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ABSTRACT: Carbon particles containing mineral matter
promote soil fertility, helping it to overcome the rather
unfavorable climate conditions of the humid tropics. Intriguing
examples are the Amazonian Dark Earths, anthropogenic soils
also known as “Terra Preta de Ińdio’’ (TPI), in which chemical
recalcitrance and stable carbon with millenary mean residence
times have been observed. Recently, the presence of calcium and
oxygen within TPI-carbon nanoparticles at the nano- and
mesoscale ranges has been demonstrated. In this work, we
combine density functional theory calculations, scanning
transmission electron microscopy, energy dispersive X-ray
spectroscopy, Fourier transformed infrared spectroscopy, and
high resolution X-ray photoelectron spectroscopy of TPI-
carbons to elucidate the chemical arrangements of calcium−oxygen−carbon groups at the molecular level in TPI. The
molecular models are based on graphene oxide nanostructures in which calcium cations are strongly adsorbed at the oxide sites.
The application of material science techniques to the field of soil science facilitates a new level of understanding, providing
insights into the structure and functionality of recalcitrant carbon in soil and its implications for food production and climate
change.

■ INTRODUCTION

Soil organic matter (SOM) plays a fundamental role in soil
biogeochemistry1 and in carbon stored in soils.2 A great deal of
attention has been given to the most recalcitrant and stable
forms of SOM, usually referred to as black carbon (BC),
pyrolyzed biomass or, more recently, biochar.1−4 The presence
of stable carbon structures offers improved soil productivity,1,5

further increasing biomass production. Furthermore, it has been
claimed that sequestering carbon via low-temperature pyrolysis
in soil is more efficient than the storage of carbon in plants and
trees1,2 because it increases the carbon mean residence time.
One interesting and rather exotic example is the highly fertile
anthropogenic soil found in the Amazonian region, known as
“Terra Preta de Ińdio” (TPI) or Amazonian Dark Earth, which
contains far more carbon than the surrounding soils.3,6,7 In
addition to their unusually high fertility over long periods of
usage, TPI soils also present high resilience and stability,

ranging from 600 to as much as 8700 years,7 offering chemical
recalcitrance even in the high temperature and humidity levels
of the Amazonian climate.5

However, the reasons for the long residence times of carbon
structures in soil are still under debate.1,2,4,8−13 There is
agreement that the partial oxidation of BC and fusing of the
nonblack carbon based structures of SOM,14,15 as well as its
interaction with soil minerals,1,8−12,14,16 are fundamental to its
persistence in soil. In fact, studies12,17,18 suggest that removing
calcium from the soil increases SOM decomposition.
The presence of calcium and oxygen within TPI-carbon

nanoparticles at the nano- and mesoscale ranges has been
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demonstrated.19 A nanoscale chemical mapping of an external
region of a charcoal-like TPI-carbon grain showed that calcium
is dissolved in the carbon-rich regions, while P, Si, Al, and Fe
were found in the edges of the carbon-rich structures, showing
the presence of mineral matter-SOM aggregation.19 A prior
study20 examined the long-term transformation of biogenic
calcium phosphate (e.g., animal bones) in TPI and reported
that biogenic and crystalline CaP species convert into more
soluble CaP phases over time. All these studies strongly
encourage further investigations on the dissolution of calcium
in soils and its interactions with carbon.
The objective of this study was to understand the energetics

related to the stabilization of Ca and organic carbon in the soil.
Using this rather unusual material, the TPI, we propose
molecular models of calcium- and oxygen-rich carbon nano-
crystallites based on spectroscopic chemical analyses and first-
principles theoretical calculations. The chemical character-
ization is performed via Fourier transformed infrared spectros-
copy (FTIR) and high resolution X-ray photoelectron spec-
troscopy (XPS) measurements, in which the calcium, carbon,
and oxygen core−electron binding energies are studied in
detail. The experimental results are then modeled by exploring
different arrangements of Ca2+ cations adsorbed on graphene
oxide nanoclusters, considered here as theoretical models of
TPI-carbon nanocrystallites.19,21 The specific interactions of
Ca2+ with the carbon π-electron system and the most common
oxide groups in the graphene oxide nanocluster are described.
These findings provide new insights concerning the molecular
structure of recalcitrant SOM, which is essential for under-
standing and reproducing the TPI fertility and resilience.

