlling 
electrode-derived impurity incorporation and carbon structure in catalyst-free molten carbonate systems. 

Introduction
Solid carbon plays a critical role across modern industries, 

serving as a key material in fuel production, metallurgy, and 
energy storage. Specific carbon allotropes such as graphite and 
graphene are of particular technological importance due to 
their electrical and thermal conductivity combined with high 
chemical and thermal stability. In particular, graphite remains 
the dominant anode material in lithium-ion batteries—a market 
projected to expand five-fold by 20501—and is also a key 
electrode material in primary metals production including steel 
and aluminium manufacturing. Owing to its strategic 
importance and limited reliable supply, graphite has been 
designated a critical mineral by both the United States and the 
European Union.

Graphene, the 2D version of graphite, is used in electronics, 
sensors, and in composite materials, with global production at 
23,000 metric tons2. More recently, turbostratic graphene- 
characterized by rotationally misaligned graphene layers- has 
attracted significant interest due to its unique electronic 
properties, including twist angle-dependent superconductivity, 
and its relevance in spin devices, magnetic memories, energy 
storage systems3,4. Demand is further intensified by 
acceleration of commercial developments leveraging graphene 
in new applications such as concrete and asphalt. Similarly, the 

demand for amorphous carbon such as carbon black in tires is a 
$28 billion US dollar industry that continues to grow5. 

Despite the high value and growing demand for carbon 
across different industries, inexpensive and scalable methods of 
producing carbon and structured carbon remain limited. 
Natural graphite deposits are geographically constrained and 
often compositionally heterogeneous, necessitating mixing 
with synthetic graphite to meet performance requirements6. 
Conventional synthetic graphite production methods are costly, 
relying on temperatures reaching 3000°C and days of 
processing. These costs of synthetic graphite production are an 
order of magnitude higher than that of natural graphite mining 
(7000-20,000 $/t vs. 600-2070 $/t)1. There is sustained interest 
in alternative graphite and carbon production pathways, 
including pyrolyzed biomass,7 thermochemical reduction of 
CO/CO2 8, and molten salt electrochemical conversion of CO2 9–

12. 
Carbon can be produced via electrodeposition from molten 

salts, a process established at bench scales in the 1960s13,14 and 
has since been revisited. Zhu et al. reported the energy 
consumption of electrochemical graphite production to be in 
the range of 4.5 – 5.5 kWh/kg C, significantly lower than 
traditional high-temperature process of 32.1 kWh/kg C.15 In 
these systems, carbonate ions are electrochemically reduced to 
solid carbon at the cathode (Reaction 1), while the electrolyte is 
regenerated through reaction with 𝐶𝑂2  (Reaction 2) at 
temperatures between 500-900°C.

𝐶𝑂2―
3 +4𝑒― →𝐶 + 3𝑂2―         Reaction 1

𝐶𝑂2 + 𝑂2―→𝐶𝑂2―
3  Reaction 2

a.  National Laboratory of the Rockies, formerly National Renewable Energy 
Laboratory, 15013 Denver West Parkway, Golden, CO 80401 USA.

b.  SLAC National Accelerator Laboratory, 2575 Sand Hill Rd, Menlo Park, CA 
94025Address here.

Supplementary Information available: [Reactor schematic, CV, ICP, additional 
Raman, EDS map, Rietveld refinement]. See DOI: 10.1039/x0xx00000x
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At an inert anode, the generation of 𝑂2 and/or 𝐶𝑂2 can occur, 
as shown in Reactions 3 and 4.

2𝑂2― →𝑂2 +4𝑒― Reaction 3 

2𝐶𝑂2―
3 →2𝐶𝑂2 + 𝑂2 +4𝑒― Reaction 4

Overall, the reaction is the decomposition of CO2:

𝐶𝑂2→𝐶 + 𝑂2 Reaction 5

Recent studies have explored carbon formation from 
molten alkali carbonates (Li₂CO₃, Na₂CO₃, K₂CO₃, or mixtures) 
with metallic cathodes (Ni, Fe, Pt, Cu) which can act as catalytic 
or nucleation surfaces for carbon deposition16–20. Transition 
metal cathodes, such as Ni, have been shown to catalyse this 
type of growth21, forming nanotubes, amorphous, platelet, 
spherical, or ordered morphology depending on deposition 
conditions22–24. Tang et al. produced carbon powders on Ni 
cathodes and inert SnO2 anodes at high voltages (3-6 V) and 
found co-deposition of alkali salts with varied carbon forms 
including nanoparticle, nanoflake, nanosheet and heart-shape 
nanostructured cages at particle sizes of 2 µm-50 nm depending 
on electrolysis time and temperature.25 However, molten salt 
carbon deposition systems commonly require deposition times 
of 1 h or longer, operate at high polarization (3.5-5.0 V), and 
exhibit current densities in the range of 50–300 mA·cm⁻² 
leading to energy consumptions of 35-54 kW h kg-1 and frequent 
incorporation of metallic impurities12,26. 

