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High-temperature molten salt electrolysis is suitable for the production of carbon morphologies such as carbon
nanotubes and nano-onions. In this study, CO5 was electrochemically reduced to solid carbon by molten lithium
carbonate electrolysis in an Inconel 625 vessel at a fixed temperature of 750°C. Four different cathodes (clean
nickel, used nickel, stainless steel, and galvanized steel) were used to determine the effect of the electrode
material on the morphology produced. The carbonaceous products obtained were analyzed with scanning
electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy
(EDS), Raman microscopy, and X-ray diffraction (XRD). With nickel cathodes, the dominant forms of carbon
were spherical, whereas tubular structures dominated with steel-based cathodes. Nano-onion was the structure of
carbon with the least metal impurities. Iron was discovered to promote carbon nanotube growth. In the presence
of iron, nanotube wool was also found. A greater number of different morphologies were observed when the
amount of metal impurities increased. The correlation found between XRD results and sample masses suggests
that the amount of metal impurities in the sample varied more than the carbon content. Thus, the yield of the

Nano-onions
Nanotubes
CO,, utilization

process can be expected to be fairly similar between parallel experiments.

1. Introduction

High-temperature molten salt electrolysis is suitable for the pro-
duction of various forms of solid carbon from CO,. For example, carbon
nanotubes (CNTs) [1-5], nanofibers (CNFs) [6], nano-onions (CNOs)
[71, nanoplatelets [8,9], nanoscaffolds [10], porous carbon [11,12], and
carbon powders [13-15] have been produced by this method. Moreover,
previous experimental works, e.g. [16,17], and [18] have drawn
attention to the possibility of producing carbon monoxide from CO,
using this electrolytic approach.

Various process parameters have been reported to affect the carbon
morphology, as shown in Table 1. A comprehensive literature review of
molten salt electrolysis and the effects of process parameters on carbon
production is given in [19]. Other reviews addressing CO5 conversion
technologies utilizing molten salts can be found in for example [20,21]
and [22].

Although different process parameters are already known to affect
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the carbon morphology, more research about consequential parameters
is nevertheless required. Previous publications concerning this topic, e.
g. publications in Table 1, have focused on the effect of process pa-
rameters such as current density and temperature. It is already known
that certain metals, e.g. iron and zinc, can nucleate nanotube growth
when other carbon syntheses are used [25]. Previous studies, for
example [6], indicate that different metals can possibly nucleate the
formation of a specific type of carbon morphology also in molten car-
bonate salt electrolysis.

The objective of the research reported in this paper was to determine
how different metals released from the electrodes during electrolysis
affect the carbon produced at otherwise fixed conditions. Previous
publications such as [26] and [27] have considered various cathode
materials, but simultaneously e.g. anode material and current density
have been changed. Thus, this seems to be the only publication that
focuses only on the effect of the cathode material. To determine how
different metals affect the carbon morphology, various cathode
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Table 1
The effect of various process parameters on carbon produced by high-
temperature molten salt electrolysis.

Parameter Effect Ref.
Higher temperature increases particle size and [14]
porosity.

With higher temperatures more of the product is CO [16]
instead of solid carbon.

Electrolysis time More tubular structures are produced as electrolysis [8]
time increases.
Crystallinity increases with increase in electrolysis [7]
time.

Carbon nanotube diameter increases with increase in [23]
the electrolysis time.

Current density Current density has no evident effect on product [23]
morphology.

Current density has some effect on particle size and [23]
platelet thickness.

Voltage Higher voltage leads to smaller particle size. [24]
Higher voltage leads to greater surface area / higher [24]
porosity.

Oxide Without oxides in the electrolyte, the tubular product [2,3,

concentration is straight. 6]
With oxides in the electrolyte, the tubular product is [2,3,
tangled. 6]
Nucleation step Nucleation promotes carbon deposition. [7]
Diffusion control Diffusion controls whether the product is carbon [3]

nanotubes or nanofibers.
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Fig. 1. Piping and instrumentation diagram of the reactor unit (not in scale).
The thermocouple inside the cathode was placed 30 mm from the bottom. The
molten electrolyte height is calculated to be 49 mm. CO, is fed through the
sinter plate placed at the bottom of the reactor.

materials were selected for the experimental study, namely clean nickel,
used nickel, stainless steel, and galvanized steel. To date, to the best of
authors’ knowledge, there have been no studies which focuses merely on
the effect of various cathode materials on this specific molten carbonate
salt electrolysis process.

