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Improving energy transfer efficiency is critical to advancing technologies for a more
sustainable future. Nanoscale materials, specifically metal-carbon composites such as
ultraconductors, have shown promise in this field due to their enhanced electrical and
thermal conductivities. However, the origin of the enhancement has yet to be determined.
Prior research has primarily explored these materials at room temperature in an attempt
to explain this phenomenon, but these materials have not yet been examined under
enhanced thermal conditions. This study probes ultraconductor materials during the
heating process to uncover the origins of their enhanced thermal conductivity.
Understanding the mechanism underpinning the enhanced properties of the material
could lead to increased property enhancement and therefore improved performance in
energy transfer technologies. In this work we employ in situ thermal X-Ray Absorption
Near Edge Spectroscopy (XANES) and Raman spectroscopy to characterize copper-
based covetic materials, revealing how thermal conditions influence the bonding
environment and interaction between the copper and infused carbon. Our findings
suggest that heating the materials does not result in the formation of chemical bonds
between the carbon and copper framework of the material but rather points to a primarily
physical interaction within the sample. Furthermore, we hypothesize possible
mechanisms underlying the nature of the physical interaction leading to enhanced
properties. These insights contribute to a deeper understanding of the material’s behavior
under relevant thermal conditions and highlight its potential for integration into next-
generation energy systems.
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[. Introduction

Carbon infused metal structures, also known as ultraconductors or covetics, have
emerged in the last two decades as promising materials in various sectors due to their
enhanced electrical and thermal properties compared to their pure metal counterparts.?-2
This phenomenon of enhancement has been seen in silver, aluminum#?°, copperé-8, and
other metals.? Various techniques have been used to investigate the interacting nature of
the infused carbon, such as electron energy loss spectroscopy (EELS), scanning
transmission electron microscopy (STEM), X-ray photoelectron spectroscopy (XPS), X-
ray diffraction (XRD), and Raman mapping, among others.24819 Many of these studies
have shown that the infused carbon exists as nanostructures in sp? and sp? hybridized
states within the metal framework.28-10 Although these carbon nanostructures are
believed to play a crucial role in the enhanced conduction properties, the specific
understanding of the nature of interactions in these covetic systems under thermal
conditions is generally unknown. Such insight into the enhancement mechanism can lead
to fabrication of composite materials with improved properties which can ultimately result
in their application in electronics and other technologies.

This study focuses on copper based ultraconductors, which have a wide array of
potential applications, such as transparent electrodes and efficient electrical wiring.6”
Here we show for the first time characterization of the composite structure with in situ
thermal nano-XANES (X-Ray Absorption Near-Edge Spectroscopy), and in situ thermal
Raman spectroscopy. These sensitive techniques are used to better understand the local
environment within the material and therefore the nature of the copper-carbon
interactions. Our experiments also provide insight to the structure and evolution of the
copper ultraconductor species under thermal conditions.
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A. Sample Generation

Copper materials for x-ray and optical characterization were synthesized
according to previously established procedures.? Briefly, 0.4% weight carbon infused
copper was synthesized via electron beam melting using copper powder (99.9% pure
metal basis) acquired from Alfa Aesar and carbon powder (>99% purity) acquired from
Fisher Chemical.

Precursor powders were prepared by mixing an appropriate amount of copper
powder (99.9% pure metal basis, Alfa Aesar, Haverhill, MA) and carbon powder (>99%
purity, Fisher Chemical, Waltham, MA) through ball milling. Precautions were taken to
minimize copper oxidation by using a nitrogen-filled glovebox for processing, mixing the
powders in organic solvent, and drying them in a vacuum oven. The resulting powders
were loaded into an e-beam melting hearth with vitreous carbon-coated liner inside an e-
beam melting system. A vacuum chamber base pressure of ~1x10-7 torr was achieved
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before e-beam melting using an 8.0 kV accelerating voltage and a beam current up to a
few hundred milliamps. The position of the electron beam was controlled by a pair of low
inductance x- and y-coils with dynamic defocusing capability. This allows independent
motion in the x- and y-directions, which permits electromagnetic stirring of the molten
liquid inside the liner crucible. After melting, samples were rapidly cooled under a vacuum.
Because the e-beam hearth was water cooled, the processed material solidified almost
instantly after turning off the power to the hearth. After the melted nugget in the hearth
reached room temperature, the vacuum chamber was backfilled with nitrogen to ambient
pressure, the chamber door was opened, and the produced sample was retrieved.
Specimens of appropriate sizes were prepared from the resulting materials for electrical,
thermal, microscopy, and spectroscopy characterizations. Details of the operation
conditions for making covetic materials by e-beam melting were reported elsewhere 81"