■ MATERIALS AND METHODS
Samples. The samples were prepared from TPI collected in

Costa do Laranjal (TPICL), Manacapuru (Lat 3° 18′ S, Long.
60° 33′ W) in Amazonas State, Brazil. The samples were taken
from the surface layer (0−20 cm depth) using a Dutch auger.
Next, charcoal-like TPI-carbon grains were carefully selected
with the help of optical microscope working at 5×
magnification, and then macerated in an agate mortar and
pestle following three filtering steps, with meshes of 75, 65, and
38 μm. The finest fraction was used for the XPS and FTIR
studies.
The charcoal sample was produced in the Cellulose and

Charcoal Laboratory at Instituto Nacional de Pesquisa da
Amazônia (INPA) from Embaub́a (Cecropiahololeuca Miq.), a
native plant from the Amazonian region. The biomass was
prepared from 3-year-old trees using the middle of the tree
trunk of the central stem, avoiding the base and top fragments.
The fresh material was then carbonized in a pyrolysis furnace of
refractory bricks with a volume of 20 L. The furnace was
brought to a temperature of 600 °C over a period of 2 h. When
reaching the final temperature, the system was turned off and
allowed to cool. The sample was then ground finely enough to
pass through a 2 mm sieve.
Five different locations for each sample of TPI and charcoal

were measured. The spectra did not show considerable changes
(peak energies, fwhm or intensities), so that the results
presented here are a faithful representations of the samples
molecular structures.
Scanning Transmission Electron Microscopy (STEM)

and Energy Dispersive X-ray Spectroscopy (EDX).
Scanning transmission electron microscopy (STEM) and
energy dispersive X-ray spectroscopy (EDX) microscopy were

performed on a Cs-corrected FEI Titan 80/300 transmission
electron microscope, equipped with a Gatan imaging filter
Tridiem and an EDX analyzer. The elemental mappings were
obtained by integrating characteristic X-ray signals during a
drift-corrected STEM spectrum imaging experiment. STEM
images were acquired using a high-angle annular dark-field
detector.

Fourier Transformed Infrared Spectroscopy (FTIR).
The FTIR analyses were performed in a PerkinElmer Spectrum
GX spectrometer by the potassium bromide (KBr) trans-
mission technique. The concentration of pellets tested was 1
mg of sample by 300 mg of KBr. The instrument resolution is
nominally the three minimum steps, thus in this case, 3 cm−1.

X-ray Photoemission Spectroscopy (XPS). The XPS
analyses were performed in an ultrahigh vacuum medium
(Omicron Nanotechnology) using a monochromatic Al Kα (hν
= 1486.7 eV, resolution 0.3 eV) X-ray source for acquisition of
high resolution peaks and Al nonmonochromatic (hν = 1486.7
eV, resolution 0.8 eV) for acquisition of survey spectrum, and
power was provided by emission of 16 mA at a voltage of 12.5
kV. The TPI-carbon survey spectra were obtained with an
analyzer pass energy of 50 eV and steps of 0.8 eV. For calcium,
carbon, and oxygen, the high energy resolution spectra were
obtained with an analyzer pass energy of 30 eV and steps of
0.05 eV.
Calibration of the spectra was performed by setting the

binding energy of the carbon 1s level of a neat graphite sample
to 284.6 eV.
The peak fitting were completed by considering the peak

areas evaluated by the CasaXPS software and the sensibility
factor of each atom. As routinely applied to XPS analyses, a
mixture of Gauss/Lorentz functions (70/30) and Shirley
background were used in a least-squares routine for peak
fitting. For fitting the high-resolution XPS spectrum of Ca, the
doublet separation of 3.5 eV was used (Ca 2p1/2 and Ca 2p3/2).
This choice is consistent with the XPS database for calcium
ions and resulted in a fwhm of approximately 1.0 eV for each
peak (see Supporting Information (SI) for details). For fitting
C 1s peaks, the full width at half-maximum (fwhm) value was
fixed at a maximum limit of 1 eV for all peaks as a starting
parameter. The sp2 peak of the C 1s envelope centered at 284.3
eV had a fwhm of 1.0 ± 0.2 eV. In addition, near to the sp2

graphite component at 284.3 eV, we found at least three broad
components to account for the overlapping C 1s features. It
was found that the bands appearing at the higher energy region
tended to be much broader (fwhm ≈ 1.7 eV) than the sp2

component. In particular, the fwhm of the components at the
tail of the C 1s envelopes tended to be approximately 2 eV.