2. Materials and methods
2.1. Reaction mechanism
The cathodic and anodic reactions of electrochemical reduction of

CO4, to solid carbon, respectively, in the presence of a carbonate are
[28]:

3C0O, + 4e”—2C05™ + C, @
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2C07 —2CO0, + O, + 4. 2
Thus, the total reaction is:
CO,—»C+ 0,. 3)

An alternative viewpoint is to consider the reactions occurring
through the reactions of lithium carbonate, as has been done e.g. by Lau
et al. [29].

Lithium carbonate decomposes as:

Li,CO; + 4e"—>Li,0 +C+ 0,, AH =553 kJ mol'(750°C). 4

Produced Li;O is replenished to lithium carbonate as in the
following:

Li,O + CO,—Li,CO;3, AH = — 158 kJ mol ' (750°C). (5)

The carbon production rate (mol s_l) is linearly dependent on the
current:

. 1
= s (6)
where 7 is the Faraday efficiency or current efficiency, I is the electric
current, n is the amount of substance in moles, Z is the number of
electrons transferring, and F is Faraday’s constant. In the experiments in
this paper, the current used was 7.5 A, the electrolysis time was 90 min
(5400 s), and the number of electrons transferring, according to Eq. (4),
was 4. Calculated from Eq. (6), the theoretical amount of solid carbon
produced during 90 min electrolysis is 1.26 g. When the U/I sequence
run prior to the actual electrolysis is taken into account, the total
theoretical maximum amount of carbon produced is 1.47 g. The U/I
sequence comprised steps of 0.1 A, 1 A,5A,10A,5A,1 A, and 0.1 A,
with the duration each of the steps being 5 min. More details about the
U/I sequence can be found from the Supplementary Material.

2.2. Reactor unit

A cylindrical reactor vessel made of Inconel 625 was placed inside an
oven (Goldbrunn 1000). Inconel 625 was selected as the anode material
based on its presumed good stability as an anode material in molten
carbonate salt electrolysis [30]. The vessel had an inner diameter of
50.8 mm, and it acted as an anode during the electrolysis. The surface
area of the anode in the salt was 100 cm?. Cathodes were made of nickel,
galvanized steel, or stainless steel. The diameter of each cathode was 30
mm and the height 150 mm. The surface area of the cathode in the salt
was 50 cm?. Sizing of the reactor and its parts was limited by the size of
the oven. A piping and instrumentation diagram of the experimental
setup is shown in Fig. 1. The measurement and control units used were
the same as used in [19].

2.3. Procedure

Experiments were conducted with four different types of cathodes;
unused nickel, stainless steel, galvanized steel (zinc coated stainless
steel), and used nickel, respectively. The same nickel cathodes were used
twice. The first time using the cathode is referred as “unused" and second
as “used". Two subsequent experiments were conducted with each type
of electrode. The temperature inside the cathode was measured during
the electrolysis, as well as cell voltage. The electrolysis was run for
90 min at a set temperature of 750°C. The cathode temperature
remained very close to the set value of 750°C during all the experiments.
The oven heating power was controlled during the experiments to
maintain desired temperature. Cell voltages varied in the range of 1.8
V-3.6 V while the current was kept constant at 7.5 A. This current
applied is equivalent to the cathode current density of 0.15 A cm?.