B. Nano-XANES Preparation and Measurements

Samples with a thickness of ~1 micrometer were cut from bulk material with a FEI
Helios 600 NanoLab Focused lon Beam (FIB) using a gallium source. Samples were
platinum welded using a FIB Omniprobe tip onto MEMS Heating Chips produced by
Norcada Inc. (Alberta, Canada) and stored under nitrogen atmosphere to prevent
oxidation. Samples were transported to the beamline in sealed vacuum containers prior
to measurement. Figure S1 demonstrates FIB sample preparation in the supplementary
information section.

Nano-XANES measurements were collected at the National Synchrotron Light
Source-ll (NSLS-II) at Brookhaven National Laboratory, with the Hard X-Ray Nanoprobe
(HXN 3-ID) beamline. Nano-XANES data was collected by acquiring X-ray fluorescence
(XRF) maps at several energy points across the copper K-edge absorption spectrum. A
detailed description of the experimental methodology is available elsewhere.'? Prior to
data collection, the x-ray energy was calibrated using Cu K-edge absorption from a
copper metal foil. A nanofocused beam was generated using a Fresnel zone plate with
an outermost zone width of 25 nm. The sample was raster-scanned under the beam, and
XRF spectra were collected at each point using a silicon drift detector positioned at 90°
to the incident beam. The sample chamber was pumped down to high vacuum (106 Torr)
to prevent oxidation during data collection. At vacuum, the samples were probed at 31°C,
heated incrementally to 155 °C, then to 280°C and to 400°C, probing at each temperature,
then cooled back to 31°C and probed again (see Figure S10). Before XANES
measurements, samples were allowed to equilibrate at a set temperature for 300 s before
data collection. Spectra were collected at 31°C after cooling to help determine if any
thermal effects were reversible or irreversible.
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C. Raman Preparation and Measurements

Samples used for Raman analysis were machine-cut to fit aluminum oxide heating
crucibles. Samples were then hand sanded with 600 grit sandpaper for five minutes, then
hand sanded with 1500 grit sandpaper for five minutes, totaling ten minutes of sanding.
Sanding was performed so as to remove the top layer of cuprous oxide that is formed
after hours of exposure to air.'> We noticed that the shiny surface finish of the samples
polished 1500 grit SiO2 sandpaper is comparable to the finish produced by polishing using
9-um diamond paste. Use of SiO2 sandpaper is to avoid potential contaminations from
any carbon containing materials. lon-polishing of specimens was conducted using a dual-
ion beams Gatan precision ion polishing system (PIPS II, Gatan, Pleasanton, California)
operated with argon ions. Finally, samples were rinsed with acetonitrile and briefly dried
by blowing with nitrogen before being placed in the confocal Raman microscope setup, a
diagram of the Raman setup can be found in the supplementary information (Figure S7).

Raman spectra were collected using a Witec Alpha 300 Confocal Raman
Microscope outfitted with fiber-launched continuous wave diode lasers coupled to a beam
expander for microscope objective illumination was used to collect Raman spectra.
Samples were illuminated with a 532 nm laser source (WITec, Oxford Instruments) with
6 mW laser power measured at the sample using a ThorLabs Compact Power and Energy
Meter Console (Part No. PM100D). A back-illuminated 1024x127 pixel format
thermoelectrically cooled CCD camera (Andor, Oxford Instruments) was used for data
collection. A 600 groove/mm grating with a 500 nm blaze was used during data collection.