Computational Methods. The adsorption energies and
electronic structures of the molecules studied in this work are
calculated using a fully quantum-mechanical approach in which
electron−electron interactions are described by density func-
tional theory (DFT) using the Gaussian 09 suite of programs.
All structures were fully geometrically optimized without any
constraints at the B3LYP/6-31(d,p) level of theory. Equilibrium
geometries were verified by the presence of all-real frequencies
in the vibrational spectrum. This methodology provides binding
energies with average uncertainties of ±2 kcal/mol for systems
in which noncovalent interactions prevails. More details about
the computational methods are presented in the SI.
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■ RESULTS AND DISCUSSION
A STEM image of a typical nanometer-sized carbon particle
extracted from the external region of the TPI-grain is shown in
Figure 1a. The particle surface is formed by smaller structures,

which are several tens to hundreds of nanometers in length.
Figure 1b−d shows EDX microscopic mapping sequence for
carbon, calcium, and oxygen elements. The carbon rich region
is observed at the core of TPI-carbon grain, Figure 1b. The
calcium atoms are dissolved in the carbon region (Figure 1c),

indicating the presence of chemical interactions between
calcium and carbon atoms that is evaluated in this work
through spectroscopic techniques and theory. The oxygen
atoms appear in all regions of the TPI-carbon grain (Figure 1d),
but its concentration is higher on the border, which is
consistent with the oxidation mechanism of soil organic matter
where the oxygen atoms first react with the surface layer, and
thereafter, diffuse into the TPI-grain.17,19 Some authors report
that an SOM oxidation mechanism occurs via an abiotic redox
reaction involving SOM and a redox partner, e.g., Fe3+, Al3+,
Cu3+, Zn2+, or O2, that can be reduced to H2O2.

22 Such as
oxygen atoms, these metals are located on the border of the
TPI-carbon crystallite, thus favoring the SOM oxidation.
FTIR spectra of TPI and charcoal are shown in Figure 2. TPI

spectrum shows band characteristics of aromatic C bounded to
calcium and phosphorus elements (see all peak assignments in
Table S2 in the SI). The most intense bands are in regions:
3405 cm−1 (in-phase symmetric stretching OH vibration),
3100 cm−1 (aromatic CH stretching), 1600 cm−1

(aromatic CC stretching), 1000−1100 (ν3 PO4
3−), 1415,

and 870 cm−1 (CaCO/POC aromatic stretching),
and 607 cm−1 (aryl phosphates).23 The bands at 600 and 571
cm−1 are assigned to components of the triply degenerate ν4
OPO bending mode, and the bands in the range 462−474
cm−1 are assigned to the components of the doubly degenerate
ν2 OPO bending mode. In contrast with TPI FTIR
spectrum, charcoal spectrum shows essentially bands character-
istics of aromatic compounds, and some of those overlap with
bands found in TPI spectrum. The CC stretching vibrations
of conjugated ring occurs at 1570 cm−1, a number of weak
combination and overtones appear at ∼1690 cm−1, and finally,
several bands are seen in the region between 900 and 600 cm−1,
which are related to different numbers of adjacent hydrogen
atoms in the aromatic rings. In the present case, the three bands
(880, 815, and 750 cm−1) indicate a meta-disubstituted

Figure 1. Scanning Transmission Electron Microscopy (STEM) and
Energy Dispersive X-ray Spectroscopy (EDX) mapping of TPI-carbon
grain, showing: (a) STEM image of the grain, (b) carbon, (c) calcium,
and (d) oxygen chemical elemental maps.

Figure 2. Chemical characterization of (a) the “Terra Preta de Ińdio” carbon nanostructures (TPI-carbons) and (b) charcoal using Fourier
transformed infrared spectroscopy (FTIR). (c) and (d) show zooms of specific energy ranges for the TPI spectrum. In contrast to charcoal, which
essentially shows only aromatic CC molecular vibrations, the TPI-carbons spectrum shows CaCO stretching modes and aryl phosphates
stretching vibrations.
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benzene.23 A very weak band in 1430 cm−1 is also indicative of
disubstituted ring. The reader is referred to the SI for a more
detailed discussion of these results.
Broad surveys of TPI-carbons and charcoal XPS spectra are

shown in Figure 3. It is evident that the TPI-carbons show a

variety of elements in their composition, in contrast to charcoal,
which shows essentially only C and O. Similar to other
productive soils,24 the TPI-carbon spectrum shows the
presence of Ca, P, Al, Mg, Si, and Na, as well as other
elements with contents smaller than 1% (S, N, K, Ti, Cr, Mn,
Fe, and Zn). In particular, the presence of Ca and P in the TPI-
carbons has been attributed to bone fragments and animal
residue.25 From the XPS spectra, the core−electron binding
energies of the elements found in TPI-carbons can be extracted.
The binding energies are consistent with those obtained in
silicates (P, Si), metallic oxides (Al, Ca, P, Fe) and metals
adsorbed onto clayey materials (Mg, Ca, P).24