Prior to electrolysis, a current sequence was run to determine the U/I
curves. During the electrolysis, CO, was fed at a rate of 30 m L min ! at
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Table 2
Analysis methods previously utilized to analyze carbon particles.
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Analysis method used

Carbon identified SEM EDS TEM Raman XRD AFM BET FTIR Reference
CNT, CNF X X X X [2]
CNT X X X X [6]
CNT X X X [30]
CNT X X X [1]
CNO, CNT X X X X X [7]
Platelet X X X X X [8]
Carbon powder X X X X X X [24]
Various structures X X X X X [23]
T T T T T T T T T T
Galvanized steel Ni
1 —SS
-2 —GS
. —UNi
Stainless steel
—1 .
-2 5
=
. iy
Used nickel 'z
3
-1 R=
—2
Nickel
—1
-2
1 1 1500 2000 2500 3000
Graphite Raman shift (cm'])
1 11 [ 1 no n
LiCI’02 Fig. 3. Raman patterns of the samples with different cathodes scaled to match
’ I I ’ 0 I the G band peak at 1585 cm L. Ni refers to nickel, SS to stainless steel, GS to
NiO galvanized steel, and UNi to used nickel.
Ni/FeNi./Inconel 625 : ' Based on previous literature analysis methods concluded to be most
. 2 . . . . . suitable were scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS),
20 30 40 50 60 70 80 Raman microscopy, and X-ray diffraction (XRD). Using all these five

20 (°)

Fig. 2. XRD patterns of the washed samples. The number of the sample is
marked on the right side of the figure, and the most significant peaks for the
main identified phases at the bottom of the figure.

standard conditions. This feed rate was calculated to be sufficient for the
carbon production based on Eq. (3) and Eq. (6). The accumulated sample
was mechanically removed from the cathode surface and washed with
hydrochloric acid to remove the electrolyte from the carbon. The
washed sample was rinsed with deionized water and dried in an oven at
105°C. A more detailed description of the procedure and the tempera-
ture, voltage and U/I curve measurements can be found in the Supple-
mentary Material.

2.4. Analysis methods

Many different analysis methods are applicable for the analysis of the
structure of solid particles. In previous literature, at least methods listed
in Table 2 have been utilized in analyzing solid carbon products ob-
tained from molten salt electrolysis.

methods enables a comprehensive understanding of the product is ob-
tained. The XRD analysis was performed with a Panalytical Empyrean X-
ray diffractometer using monochromatized CuK, radiation in the mea-
surement range 15° < 26 < 80°. A Renishaw inVia™ Qontor® Raman
microscope was used for measuring spectra from single points and also
measuring Raman maps from several hundred locations, whose results
were averaged over the measured patterns. Wavelength of 532 nm and
laser power of 0.3 mW were used. A JEOL JEM-F200 microscope with an
added energy-dispersive (EDS) detector was used for the transmission
electron microscopy. The Zeiss UltraPlus FE-SEM used for SEM imaging
also contained an EDS detector for observing different elements.

3. Results and discussion
3.1. XRD

The XRD patterns (Fig. 2) reveal various impurity compounds mixed
with the carbon produced. These impurity phases originate from mate-
rial released from the electrodes during the electrolysis, as the metals
identified have no other possible source.

The carbon is mostly represented by the main graphite peak at
around 26°. Graphite also has a minor peak (ca. 15% of the main peak
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Fig. 4. SEM images of nickel cathode samples: (a) the major morphology of nano-onions found in the samples, (b) a higher magnification of the nano-onions, (c)
significantly smaller spherical structures, (d) more irregular shapes, (e) platy structures, and (f) tubular structures.

intensity) at around 44°. However, this peak could not be distinguished,
as it was covered by contributions from other compounds. Amorphous
carbon has been observed to produce wide features in the XRD patterns,
especially with lower incidence angles [14]. Since no significant wide
peaks could be observed, most of the carbon is presumed to be crystal-
lized. A more indicative representation of the graphitization degree of
the carbon is obtained with Raman spectroscopy.