A constant flow of N2 gas was positioned to flow over the sample to prevent
oxidation on the surface. A schematic of the Raman setup can be seen in Figure S7. As
with the Nano-XANES collection, the sample was probed at 31°C and heated at the same
intervals to 400°C. Here, a room temperature spectrum was also taken because heating
was required to reach 31°C, however in the Nano-XANES configuration, no heat was
required to reach 31°C.
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I1l. Results and Discussion

A. Nano-XANES

Nano-XANES was selected for spectroscopic characterization of this material
because of its ability to probe the elemental and electronic state of a sample.'*
Additionally, in-situ thermal XANES has been used to investigate material behavior under
enhanced thermal conditions.'®'6 The chemical bonding specificity of the technique is
invaluable to elucidating the behavior of the species as it relates to the excitation of core
electrons within the element. Specifically, K-edge XANES probes transitions from the
metal 1s core orbital to unoccupied electronic states which depend both on the oxidation
state of the metal center and the local coordination environment.'”-'8 Fig. 1A Shows the
nano-XANES spectra of the sample at 31°C, 155°C, 280°C, 400°C, and again at 31°C
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after the sample was allowed to cool. The edge of a XANES spectrum is highly sensitive
to thermal and electronic changes in the sample where spatial mapping allows for
correlation between the material’s electronic structure and surface morphology for
individual sampling points. Importantly, the position of the Cu-K edge of our XANES
spectra at 8975 eV is indicative of a properly aligned system as it agrees with previous
literature.9-20

One challenge of studying and applying copper materials is their rapid oxidation
under Oz rich environments, such as ambient atmosphere. It is imperative to ensure
sample integrity and prevent oxidation, so that the spectroscopic features can be related
to the internal structure of the composite material. Prior x-ray studies on transition metal
oxide and carbide materials (Cu, Co, Fe) have shown energetic shifts in the edge energies
or changes in peak intensity due to thermo-catalytic redox transitions in the atomic metal
sites because of in situ heating.2'-23 Our XANES results, shown in Figure 1, indicate this
is not the case with carbon ultraconductor materials under thermal conditions. We support
our findings with spectral information to rule out the presence of copper oxidation during
the experiments as a possible explanation for new peaks in the thermal XANES data.
Copper-oxygen bonds measured with XANES typically appear at 8985 and 9000 eV.24-26
The lack of spectral peaks at these energies, shown as dotted vertical lines in Fig. 1A,
provide spectral evidence that the sample has not oxidized. The spectral changes can
therefore be attributed to the interaction of the infused carbon nanostructure within the

A B
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Fig 1. (A) Cu-K edge nano-XANES spectra of 0.4% wt carbon infused copper at 31°C, 155°C, 280°C,
400°C, and at 31°C after heating and cooled back down to room temperature. Dotted lines at 8977 and
9000 eV represent expected locations of copper-oxygen bonds upon formation of copper-oxide layer.
Peak a at ~8982 eV is associated with 1s to 4p transition of copper. Peak b at ~8993 eV is associated
with scattering events in the outer coordination spheres. (B) The first derivative of the Nano-XANES

spectra from (A) at varying temperatures.
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metal sample and localized changes in the electronic structure. Furthermore, the lack of
shift in the edge position of the XANES spectra supports the fact that no oxidation
occurred in the sample during these experiments.2°

Figure 1A shows spectral changes as the temperature shifts, as well as a
permanent change in the material after the heating process, which is apparent when
considering the 31°C sample before (yellow) and after (dark green) the heating has taken
place. As the temperature is sequentially increased from 31°C to 155°C and then to 280°C
followed by heating to 400°C, we observe pronounced peak intensity changes in the rising
edge region between 8980 eV and 9000 eV. No changes are observed due to increased
temperature in the pre-edge region (8950 eV to 8975 eV) nor at the edge itself (8975 eV)
indicating no change in the net oxidation state or coordination geometry of the Cu metal
centers. The absence of new peaks in the rising edge due to heating also indicates no
appreciable chemical interaction effects between the Cu and C centers due to heating.

Since we have established that no chemical bond formation has taken place, we
can further analyze the observed spectral changes to gather insight to the physical
interaction of the two components. Overall, the shape of the nano-XANES spectra
indicate that the copper sample is in the FCC crystal structure, as seen by the rising edge
the feature at ~8982 eV, labelled peak a in Figure 1A, as well as the splitting of the white
line into two features at ~8993 eV and ~9003 eV.2728 As the sample is heated, we notice
two main changes in the nano-XANES spectra. The first is a change of intensity the edge
feature labelled peak a in Figure 1A. This peak is associated with the 1s to 4p transition
of copper.'927 We notice initially that this feature decreases in intensity as the sample is
heated from 31°C to 280°C, then peaks in intensity at 400°C and decreases after the
sample is cooled to room temperature. This is an observed change reversible with
temperature. The second major shift in the sample occurs at ~8993 eV, labelled peak b
in Figure 1A. This is the first feature of the white line splitting, which as previously
mentioned is characteristic of FCC copper. This peak is associated with scattering events
in the fourth and fifth coordination spheres.?52° This peak intensity decreases as the
sample is heated from room temperature to 400°C. After cooling the intensity increases,
indicating an irreversible change in the sample.