Extended operation (>1 h) at high polarization exacerbates 
the challenge of metal contamination, particularly from Ni, Cr, 
and Fe, which degrade carbon purity and complicates 
downstream use¹⁵⁻¹⁸ 26–28. Although the use of inert anodes such 
as Pt or SnO2 mitigates anode contamination,12,29–31 cathode-
derived impurities remain a persistent challenge. Therefore, we 
suggest that similarly replacing the cathode with a carbon 
material such as graphite to grow carbon-on-carbon could 
further reduce these impurities by eliminating Ni, Cr, and Fe 
from the electrochemical cell. Given that carbon price scale 
strongly with purity - amorphous carbon containing 60-90% 
graphite purity being an order of magnitude less valuable than 
90-99.95% crystalline graphite1- there is an economic incentive 
to eliminate metal-derived contamination at its source. Direct 
growth of carbon on graphite therefore represents an avenue 
for producing higher-purity carbon materials.

Electrochemical formation of carbon from CO₂/carbonate in 
molten carbonate media has been demonstrated previously 
and applied toward functional carbon materials, including CO₂-
derived nanoscale supports and carbon-based composites32,33. 
The present work goes beyond demonstration by examining 
how the cathode substrate governs early-stage deposit 
architecture and salt entrapment, and by showing that post-
treatment can expose a more ordered carbon component 
detected by C K-edge XANES—an effect not apparent from 
macroscopic inspection of the as-deposited material. Despite 
sustained interest in molten carbonate systems, few studies 
systematically address how the carbon macrostructure changes 
during deposition or the influence of the underlying surface on 
the formed carbon structures. For example, Hughes et al 

reported substrate-dependent differences in lattice spacing for 
graphitized carbon deposited on Au, Cu, and graphite 
electrodes but no further investigations or explanations were 
given34. A detailed characterization of the deposition process 
and resulting product is needed for a complete understanding 
of carbon formation in molten electrochemical systems.

In this work, we examine carbon deposition from CO₂ in 
molten Li–K carbonate salts using either mild steel or graphite 
cathodes and an inert SnO₂ anode, with emphasis on how 
cathode substrate chemistry governs early-stage growth 
behavior, macroscopic deposit architecture, and electrolyte 
entrapment. The study aims to resolve how substrate-
dependent nucleation transitions to carbon-on-carbon growth 
under kinetically driven deposition conditions. Importantly, we 
show that post-deposition treatment enabled exposure of 
latent ordered sp² stacking that is not evident in as-deposited 
materials. This effect is resolved using C K-edge X-ray absorption 
near-edge structure spectroscopy, providing direct insight into 
heterogeneous carbon architectures generated during molten 
carbonate electrochemical reduction. Together, these results 
establish a mechanistic link between substrate chemistry, 
deposit morphology, and the spectroscopic emergence of 
locally ordered carbon domains in catalyst-free molten salt 
systems.

Results and Discussion
Electro-reduction of carbonate to carbon

A schematic of the electrochemical reactor is shown in 
Supplemental Figure S1. Cyclic voltammetry on either graphite 
or steel cathodes was performed at 10 mV/s in a 2-electrode 
system with SnO2 anodes and shown in Supplemental Figure 
S2. A reduction peak at -1.6 V is observed with the steel cathode 
but is absent on the graphite cathode, suggesting different 
reduction mechanisms or reduction reactions associated with 
transition metals present only in steel. Both systems show 
cathodic current limits at -2.0 V.  A high and low potential of -
1.8 V and -2.4 V were chosen for chronoamperometry on a steel 
cathode to assess the viability of carbon deposition under these 
different voltage conditions. No carbon was observed to 
agglomerate at the surface of the steel cathode after 28 min at 
-1.8 V while copious carbon was deposited at -2.4 V, supporting 
the explanation that transition metal reduction reactions not 
associated with carbon deposition occur below -2 V. Therefore, 
the chronoamperometry results from steel and graphite 
electrodes at -2.4 V, sufficient for carbon deposition, is shown 
in Figure 1. 