The most significant impurity phase identified was LiCrO,, which
was found in all the samples. This phase is formed from chromium,
released from the Inconel anode, reacting with the molten lithium salt.
LiCrO; produces several peaks, strongest of them being at around 18°,
36° and 44°. All significant peaks are marked in Fig. 2. Another impurity
phase, which was especially noticeable in the used nickel sample 2, was
nickel oxide. NiO has the strongest reflections at around 37°, 43° and 63°.
The last phase marked in Fig. 2 is a mixture of three possible phases, Ni,
FeNi3 and Inconel 625, which have their main peaks very close to each
other at roughly 44° and 51°. They are thus almost impossible to tell
apart based on XRD measurements. Another minor phase identified in
all the samples, though not marked in the figure, was Mo,C represented
by a low intensity peak at around 39°. Molybdenum is a minor compo-
nent in the anode material Inconel 625, thus its presence in the samples

is to some extent expected. In addition, some minor impurity phases
likely stayed unidentified. Especially the strong reflection at around 63°
likely has another contributor in addition to LiCrOs. Nevertheless, a
great majority of the impurities can be considered to have been accu-
rately identified. Fractions of the impurities, however, would require
Rietveld analysis, which is very difficult in a strongly mixed sample like
this with unidentified phases.

3.2. Raman microscopy

To support XRD results Raman measurements were conducted. Only
one of the two parallel samples was studied in each case. Fig. 3 shows the
Raman patterns obtained by measuring maps of several hundred points
and averaging over the obtained patterns. Backgrounds were computa-
tionally subtracted, and all of the patterns scaled to match the G band
peak intensity at around 1585 cm ™" to help compare the peak intensity
ratios. While the other samples produced almost exclusively good
measurement points, the galvanized steel sample exhibited significant
luminescence, which corrupted half of the measured patterns.

The Raman patterns include three main peaks: the D band at around
1350 cm ™! that arises from disorder, the G band at around 1585 cm ™},
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Fig. 5. TEM images of (a) and (b) a typical agglomerate in the nickel sample at two different magnifications, and (c) EDS maps of agglomerate for different elements.

referring to the first order E; ¢ mode, and the G’ (sometimes referred to
as 2D band, as it is the second order mode of D) at around 2695 cm !
[31]. In addition, a few minor peaks often arise with carbon materials.
One of them is a disorder-induced D’ peak at around 1620 cm™?, covered
by the G band in this case, and its overtone 2D’ found at around 3240
cm ™. Additionally, two peaks arise from combinations of two phonons
(D + D” and D + D') at roughly 2460 and 2940 cm ™!, respectively [32].

The G and the D bands can be used to assess the degree of graphi-
tization in carbon samples. The lower the intensity ratio between the D
and G bands (Ip/Ig), the more the well-ordered structures are considered
to dominate the material [1,6,7]. The Ip/Ig ratio was 0.63 for the new
nickel, 0.74 for the used nickel, 0.51 for the stainless steel, and 0.78 for
the galvanized steel.

The ratios imply that all of the samples are quite well graphitized,

though differences between the samples were observed. Stainless steel
seems to produce the highest degree of graphitization, which implies the
lowest number of defects. When the two nickel cathodes are compared,
the corrosion of the electrodes seems to lower the product quality, as the
number metallic of impurities increases. This in turn leads to more de-
fects in the carbon structures.

The G’ peak can be linked to the number of layers and the layer
stacking of the structures [31]. However, the relationship is not yet
perfectly understood. Graphene structures consisting of 1-4 layers can
be quite well distinguished based on the peak profile, but structures with
more than 5 layers tend to produce a profile very similar to graphite
[33]. Therefore, the peak profile cannot be exploited here. However,
there has been some indication that the G’ peak intensity might decrease
as the layer thickness grows [31]. If the two different nickel cathodes are
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Fig. 6. TEM images of (a) and (b) a cauliflower-like nano-onion structure in the nickel sample with two different magnifications, and (c) and (d) a chain-like

nanotube at two different magnifications.

compared, this type of a difference might be expected based on the XRD
results. One would expect the sample with a higher volume of impurities
(used nickel) to produce thinner structures, since more of the carbon
grows onto the impurity particles. This would then be reflected in the
higher G’ peak.

3.3. Electron microscopy

3.3.1. Nickel cathode

The SEM images of nickel cathode samples showed the largest vari-
ety of morphologies out of the selected cathodes. Fig. 4 shows SEM
images of various structures found in the nickel samples.