Detailed high resolution XPS analyses of the chemical groups
in the TPI-carbons and charcoal containing carbon and oxygen
are shown in Figure 4. The electron binding energies of carbon
1s (C 1s, Figure 4a) are assigned to the functional groups
usually found in soil organic carbon, i.e. sp2 hybridized carbon
(C sp2), epoxide and hydroxyl, carbonyl, carboxylate, and
carbonate anions.26 The electron binding energies of oxygen 1s
(O 1s, Figure 4b) are less resolved and are generally attributed
to oxidized carbon and metal oxides.27−31

The C 1s and O 1s XPS peaks of charcoal show only two
major components,27 whereas the TPI-carbons show more
complex spectra. Oxidized carbon species comprise 62% of the
TPI-carbons, while the remaining 38% consists of sp2 carbon.28

For the charcoal sample, the ratio of sp2 carbon to oxidized
carbon species is much larger than in the TPI-carbons: 73% sp2

carbon to 27% oxidized carbon species.
The highest fractions of carbon−oxygen bonding in TPI-

carbons are from epoxide (COC) and hydroxyl (COH)
groups.29 Carbonyl (CO) and carboxylate groups (COO−)

are known to be located at the edges of carbon crystallites.27−30

The O 1s peak appearing at 528.5 eV is attributed to oxygen−
metal bonds, as it is also present in calcium oxide.31

We now analyze in detail the XPS peaks associated with
calcium in the TPI-carbons. Figure 5 shows that Ca is present
in at least five different configurations, corresponding to Ca
2p3/2 peaks at 345.6, 346.2, 346.8, 347.4, and 348.0 eV. These
peaks are assigned in Table 1 to, respectively, calcium bound to
oxygen, calcium ionically bound to hydroxyl,32 calcium bound

Figure 3. Chemical characterization of the “Terra Preta de Ińdio”
carbon nanostructures (TPI-carbons, top) and charcoal (bottom)
using X-ray photoelectron spectroscopy (XPS). In contrast to
charcoal, which essentially shows only carbon and oxygen, the TPI-
carbons show a rich variety of elements, as indicated near the
associated XPS peaks.

Figure 4. Molecular identification of (a) carbon and (b) oxygen in the
TPI-carbons and charcoal, using high resolution X-ray photoelectron
spectroscopy (XPS). The C 1s peaks are assigned as sp2-hybridized
carbon (C sp2) at 284.5 eV, unresolved epoxide (COC) and
hydroxyl (COH) at 285.8 eV, carbonyl (CO) at 287.5 eV,
carboxylate groups (COO−) at 289.1 eV, and carbonate ion (CO3

2−)
at 292.7 eV.27−31 For the O 1s peaks, unresolved epoxy/carbonate,
epoxide, and hydroxyl (components at 533.8, 532.6, and 531.0 eV,
respectively) are generally attributed to “oxidized carbon”. The O 1s
peak appearing at 528.5 eV is attributed to oxygen−metal bonds.28
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to oxidized carbon, calcium-phosphate (Ca3(PO4)2 and
CaHPO4) in mineral form,20,33,34 and Ca cations physisorbed
on π-clouds of sp2 carbon (CaC sp2).35 The component at
346.8 eV is the highest peak and is assigned to calcium bound
to different forms of oxidized carbon atoms, such as carboxylate
anions, carbonyl and epoxide groups.13,36 In Ca 2p XPS peak,
CaCO3 normally appears in the region of 346−347 eV, region
where peaks coming from other forms of calcium overlap, such
as calcium oxide, calcium hydroxide, calcium phosphate, and
calcium bounded to oxidized carbon atoms in inner sphere
complexes. In soil, CaCO3 originates from mineral phase and
has alkaline character (basic pH range).37 In contrast, at the
typical pH of TPI soil, humic substances are one the mostly
important forms present in oxidized carbon region and
responsible to the fertility, being composed by carboxyl groups
directly attached to aromatic structure, making the pH of TPI-
carbon in the acid pH range (between 3 and 5).