Figure 2 shows post-edge Nano-XANES spectra at varying spots on the sample,
revealing changes in the local bonding environment. Each subfigure represents data
taken at a separate temperature point, with the grey line on each plot representing the
average spectrum for the entire sample area, and the colored line representing the
spectrum at the indicated spot. There are notable differences between the average
spectrum at a given temperature and the spectra at an indicated spot. This is caused by
the inhomogeneity in carbon distribution within the copper matrix resulting from material
synthesis, a well-documented phenomenon with these materials.28°
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Fig 2. Post-edge nano-XANES spectra at varying spots at (A) 31°C, (B) 155°C, (C) 280°C, (D) 400°C, and (E) 31°C after
heating. The average spectrum for each full sample at the respective temperature is shown with a grey line, the colored line
represents the spectrum at the indicated point. Significant spectral differences are shown at each temperature. The scale
bar in each XANES image represents ~1 pm.
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B. Raman Spectra

The nature of interactions among components in materials under high temperature
conditions can be significantly different from that under ambient conditions, which can
ultimately induce changes in bonding and material’s structure.3° Raman spectroscopy can
provide information about these changes at different temperatures and can therefore
elucidate the nature of copper-carbon interactions within the ultraconductor sample.3'
Additionally, in-situ thermal Raman spectroscopy has been used to investigate material
behavior under enhanced thermal conditions.32:33

With the confocal Raman microscope configuration used in this experiment,
distinct Raman spectra can be collected for different spots on the sample, such as the
two different spots on the covetic material shown in Fig. 3. Spot 1 shows a defect on the
surface, in the form of a dark patch surrounded by lighter colored and more lustrous
material. Spot 2, however, shows only the metallic material. The confocal Raman
microscope configuration enables the correlation of spectral data with each of these
visually distinct spots.

The Raman spectra corresponding to each of these spots reveal that they have
differing chemical compositions. Fig. 4 shows the Raman spectra of each of these spots
at varying temperatures. Individual spectra can be found in the supplementary information
(Figure S2-S3). Spectra taken at spot 1 show distinct Raman peaks at ~1350 cm-, 1580
cm', and 2700 cm', indicated by dotted vertical lines in Fig. 4. Spot 2, however, shows
no distinct Raman peaks at any temperature. Similar to the nano-XANES analysis,
spectral evidence can be used to indicate a lack of oxidation of the sample during
collection. While many distinct copper-oxygen peaks have energies below ~600 cm-',
which is outside the spectral window of this experiment, one Cu-O stretching mode at
~1100 cm' is visible in the probed window.34-37 There is no evidence in the collected
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Sample

Fig 3. Schematic of spot 1 and spot 2 found on 0.4% wt carbon sample with corresponding images from
confocal Raman spectrometer. Spot 1 shows a significant defect and spot 2 does not, presumably this
leads to their varying Raman spectra. The scale bar for each spot represents 400 um.
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spectra at either sample spot that the material has oxidized between preparation and data
collection, indicative of air-free sample preparation prior to measurements.

The peaks shown on spot 1 can be attributed to the presence of sp? hybridized
carbon, which confirms the findings of previous studies.28-10 The ~1350 cm-', ~1580 cm-
1, and 2700 cm' peaks correspond to the D, G, and 2D peaks of sp? hybridized carbon,
respectfully.1%-38 Sp2 hybridized carbon can be in the form of graphene, when only few
layers are present, or graphite, when thousands of layers of graphene are present. This
distinction is important because the various allotropes of carbon each have distinct
mechanical, thermal, and electronic properties3®-44,