Figs. 4a and 4b show different magnifications of similar cauliflower-
like nano-onion structures that were previously reported by Laasonen
et al. [19]. The EDS measurements suggest that these structures seem to
be relatively free of impurities (Fig. (Sla and S1b)). Although these
types of structures were the most prevalent, other morphologies were
also found. Fig. 4d presents an area somewhat similar to the
nano-onions, but with smaller structures and mixed with more irregular
shapes, some chain-like structures, and even some octahedral shapes.

Fig. 4c shows an area consisting of still smaller spherical nanostructures,
Fig. 4e mostly nanoplates, and Fig. 4f an area with more tubular struc-
tures. In addition to these nanostructures, a significantly larger piece in
the size range of tens of micrometers was found. The piece was
confirmed to mostly consist of very tightly packed spherical carbon
structures (Fig. S1c and S1d). This finding suggests that some of the pure
carbon structures form denser and larger pieces compared to most of the
structures described here.

The TEM images offer more detailed information on the structures.
As the XRD results showed, a significant portion of the material con-
tained impurities. Fig. 5 presents TEM images of a typical irregularly
shaped agglomerate found in the nickel sample, along with EDS maps for
different elements.

The TEM images reveal that a significant part of the carbonaceous
material grew on top of impurities acting as seed particles. There also
seems to be a wide size range of impurity particles, all of which are
covered with a carbon envelope. Fig. 5¢ shows EDS maps for different
elements in the agglomerate. The most significant EDS signals for the
large impurity particles originated from chromium and oxygen. Since no
chromium oxide was detected by XRD, and lithium is too light an
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Fig. 7. SEM images of (a) more spherical structures mixed with nanotubes and (b) nanotube wool, and (c) and (d) TEM images roughly corresponding to the

structures in (a) and (b).

element to be detected by EDS, the signal can be interpreted as being
related to the LiCrO,. The small nanometer-range bits were mostly
identified as nickel. A rather weak iron signal could also be found across
the whole sample, which might indicate iron dissolving in ion form and
being transported to several locations. It is rather challenging to
explicitly disclose the form of iron at every location of the sample.

As Fig. S2 shows, some of the pieces containing Cr and O also gave a
significant Fe signal, likely indicating a piece of Inconel 625 released
from the anode. Also, some of the small nickel pieces showed a clear
presence of iron, which could refer to FeNis. These results suggest that
the peaks in XRD patterns assigned to Ni/FeNis/Inconel 625 could
actually arise from all three of these components in an unknown ratio.
Since these particles seem to be a lot smaller compared to LiCrO, par-
ticles, the lower relative contribution to the XRD patterns is
understandable.

The EDS measurements performed alongside the SEM imaging
showed that the nano-onions consisted of virtually pure carbon. Fig. 6a
presenting nano-onions supports this conclusion, since most of the
structure does not seem to have impurity particles in the core. Therefore,
these structures can be considered to represent the purest form of carbon
produced in the process. Seed particles with varying sizes and shapes led
to a large range of shapes and sizes also for the final particles. The closer
magnification images in Fig. 6b reveal that both straight and wavy
atomic planes are present in the nano-onions.

Fig. 6¢ and 6d show a close-up image of a chain-like structure. This

tube seems to have grown in separate parts from a very fine seed particle
by both tip growth and root growth mechanisms [34]. A small seed
particle can be found in the middle of the tube. Due to the small size, the
composition could not be confirmed with EDS, though it is presumed to
be a nickel particle due to results of other analyses conducted. The lower
part the tube structure seems to have grown under the seed particle, and
the top part on top of it. The tip of the tube indicates that different parts
of the structure are very well graphitized. Additional TEM images are
given in Fig. S3.

3.3.2. Used nickel

Based on SEM imaging, the used nickel samples contained mainly
similar structures to the unused nickel samples, with the exception of the
nano-onions being the most common morphology (Fig. S4). Since the
used nickel cathodes seemed to release more material than the unused
nickel cathodes, and the samples were also produced with the most worn
anode, the effect of impurities was also clearly more visible in the
structures. This observation correlates with the XRD results.