The current response shows a steady increase at the -2.4 V 
condition for both graphite and steel electrodes. The higher 
current observed on steel is likely related to the ability of 
transition metals in steel to catalyze the deposition reaction. 
Notably, both steel and graphite electrodes exhibit a similar rise 
in current suggesting that after formation of an initial deposit 
layer of carbon on steel, the reaction proceeds as depositing 
carbon on carbon. 
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Rough, black deposits were observed on both samples 
which completely encompass the electrodes while entraining 
salt within the deposit. The growth of these conductive carbons 
fully covering and growing on the electrodes effectively 
increases the electrode surface area over time.  On observation 
of the cross-sectional optical image (Figure 2a-b), salt-rich areas 
(red arrows) are seen entrapped in the dark carbon deposits 
(yellow arrows) on both steel and graphite electrodes. Digital 
image analysis was used to estimate the relative amounts of 
carbon: salt from the cross-section images.  Since salt appears 
white and carbon appears black, thresholding can be used to 
differentiate them in the images.  The area exterior to the 
sample and the electrode were excluded, then the image was 
binarized with a manually applied threshold.  The relative area 

of the carbon and salt were then calculated to be 57:43 carbon: 
salt for both electrodes. The thresholded images used for 
analysis are shown in Supplemental Figure S3.

Despite a similar overall thickness and salt content of the 
deposit on steel and graphite (~ 1 mm, 43%), the macroscopic 
structure of the deposits vary substantially. Near the graphite 
electrode surface, the carbon deposit shows little to no salt 
entrapment, with greater salt incorporation as the deposit 
grows beyond 200 µm and resulting in non-concentric growth 
around the cylindrical electrode. This behavior is consistent 
throughout the length of the electrode. In contrast, the steel 
electrode shows radially consistent salt entrapment throughout 
the deposit, with band-like formations of denser carbon that do 
not span the entire circumference but appear to striate along 
the length of the rod. This phenomenon could be due to the 
different surface properties of the electrodes and the relative 
rates of reaction. 

Transition metals in steel initially catalyze the carbon 
deposition reaction, causing rapid carbon growth (high current 
of ~0.72 A) which inadvertently entraps salt and increases the 
surface area by adding to the conductive electrode surface. 
Additionally, the mixture of metals in steel and presence of 
surface oxides and passivation layers inherently leads to greater 
surface inhomogeneity, which could result in locally variable 
carbon growth and greater salt entrapment in the initial stages 
of deposition on steel compared to the smooth and 
homogeneous surface of the graphite electrode.  Without these 
catalysts and inhomogeneities, carbon grown directly on 
graphite is slower, which results in less entrapped salt and 
initially concentric carbon growth.  As the carbon encompasses 
the surface, the electrochemical reaction transitions from 
carbon-on-steel or carbon-on-graphite to carbon-on-carbon. At 
this stage, the deposition reaction becomes substrate-blind and 

Figure 2.  a) longitudinal and (b) cross sectional optical micrographs after applying a cell potential of –2.4 V on graphite and steel cathodes. Red 
arrows mark recrystallized salt

Figure 1.  Current response to 28 min of chronoamperometry using a steel 
cathode (orange), and a graphite cathode at -2.4 V (black)

Page 3 of 13 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/3
/2

02
6 

12
:4

9:
27

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6MA00287K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00287k


ARTICLE Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

the change in growth rate of carbon is similar on both cathodes, 
with a ~200 mA shift in current due to the higher surface area 
of the nonhomogeneous carbon growth on steel. These results 
highlight the effect that the electrode surface properties have 
on the quantity and macrostructure of carbon deposited.

Characterization of carbon deposits.

Acid washing of as-deposited carbon layers consistently 
triggered rapid gas evolution and mechanical destabilization of 
the deposits. In the case of samples grown on graphite 
cathodes, this behavior was accompanied by detachment of 
carbonaceous material from the underlying graphite substrate, 
likely arising from mechanical weakening during electrolyte 
removal. These observations indicate that the deposited carbon 
forms a weakly consolidated, salt-supported network 
generated under kinetically driven growth conditions. 
Accordingly, the results presented below focus primarily on 
characterization of the as-deposited materials to preserve the 
native growth architecture and to elucidate the role of 
substrate chemistry and deposition kinetics in governing 
deposit structure. 

Raman spectroscopy was conducted to investigate the 
structural evolution of the as-deposited carbon as a function of 
distance from the electrode surface (Figure 3). Spectra were 
collected at multiple locations along the cross section of the 
carbon layer, with care taken to avoid salt-rich regions, to assess 
gradients in graphitic ordering within the deposit. For the steel 
substrate, the higher degree of salt entrapment, as discussed in 
Figure 2, limited the ability to sample salt-free regions. As a 
result, large broadband fluorescence and elevated background 
emissions obscured the Raman features of the steel sample, 
shown in Supplemental Figure S4 at both 633 nm and 785 nm 
wavelengths. The presence of Fe within these salt deposits, 
indicated by the pink coloration of the salt after testing and 
confirmed by ICP analysis (Supplemental Table S1), is likely 
responsible for these interfering effects. Fe can complex with 

carbonate ions to form oxides/hydroxides that exhibit strong 
fluorescence35. In particular, siderite (FeCO3) displays a Raman-
active 𝑣1mode at 1085 cm-1 36. In contrast, the lower degree of 
salt entrapment and absence of Fe in the carbon deposits 
formed on graphite enabled acquisition of high signal-to-noise 
spectra, showing the characteristic D (~1350 cm-1) and G (~1582 
cm-1) bands. 