The shape and positioning of the D, G, and 2D Raman peaks can provide insight
to the graphene or graphite identity of the carbon nanostructures. For example, the
positions of the D and 2D peaks can red-shift as laser power increases.*® In this study,
however, the same laser power was used throughout the entirety of the experiment to
mitigate this effect. Spectral evidence can be used to corroborate the lack of laser-
induced spectral shifting effects as Fig. 4 shows a constant peak position across all
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Fig 4. In-situ thermal Raman spectra at varying temperature points for spot 1 (A) and for spot 2 (B). The
grey vertical lines (left) represent the D (1350 cm™), G (1580 cm), and 2D (2700 cm') peaks of sp?
hybridized carbon. Raman peaks are consistent for spot 1 whereas no clear Raman peaks are present at
spot 2 for any temperature.
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temperatures for the features at ~1350 cm-', 1580 cm-', and ~2700 cm-'. Figure S2 shows
Raman spectra of spot 2 with no offset, which further confirms that there is no peak shift
as the sample temperature changes.

The 2D peak specifically can be related to the number of layers of graphene in the
carbon nanostructure.38 This effect is also dependent on the laser wavelength being used.
Considering the findings of Ferrari et. al, the shape of the 2D peak centered at roughly
2700 cm" with ~500 nm laser excitation is consistent with a carbon structure comprised
of multiple layers of graphene. Additionally, the ratio of peaks can be considered when
determining identification. Ferrari et. al, found that with a laser excitation of 514 nm, the
2D peak intensity is much higher than that of the G peak for a graphene sample, whereas
the 2D peak is slightly smaller than the G peak for a graphite sample. The spectra in Fig.
4 show a 2D peak of lower intensity than the G peak, further suggesting the presence of
multiple layers of graphene, or possibly graphite, in this sample. Furthermore, the defect
seen with the confocal Raman microscope at spot 1 is roughly 150 um in diameter, which
is large enough to facilitate multiple layers of graphene assuming the sheets are stacked
perpendicular to the sample surface. Considering all these factors, it is likely that the
carbon nanostructure found via Raman spectroscopy is comprised of at least multiple
sheets of graphene.

Overall, across the different temperatures probed, the D, G, and 2D peaks shown
at spot 1 remain fairly consistent in shape, position, and intensity. Additional analysis of
D, G, and 2D peak intensities and ratios are available in Figures S5 and S6. The lack of
significant change in the Raman spectra across the temperature range suggest the
absence of structural phase transition or significant bond formation or breaking upon
heating.#® This supports the evidence of a physical interaction between copper and
carbon that plays a key role in the bulk sample properties at varying temperatures, which
is a possible explanation for the origin of a thermal enhancement mechanism often
observed in metal ultraconductors.

It should be noted that despite the increased noise present in the spectrum taken
at 400°C, the spectrum taken at 31°C afterwards shows a lack of degradation of the
graphite in the sample. This demonstrates stability of this material across a wide range of
temperatures, which is promising for practical applications.
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C. Discussion

By analyzing the results of nano-XANES and Raman spectroscopy together, we
can develop a more comprehensive understanding of the behavior or copper
ultraconductors under enhanced thermal conditions. The nano-XANES provides
electronic and local structure information of copper, while the Raman spectroscopy
probes the hybridization state of the infused carbon. Together these methods offer a new
perspective of the ultraconductor materials.
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Critically, both measurements provide no evidence of copper-oxide formation on
the sample. Spectral changes of nano-XANES and Raman spectroscopy can therefore
be attributed to the interaction between the copper lattice and the interstitial carbon.
Moreover, both techniques independently point to the same conclusion regarding the
nature of copper-carbon interactions within the material. Neither result suggests that there
is a chemical bond formation between the copper and infused carbon, leading us to the
conclusion that the enhancement mechanism is physical in nature, not chemical.

A recent computational study by Subedi et al. investigated electron transport in
copper-graphene systems.*’ The results of their study showed that the conductivity of the
material increases with a decreasing copper-graphene distance, caused by a copper-
graphene-copper bridging within the material. Additionally, the group found that with
decreasing interfacial copper-graphene distance, the electronic density of states shows
increased contribution from both the copper and graphene atoms, resulting in enhanced
conduction properties. This confirms, as our studies suggest, that a physical interaction
between copper and carbon can lead to increased conductivity. Thus, we can consider
that the heating of the copper ultraconductor in some way leads to a decreased interfacial
distance between the lattice and infused carbon. There are numerous mechanisms which
could result in this effect, such as copper expansion, an increase interstitial carbon,
expansion of the infused graphite, or a combination of each of these.