Most of the sample area was dominated by very mixed morphologies
(Figs. S4a and S4b), and needle-like impurity particles, in particular,
could be found throughout the sample (Fig. S4f). EDS measurements
confirmed that the areas with highly mixed morphologies contained
significant amounts of nickel and chromium (Fig. S4c). A large piece
(hundreds of u m) of partly oxidized nickel was also found (Figs. S4d and
S4a). As these large particles have a high volume, and therefore a big
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C

Fig. 8. EDS maps of C, Fe and Ni for some nanotubes in the stainless steel sample.

impact on the XRD pattern, most of the nickel oxide in the samples
probably exists in such particles. In addition to the nickel oxide particles,
relatively large LiCrO; shards were detected (Figs. S4d and S5b). The
TEM images did not reveal much new information, as mixed morphol-
ogies grown onto impurities dominated the sample (Figs. S6a and S6b).
However, a few longer nanotubes or nanofibers were detected (Figs. S6¢
and S6d). The more defectious material compared to the new nickel
samples is supported by the Raman results.

3.3.3. Stainless steel

Changing the nickel cathode to a stainless steel cathode had a sig-
nificant impact on the material produced. Whereas most of the struc-
tures in the nickel samples could be categorized as somewhat spherical,
the stainless steel sample was strongly dominated by tubular structures,
while no nano-onions were found. Fig. 7 shows typical SEM and TEM
images from the stainless steel sample.

Figs. 7a and 7b are a good representation of the imaged sample area.
Some of the structures were still somewhat spherical, but even those
tended to form more chain-like structures and are mixed up with the
nanotubes. On the other hand, large areas are found with merely
nanotubes, forming a so-called nanotube wool. Further SEM images can

be found in Fig. S7, where higher magnification images of chain-like
structures and nanotube wool are presented.

As Fig. 7c shows, a considerable part of the material still consisted of
irregularly shaped agglomerates with an impurity seed. However, a
significant portion of the material was in nanotube form. The spectrum
of different types of nanotubes was reasonably large. Some of them were
straight and some very tangled, and the diameters ranged from a few
tens of nanometers to a couple hundred nanometers, expressing varying
wall thicknesses. Most of the tubes were at least partially filled in the
core with material released from the electrodes, with the degree of
filling also varying strongly. As a general rule, the straighter tubes
seemed to be more filled on average compared to the tangled ones which
often contained mostly single particles in their core or at the tip of the
tube. Further TEM images of nanotubes and other structures can be
found in Fig. S8.

EDS was used with TEM to study the composition of the nanotubes.
Fig. 8 shows EDS maps of a few nanotubes for the principal elements.

As the dark-field TEM image clearly indicates, the nanotube in the
foreground has a hollow core in the imaged area, whereas the tubes
further back contain mostly a solid core consisting of a denser material.
As would be expected, the hollow-core nanotube only gave a noticeable
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Fig. 9. SEM images of the galvanized steel sample. The sample contained (a) irregular structures, (b) nano-onions, (c¢) nanotubes and (d) large carbon pieces.

Table 3

Product masses from all the experiments. In all the experiments the
salt used was Li;COs, temperature was 750°C, and electrolysis time
was 90 min. Cathode material varied. The theoretical maximum
amount of carbon produced in one experiment is 1.47 g, as calculated
based on Eq. (6). Carbon produced during the U/I sequence is
considered in the theoretical maximum weight.

Experiment Washed sample mass, (g)
Nickel 1 0.95
Nickel 2 1.33
Used nickel 1 1.22
Used nickel 2 1.70
Stainless steel 1 1.38
Stainless steel 2 1.36
Galvanized steel 1 1.36
Galvanized steel 2 1.45

signal for carbon. Because the structures are quite small, the signals
emanating from them are very weak. However, an iron signal could be
distinguished coming from the solid core. A very minor nickel signal
comes from a part of the vertical nanotube, but based on the results, the
core seems to principally consist of iron. This is consistent in light of the
emergence of nanotubes, when the nickel cathode was replaced with a
stainless steel cathode. Iron seems to be the key factor here in their
formation.