Notably, the relative intensity ratio of D/G calculated by 
Renishaw WiRe™ 5.6 software based on peak heights using a 
mixed Gaussian-Lorentzian fit is 1.476 on the graphite rod, 
consistent with graphite electrodes which have been exposed 
to high temperatures37,38.  The relative peak height intensity 
ratio of D/G remain largely consistent at ~1.0-1.6 across the 
sampled regions of the deposit, listed in Supplemental Table 
S2. All fits are displayed in Supplemental Figure S5. This trend 
suggests that the structural ordering and defect density of the 
carbon phase remain relatively uniform throughout the 
deposition layer, with no significant gradient in carbon quality 
as the film grows on graphite. These observations indicate that 
under the applied electrochemical conditions, carbon 
deposition on graphite proceeds via a steady growth 
mechanism that preserves the degree of local ordering in the 
sp² carbon network. The uniformity in Raman response further 
supports that once an initial carbon layer is established, 
subsequent deposition occurs on carbon itself, leading to 
consistent growth kinetics. 

Scanning electron microscope (SEM) with energy dispersive 
X-ray spectroscopy (EDS) was used to investigate the 
microstructure of carbon deposits. EDS was used to identify 
grains belonging to carbon vs entrained salt (Supplemental 
Figure S6). Figure 4a-c shows electron micrographs of the 
denser carbon region near the buried graphite electrode 

Figure 3. Raman spectroscopy at varying points on the carbon deposited on a) steel 
cathode, b) graphite cathode. Point A is on the electrode

Figure 4. Electron micrographs of carbon deposit layer on graphite electrodes at -2.4 
V showing a) flakes b) rod-like structures, and c) amorphous phases interspersed with 
salt. d) structures of carbon deposited on steel. Yellow arrows mark carbon phases; 
red arrows mark recrystallized salts

Page 4 of 13Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/3
/2

02
6 

12
:4

9:
27

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6MA00287K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ma00287k


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

surface, and Figure 4d shows various carbon phases deposited 
on steel. 

Two distinct phases with different brightnesses were 
observed which are attributed to carbon-rich phases of 
different morphologies (yellow arrow, Figure 4a-b) and K- and 
O-rich phases (red arrow, Figure 4a).  These K and O-rich phases 
are assumed to be recrystallized salt or related compounds 
(oxides and hydroxides) which become trapped in the growing 
carbon layer. The ~ 5 µm carbon flakes shown in Figure 4a are 
indicative of graphitic carbon. Additionally, rod-like (Figure 4b) 
and amorphous (Figure 4c) were observed on the same deposit 
layer, indicating the variety of carbon structures that are 
produced. The diversity of structures implies that there are 
different mechanistic parameters which are affecting the 
resulting architecture, which is not solely dependent on the 
distance away from the graphite rod during deposition. The 
carbon phases on steel (Figure 4d) similarly show a mixture of 
rods/whiskers and flakes distributed throughout the deposit. 

To further probe the phases and local atomic structure of 
the deposited carbon layers, the deposit was removed and 
crushed for investigation using synchrotron radiation 
techniques. Figure 5a-b shows the XRD for deposits formed on 
graphite and steel cathodes after removal and grinding via 
mortar and pestle. 

Three capillaries of each electrode/preparation process 
were measured with synchrotron PXRD. These samples 
displayed visual heterogeneities, which were also apparent in 

the PXRD data. The graphite electrode sample demonstrated 
the greatest quantity of distinguishable structural phases which 
included the LiKCO3 precursor salt, Li2CO3, LiOH, and Li2O as 
shown in Figure 5a. The remaining structures could not be 
identified from related compounds (e.g., K2CO3, mixed Li-K 
oxides, mixed Li-K hydroxides) or indexing methods, 
presumably due to the number of unidentified structures. 
Interestingly, K-containing compounds were unidentified, with 
exception to the mixed (Li,K)2CO3. It is possible that the low 
angle (2θ = 4–5.5 °, d ~ 7.6–10.4 Å) reflections are associated 
with the interlayer spacing of disordered Li- and/or K-
intercalated graphite structures but could not be absolutely 
verified. There are reflections in all three samples present at 
~12.6 ° (d = 3.32 Å), potentially related to the 002 reflection of 
graphite, which is often observed with d = 3.34 Å. However, 
additional reflections associated with graphite were not 
observed, which may indicate any graphite is turbostratic and 
disordered in-plane.