Overall, we observe no appreciable modification of the local atomic charge and d-
band structure of the copper upon heating. Such negligible electronic effect can be
expected for systems incorporating atoms with relatively low electronegativity/electron
density such as carbon.*849 Additionally, the different thermal expansion coefficients
between graphene and copper could be causing lattice structure rearrangements.%10
These factors provide support for the hypothesis that during heating, the copper could be
expanding, or the fraction of carbon which occupy interstitial sites of copper is increased.
Both of which lead to a decrease in average copper-carbon interface distance. This
change in the copper lattice or interstitial site occupation by atomistic carbon within the
copper matrix could explain the changes seen in the XANES spectrum over the varying
temperatures. As previously mentioned, there is no change in oxidation state of the
copper, i.e. no bond forms between copper and carbon during heating. Thus, the
accumulation of carbon in the lattice voids of the copper matrix during heating induces
the disruption of the local lattice which could be the primary driver of the enhanced
conduction properties.50-54

Expansion of the graphite could also potentially lead to a decreased interfacial
distance within the sample, however experimental conditions and spectral evidence can
be used to rule out this mechanism. Expanded graphite can be produced by heating,
resulting in increased gaps between the graphene layers.% A recent study by Coetzee et
al. reported that spectral changes can indicate the level of layer expansion within the
graphite.56 Specifically, the ratio between G and D peak intensity will change significantly


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00916b

Page 13 of 19 Materials Advances

View Article Online
. . . . . . DOI: lO.lO_B9/D5MAOO916B
Investigating the Mechanism of Copper-Carbon Interactions in Ultraconductor Materials via In-Situ 13

Thermal X-Ray and Raman Spectroscopy

upon expansion. Considering the experimental method used in our study as well as the
resulting spectra, we can determine that this is likely not occurring in our sample.
Critically, a rapid increase in temperature is required for graphite expansion to occur. The
treatment of graphite and rapid temperature increase to ~900°C or more results in a gas
explosion, causing the layers of graphene to expand.5” Our sample is heated slowly over
time, and only to 400°C. In other words, our experimental setup is not likely to cause the
expansion of graphene layers. Additionally, our results show no statistically significant
change in the G peak:D peak ratio (Seen in Figure S6) which we would expect to see
based on the study by Coetzee et al. Considering these two factors, we can speculate
that graphite expansion is likely not occurring in our sample.

I\V. Conclusion

Using the complementary techniques of in situ thermal Nano-XANES and Raman
spectroscopy, we observe that the underlying nature of the copper-carbon interaction
within copper ultraconductors is physical, not chemical. Nano-XANES measurements
show no edge shift or peak formation indicating that copper does not oxidize and/or form
a formal bond to carbon during heating. Additionally, in situ Raman spectra reveal that
the infused sp? carbon does not experience bond formation or breaking during heating.
This is reflected in the consistent Raman peak intensity, position, and shape of graphitic
carbon. These techniques independently suggest the same conclusion, leading us to
speculate that the enhanced conduction of the bulk material is the result of a physical
interaction between copper and infused carbon.

We propose that the increased conductivity may be caused by a reduction in
interfacial distance between copper and graphene, which is known to result in enhanced
conduction. A few processes could lead to this decrease in distance, such as copper
expansion, an increase interstitial carbon, or expansion of the infused graphite. However,
graphite expansion is unlikely due to experimental conditions and stable Raman spectra.

Further studies, including time-resolved experiments, are required to confirm our
proposed mechanism of reduced interfacial copper-graphene distance as the cause of
increased conduction in copper ultraconductors. Additionally, other factors such as
carbon loading, structural reconstructions and pressure may also influence the interaction
between the copper lattice and infused carbon. A deeper understanding of these
interactions under thermal conditions is essential to explain bulk material properties and
further optimize ultraconductor materials as they are integrated into advanced
technologies, such as powering the national grid, that involve conducting heat and
electricity more efficiently than conventional metals.
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Materials Advances

The data supporting this article have been included as part of the Supplementary,
Information.

View Article Online
39/D5MA00916B


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00916b