3.3.4. Galvanized steel

The galvanized steel samples can be best characterized as a combi-
nation of the samples produced with other cathodes but dominated by
irregularly shaped morphologies. Fig. 9 shows different structures
observed in the sample.

Fig. 9a presents the majority of the sample area. There were some
distinct morphologies, but they were frequently mixed with other more
irregularly shaped structures. Some nano-onions could be found
(Fig. 9b), but they were far scarcer and impure compared to the nickel
cathode sample. Areas of nanotube wool were also found (Fig. 9c),
which strengthens the hypothesis of the role of iron in nanotube for-
mation. Another notable finding was a considerable number of larger
carbon pieces, which is an issue already discussed when considering
nickel cathodes (Figs. Slc and S1d). The TEM images (Fig. S9) did not
provide much significant new information. However, for an unknown
reason, high magnification images or EDS measurements could not be
performed, as the sample was heavily influenced by the electron beam.

3.4. Sample mass

Washed sample masses are shown in Table 3. Previous publications,
e.g [8], have reported high, over 95%, yield for the similar
high-temperature molten salt electrolysis discussed here. The product
purity has been reported to be 95% and over [8]. Here, the product
purity is inferior, as the amounts of impurities are estimated to be higher
based on a correlation found between the sample masses and XRD re-
sults. The weight fractions of different phases in the sample are some-
what represented by the integrated areas of the XRD peaks. The area of
the main graphite peak compared to the combined area of other peaks
can be used as an indicator for the carbon fraction. As already discussed
along with XRD results, Rietveld analysis for determining absolute
fractions is difficult for this type of mixed samples. Thus, the exact
amount of the impurities could not be determined, resulting an inability
to determine the exact yield for the process.

For both steel cathodes, the masses of the parallel samples are very
close to each other, which correlates well with the similar XRD patterns
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observed. Clear differences can be observed between the samples for
both nickel cathodes, for both masses and XRD patterns. Thus, it seems
that the amount of carbon in parallel samples could be the fairly similar
whereas the amount of impurities varied more. Based on that, an
assumption about the yields being constant between parallel experi-
ments can be made.

4. Conclusions

Molten lithium carbonate electrolysis was used to capture CO2 and
reduce it to solid carbon. An Inconel 625 vessel acted both as a reactor
vessel and as an anode. The cathodes used were clean nickel, used
nickel, stainless steel, and galvanized steel.

It was observed that different metals dissolved from the electrodes
affect the carbon produced and its morphology. Different metals and
varying amounts seem to have different types of effects. With little to no
dissolved metals mixed with the product, spherical structures were
dominant. These spherical, onion-like structures were the main product
with unused nickel cathode. With used nickel cathodes product
morphology was more various, as more metal was released. With the
presence of iron, tubular structures were dominant, as iron acted as a
nucleation seed for tube growth. Tubular structures were found when
steel-based cathodes, both stainless and galvanized steel, were used. As a
general rule it seems that impurities cause inconsistent product con-
taining various carbon morphologies.

As well as the carbon morphology, impurities also affect the size and
graphitization degree of the carbonaceous product. Particles with higher
amounts of impurities seem to be thinner compared to ones with less
impurities. Nanotubes produced with steel cathodes releasing iron seem
to have the highest degree of graphitization. In practice, this could
indicate that the quality of the product in terms of crystallization can be
improved with dissolved iron.

Comparing the sample masses and XRD patterns, it seems that the
amount of impurities might vary more than the mass of carbon. This may
be an indication that the yields between parallel experiments are fairly
similar. To determine yields more accurately, other analysis methods
must be utilized.

On the basis of the results of this work, it can be concluded that
electrode material selection is crucial for accurate control of the quality
and yield of the carbon production by molten salt electrolysis. Metal
dissolution to the system does not need to be prevented completely,
although it should be carefully controlled, as the dissolved metals clearly
have an effect on the product. One possible aspect of the future studies
related to these dissolved metals would be to apply specifically selected
seed particles to the salt, and by that control the product morphology.
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