Diffraction from the unrinsed steel electrode (Figure 5b) 
largely demonstrated characteristics similar to the graphite 
electrode with one key exception – the LiKCO3 reactant was not 
observed. Also, the low angle reflections are present with 
dissimilar d-spacings. The graphite 002 reflection was less 
apparent in the steel electrode, save for an intense reflection at 
2θ = 12.523 °, associated with an intense Bragg spot in the 2D 
data. Interestingly, when this sample was re-measured four 
months later, the data was easily represented by 92 wt.% Li2CO3 
and 8 wt.% graphite (see Figure S7, Supplementary Tables S3-
S5 for refinement parameters). We note that heterogeneity in 
the samples limits the precision of these quantitative values but 
show these results to qualitatively demonstrate the presence of 
graphitic carbon in the sample. It is not clear if the change in 
observed data comes from reaction of residual 
oxides/hydroxides from ground powder with atmospheric CO2 
via enhanced surface area or is purely a result of sample 
heterogeneity. 

When the steel electrode is washed with acid, the observed 
diffraction changes yet again as illustrated in Figure 6. Here, the 
PXRD data is represented by Li2CO3 with subtle contributions 
from secondary phase(s) and a more prominent background, 
likely from a greater amorphous fraction. In the PXRD from 
these samples, there are no low angle/large d-spacing 

Figure 6. PXRD for deposits formed on steel electrode after acid washing

Figure 5. PXRD from a) graphite electrode precipitates and b) steel electrode 
precipitates. All three diffraction patterns of the three sample aliquots are shown 
with reflections associated with identified structural phases
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reflections. In contrast, acid washing of as-deposited carbon 
layers on graphite cathodes induced rapid gas evolution and 
severe mechanical disruption of the deposits, including 
detachment of carbonaceous material from the underlying 
graphite rod. This disruption and contamination alter the 
sample and therefore conclusions could not be accurately 
determined from the washed graphite samples.

To further investigate the ordered nature of the carbon 
deposit, X-ray Absorption Near Edge Structure (XANES) was 
employed to characterize the carbon deposited on both steel 
and graphite substrates, as well as in a washed variant of the 
steel-supported sample. These results are shown in Figure 7. 

C K-edge XANES probes the electronic structure and bonding 
environments in the carbon deposit, providing insight into both 
the local bonding geometry and long-range ordering of the 
carbon network as influenced by the deposition substrate and 
subsequent washing.

All samples exhibit a π* resonance centered at ~285.5 eV, 
indicative of sp²-hybridized carbon39–42. The sharpness and 
consistent energy position of this peak across steel electrode, 
graphite electrode, and washed samples suggests that the local 
bonding environment is dominated by planar C=C motifs, 
largely independent of the substrate or processing. The 
alignment of these features with the π* resonance of graphitic 
standards confirms reliable energy calibration and supports the 
conclusion that π*-states are robust against structural disorder 
at the scale of nearest-neighbor interactions43,44. Compared to 
the MSC-30 standard, samples have relatively sharper π* 
resonance, affirming the higher degree of structural order.

The presence and clarity of the π* peak—together with the 
absence of spectral signatures associated with sp³-hybridized 
carbon—suggests that the electrochemical deposition process 
does not result in amorphous carbon formation. However, the 
absence of a well-defined long-range order sp2 excitonic peak 
(D*) at ~291.7 eV in the steel and graphite electrode samples, 
alongside the emergence of a broad, redshifted σ*-like feature 

(C) centered at ~290.7 eV, indicates that these materials lack 
the interlayer coherence characteristic of crystalline graphite. 
These specific spectral signatures were measured by total-
electron-yield C K-edge XANES. The suppression of the D* 
excitonic resonance, despite the persistence of a sharp π* 
feature and concomitant broadening of the σ* region, 
constitutes a diagnostic XANES fingerprint of turbostratic 
graphitic domains—sp²-rich carbon regions that preserve in-
plane ordering while exhibiting rotational or translational 
disorder between adjacent layers45–47. This structural motif 
reflects a partially ordered form of graphitic carbon that retains 
π-conjugation locally while lacking long-range stacking order. 

In the functionalized carbon region (C-H / COOH) between 
the π* and σ* resonances, all samples exhibit two characteristic 
features: a broad shoulder near ~288 eV and a sharper peak at 
~289 eV. These features are frequently reported in carbon K-
edge spectra of disordered graphitic materials and are often 
associated with structural disorder or oxygen-containing 
functionalities. The exact identification of these features 
requires complementary spectroscopic techniques, but these 
features were frequently assigned to C–H and COOH groups in 
literature48–53. 

In the graphite standard, a sharp long-range order sp2 
excitonic peak (D*) at ~291.7 eV confirms the expected 
crystallinity5,6,15,16. In contrast, the steel and graphite electrode 
samples display a broadened and redshifted feature (C), 
consistent with σ*-like transitions into localized states that 
likely arise from turbostratic stacking, constrained domain sizes, 
and bond angle disorder. Instead, these samples only form 
broad σ* sp2 peaks (D).   These effects suppress the formation 
of an excitonic resonance, reflecting a disordered carbon 
architecture with limited coherence lengths.

Post-treatment produces the most structurally informative 
change observed in this study. While the as-deposited carbons 
are dominated by disordered sp² bonding and substantial 
electrolyte-associated contributions, acid washing of the steel-
supported deposits to remove surface-bound impurities and 
disordered phases shows a notable spectral transformation. 
The broad, redshifted σ*-like feature (C) at ~290.7 eV 
diminishes significantly in intensity, while a weak but distinct 
shoulder (D*) appears at ~291.7 eV—precisely the energy of the 
long-range order sp2 peak in graphitic carbon5,6,16. This 
emergence implies that the washing process either exposes 
previously buried ordered regions or facilitates a local 
reorganization of carbon layers. Rather than amorphizing the 
material, the post-treatment appears to selectively attenuate 
the contribution of highly disordered components, enhancing 
the spectral visibility of residual ordered domains.

These observations from the XANES data delineate a clear 
structural progression: between crystalline (graphite standard) 
and short-range ordered MSC-30, samples exhibit partially 
ordered yet intact sp² bonding (steel and graphite electrode 
samples), to a partially restored or exposed long-range ordering 
after washing. The final spectral observation are the residual 
potassium L-edge features at ~297.5 and ~300.2 eV that 
corresponds to 2p3/2 and 2p1/2 transitions54–56. These residual 
K+ ions from the LiKCO3 appear to be higher in the graphite 

Figure 7. Total electron yield (TEY) C 1s spectra of (green), (red) and (blue). Dashed 
lines belong to graphite (black) and MSC-30 (orange) standards. Three characteristic 
regions of the spectra are highlighted, and respective peaks are labelled to guide the 
reader
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electrode compared to steel and decreases with the washing 
process. 

The presence of electrode-derived impurities in the 
deposited carbons was evaluated by Inductively Coupled 
Plasma Optical Emission Spectrometry (ICP-OES). It should be 
noted that optical microscopy and diffraction highlight localized 
regions of electrolyte entrapment within the deposits, whereas 
the ICP–OES results reflect the bulk composition of the 
selectively sampled, carbon-rich fraction analyzed after 
digestion. For each sample, a representative portion of the 
deposit was selected for digestion, with deliberate avoidance of 
salt-rich regions.  No Sn was detected in any samples, 
suggesting that the SnO2 anode is a robust choice as an inert 
counter electrode. Li, K, and Fe were detected on the steel 
sample consistent with uniform electrolyte entrapment within 
the deposit and incorporation of steel-derived species during 
growth. In contrast, no metallic impurities were detected on the 
sample grown on graphite. The absence of Li and K in this case 
reflects the heterogeneous distribution of entrained electrolyte 
with the deposit and the localized, carbon-rich regions selected 
for analysis. These results give promise to the utility of this 
system. The full list of tested elements and testing parameters 
are listed in Supplemental Table S1. 

Overall, we have demonstrated electrochemical deposition 
of turbostratic sp2 carbon on mild steel or graphite cathodes 
and SnO2 anodes with no additional catalyst. While not fully 
graphitic, turbostratic carbons possess local ordering and can 
serve as an indicator of initial graphitization, indicating the 
utility of this structure in the production of other useful carbon 
phases such as needle coke. Our process shows tunability from 
amorphous to ordered carbons.

Conclusions
Rapid electrochemical deposition of carbon from molten 

carbonate salts onto either mild steel or graphite electrodes 
with inert SnO2 anodes and no additional catalyst was 
demonstrated. Acid washing the carbon deposit revealed 
turbostratic sp2 carbon in the deposited on steel, perhaps 
indicative of the changing nature of the deposit during 
deposition. With no detectable Sn observed to contaminate the 
carbon deposit on either electrode, our system is robust and 
further tuning of the applied potential, time, and temperature 
will influence the carbon deposition route and resulting 
morphology. 

• On both graphite and steel electrodes, the rapid <30 
min) deposition of carbon is observed, with both 
amorphous and ordered carbon phases observed.

• For mild steel electrodes, the deposition of carbon on 
the surface immediately entrapped salt, which was 
encased with the growing carbon layer.

• For graphite electrodes, the growth of the deposit 
layer was slower than that of the steel electrode and 
initially formed a salt-free carbon rich layer, with 
greater salt entrapment as the layer grows. 

• Tuning the carbon deposition rate by applied voltage 
and surface properties appear to be viable pathways 
to reduce salt entrapment.

These carbon deposition reactions in our system show promise 
for the production of metal-free ordered solid carbon products 
including graphite. Understanding their growth during 
electrodeposition is key towards development of a tightly 
controlled process optimized for greater graphitic structures, 
with less entrapped salt. 

Experimental
Materials. Lithium carbonate (≥99%, Sigma Aldrich) and 
potassium carbonate (≥99%, Sigma Aldrich) were used as 
received. Mild steel rods (AISI 1018, diameter: 2 mm; length: 
300mm, McMaster-Carr), SnO2 rods (purity: 98.5%; diameter: 
10 mm; length: 300 mm, Dyson Industries Ltd.), and conductive 
graphite rods (diameter: 3.175 mm; length: 300 mm, 
McMaster-Carr) were used as electrodes. Alumina sheaths and 
crucibles were purchased from AdValue Technology (AL-T-
N1/4-N3/16-12). 
Salt preparation. A mixture of Li-K carbonates was adopted for 
this study. Salts were stored and prepared in a N2 glovebox by 
bulk mixing the lithium and potassium carbonate in a 1:1 molar 
ratio and adding ~ 200 g of this mixture to a pre-weighed 
alumina crucible. Shortly before testing, the filled crucibles 
were removed from the glovebox and quickly inserted into the 
furnace.
Reactor Setup. A high Ni-steel bucket and lid were used in a 
Thermo-Fisher Scientific CF56622C Lindberg/Blue M™ Crucible 
Furnace. The reactor was assembled with electrodes pre-
immersed in the solid powdered electrolyte, shielded from 
electrical contact to the bucket lid via alumina sheaths, and 
electrically connected with Cu wire for contact with 
potentiostat leads.  A type-K thermocouple enclosed in a closed 
end alumina tube was held in the center of the crucible, in the 
electrolyte. A multiple-bore hole alumina tube was also 
immersed in the electrolyte to pump gas. The bucket was sealed 
with Swagelok fittings and PTFE ferrules. The schematic of the 
reactor is shown in Supplemental Figure S1.

The Cu wire connecting the electrodes were attached in a 2-
electrode configuration to an Autolab Vionic 
Potentiostat/Galvanostat 3500001080) for electrochemical 
measurements and data was collected with Intello software. 
The measured voltages were internally referenced against the 
oxygen evolution reaction occurring at the anode, which is 
assumed to be relatively stable in the short time spans of the 
electrochemical experiments.  

Electrochemical testing. Argon gas was pumped into the 
apparatus for ~12 h at a flow rate of 90 sccm to purge the 
reactor prior to testing. To conduct testing, the furnace was first 
heated to 200°C at a rate of 5.8 °C/min and held for 1 h to 
remove remaining moisture. At this stage, pure CO2 was 
introduced into the cell at 150 sccm, and the furnace was then 
ramped to 800°C at a rate of 4°C/min and held for 1 h prior to 
electrochemical testing. 
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All chronoamperometry and cyclic voltammetry tests were 
carried out in a two-electrode configuration in the same 
electrolyte (50/50 mol% Li2CO3:K2CO3), bath temperature 
(715°C), and anode (SnO2). Cyclic voltammetry tests were swept 
in the cathodic direction at 20 mV/s and chronopotentiometry 
tests were held at either -1.8 or -2.4 V for 28 min. Immediately 
after electrochemical testing, the electrodes were lifted above 
the molten electrolyte and allowed to dangle in the headspace 
while continuing to flow CO2 through the reactor. The system 
was allowed to naturally cool to ambient temperature, 
~4°C/min.
Characterization. After cooling, the electrodes and attached 
deposit layer were imaged with a Keyence VHX 7000 optical 
microscope.  The samples were sectioned into 1 cm segments 
with a diamond wafering blade, then mounted in epoxy 
(Buehler Epothin 2) for mechanical cross-sectioning.  After the 
epoxy cured, the samples were ground to P4000 grit with SiC 
grit sheets, then polished to 1 micron with diamond slurry. 
Electron microscopy characterization was performed on a 
ThermoFisher Nova 650, utilizing both SE and BSE detectors. 

Raman spectra were acquired using a Renishaw inVia Raman 
Microscope with a 633 nm or 785 nm laser source (Coherent). 
Each spectra was generated with a single accumulation in a 
range of 200-3100 cm-1, using an exposure time of 20 s and laser 
power of 0.6 mW over an excitation area of approximately 4 
µm2. Spectra were taken starting near the surface of the 
graphite or steel electrode, then moved outward in the growth 
direction of the sample while avoiding salt-rich areas. The 
various points of measurement are indicated in each figure. No 
normalization of signal intensity was performed on these data, 
but the data is formatted in a cascade-style plot for clarity. All 
raw spectra were cleaned of their cosmic rays using a 
customized python code that cleans data based on a threshold 
degree of peak intensity and interpolates regions where the 
spectra was removed (i.e., cosmic rays tend to be very narrow 
and sharp compared to real signals). One additional broad 
cosmic ray was removed from the Graphite Electrode Sample 
spectra from Location B, around 1100 – 1140 cm-1. Key peaks 
for graphite are marked with a vertical dashed line in each 
figure. Renishaw inVia Raman Microscope WiRe™ 5.6 software 
was used to fit the spectra with a mixed Gaussian-Lorentzian fit 
and Id/Ig ratios calculated from the peak heights.

Powder samples for Synchrotron measurements were 
prepared by gently mechanically removing the deposit from the 
electrode. For the washed steel samples, deposits were washed 
with 1 M sulfuric acid to remove the bulk of the entrained 
carbonate salts, then rinsed with DI water, collected on 11 µm 
Whatman filter paper, and dried for 8 h in a 60 °C oven. Powder 
X-ray diffraction (PXRD) measurements were performed at the 
Stanford Synchrotron Radiation Lightsource (SSRL) beamline 2-
1. All samples were gently ground in an agate mortar and pestle 
and packed in ~0.7 mm o.d. Kapton capillaries. Given the visual 
heterogeneity, samples were prepared and measured in 
triplicates. Measurements were obtained using the robot-
automated capillary powder diffraction capability described 
elsewhere 57. Angle-dispersive 2D diffraction data was acquired 
stepwise between 2 and 113.55 ° two theta (q ~ 0.3-14.4 Å-1). 

2D images were normalized by incident beam intensity, 
stitched, and integrated using a python script developed 
specifically for use at beamline 2-1. CrystalDiffract was used to 
identify structural phases and Rietveld refinements performed 
using Topas Academic, version 758.  

Carbon K-edge X-ray absorption spectra were collected at 
beamline 8-2 of the Stanford Synchrotron Radiation Lightsource 
in total electron yield (TEY) mode under ultrahigh-vacuum 
conditions (10-8 Torr). The incident beam was focused to an area 
smaller than 1 mm², and a spherical grating monochromator 
was operated at an intermediate energy resolution of 
approximately 0.2 eV. Each sample was probed at three distinct 
locations on the surface, with two consecutive scans collected 
per location. The six individual spectra were averaged to obtain 
representative data while minimizing the influence of local 
heterogeneity. As a standard for comparison, Maxsorb® MSC-
30 activated carbon (Kansai Coke & Chemicals Co., Ltd., Japan) 
was used.  The energy scale was calibrated to the π* resonance 
of a synthetic graphite reference powder (Sigma-Aldrich, <20 
μm, cat. no. 282863) at 285.5 eV, and the characteristic energy 
dependence of the incident light in the carbon absorption 
region was used to correct for possible beam energy drifts. 
Samples were mounted on an aluminium sample holder using 
double-sided copper tape and transferred into the 
measurement chamber. Data processing, normalization, and 
analysis were performed using the Athena and Fastosh software 
packages59,60.

Inductively coupled plasma- optical emission spectroscopy 
(ICP-OES) was performed on the deposit formed on either 
graphite or steel cathodes. 1-10 mg samples of the deposit was 
mineralized in a Teflon tube with 9 mL of concentrated nitric 
acid and 3 mL of concentrated hydrochloric using a microwave 
digestion system (UltraWAVE 2, Milestone) at 1500 W following 
the UW-GE-4 method provided by Milestone. These samples 
were then diluted to 50 mL with MilliQ water and analyzed via 
ICP-OES 5100 (Agilent Technologies Inc.). The method 
conditions and element wavelengths are listed in the 
Supplemental Table S1.

Faradaic efficiencies were calculated by washing the carbon 
deposits in acid and rinsing with DI water 3x, filtering through 
an 11 µm Whatman filter. This procedure induced rapid gas 
evolution from salt dissolution, readily breaking the salt-
supported carbon into very fine fragments that are difficult to 
recover during filtration. The measured Faradaic efficiency 
should therefore be regarded as a conservative lower bound.

The collected carbon on steel resulted in a 75% Faradaic 
efficiency (FE) using the formula:

𝐹𝐸 = (
𝑛𝐹𝑚

𝑄 )

Where n= 4 moles electrons, F= Faraday’s number, m = moles 
of carbon collected, and Q = charge passed

In the case of graphite cathodes, washing additionally caused 
detachment of material from the underlying graphite substrate, 
introducing substrate-derived contamination. Consequently, 
the Faradaic efficiency was quantified only for deposits formed 
on steel cathodes.
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