To understand these experimental results at the atomic and
molecular levels, we performed theoretical calculations based
on density functional theory. These techniques have recently
been successfully applied in the field of soil science.13,38,39 The
presence of the above-mentioned chemical groups indicates the
similarity, at the molecular level, between the TPI-carbons and
graphene oxide.40,41 It is well-known that the most common
oxide groups in graphene oxide are the epoxide and hydroxyl
groups in the basal plane and the carboxyl group (and possibly
some hydroxyl and carbonyl groups) at the crystallite
edges.40,41 We explored this similarity to construct simplified
theoretical models for the TPI-carbons. A graphene nanocluster
(C54H18 molecule) was then used as a host for various oxygen
chemical groups and Ca2+, making it possible to study their
interactions.
The different chemical interactions between calcium and

oxidized carbon were studied by considering six different
configurations. All adsorption energy values obtained via our
theoretical calculations are displayed in Table 1, together with
the calculated and experimental core−electron binding energies
(discussed in the analysis of the XPS measurements). Ca2+

adsorption energies onto graphene oxide nanoclusters were
calculated as the difference between the total energy of the
Ca2+−GO complex and the sum of total energies of GO and
Ca2+.
The six models are described below:

(1) Ca2+ adsorption in the middle of the basal graphene
plane, as shown in Figure 6a. This model represents the
ideal situation of Ca2+ adsorption on pristine graphene.
Our calculated adsorption energy is −121 kcal/mol,
resulting from the interaction between the Ca2+ cation
and the π-electrons of the basal plane. This value agrees
with that in a previous study.19 The smallest CaC
distance is 2.73 Å in this case.

(2) Interaction between Ca2+ and epoxide groups, as shown
in Figure 6b. The oxygen atom initially forms a “bridge”
configuration between two neighboring carbon atoms.
However, the Ca2+ cation breaks one of the OC bonds
and binds strongly to the oxygen atom. The adsorption
energy is −147 kcal/mol and the CaO distance is 2.15
Å. The enhancement in adsorption energy occurs
because the Ca2+ cation is now in a more electronegative
environment and interacts simultaneously with the
epoxide group and the π-electrons, clearly enhancing

Figure 5. Identification of calcium chemical environments in the TPI-
carbon, using high resolution X-ray photoelectron spectroscopy (see
the SI for details). The electron binding energies of Ca 2p1/2 and Ca
2p3/2 are examined. The dominant peak is assigned to calcium bound
to different forms of oxidized carbon, such as epoxide, carbonyl, and
carboxylate groups. The presence of calcium oxygen, calcium-hydroxyl,
calcium phosphate (Ca3(PO4)2 and CaHPO4) and calcium phys-
isorbed on sp2 carbon (CaC sp2) are also observed.

Table 1. Summary of the Chemical Interactions of Ca with C and O in TPIa

chemical interaction Ca2+ adsorption energy (kcal/mol) core−electron binding energy (eV)

Ca 2p3/2 C 1s O 1s

exp. theory exp. theory exp. theory

CaC sp2 −121 348.0 351.1 284.5 283.8
Ca−hydroxyl −125 346.2 348.5 285.8 285.2 533.8 528.2
Ca−carbonylb −126 346.8 348.9 287.5 285.1 532.6 526.0
Ca−carboxylb −146 351.2 286.0 527.1
Ca−epoxideb −147 346.8 348.3 285.8 285.7 533.8 527.7
Ca−carboxylateb −292 346.8 347.8 289.1 282.1 531.0 522.9
Ca−phosphate 347.4 292.7 531.0
Ca−oxygen 345.6 528.7

aCalculated adsorption energies as well as experimental and calculated core-electron binding energies for Ca 2p3/2, C 1s, and O 1s (in the presence
of Ca) are displayed. Ca-carboxyl is not observed experimentally because it is not stable with respect to removal of one proton and transformation to
Ca-carboxylate, at typical soil pH conditions. Ca-phosphate and Ca oxygen are not calculated because they originate from minerals. bChemical
interactions corresponding to Ca bound to oxidized carbon.
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the electrostatic interaction. As shown below, the same
enhancement occurs for calcium interactions with other
oxygen-related chemical groups.

(3) Interaction between Ca2+ and hydroxyl groups, as shown
in Figure 6c. Interestingly, when the hydroxyl group is in
the basal plane, the Ca2+ binds very strongly to OH,
removing it from the graphene oxide plane and then
acting as a partial healer of the oxidized surface.
Therefore, the hydroxyl−Ca2+complex adsorbed on the
basal plane is unstable. Most likely, a single Ca cation can
remove two OH groups from the surface, thus forming
Ca(OH)2. However, if the hydroxyl group is placed at
the crystallite edge, the Ca2+ cation does not remove the
OH group. The Ca2+ cation actually binds to the OH
group with adsorption energy of −125 kcal/mol, as
shown in Figure 6c. The Ca−O distance is 3.70 Å, larger
than in the epoxide case, which is consistent with the
difference in adsorption energies in both cases.

(4) Interaction between Ca2+ and a carbonyl group at the
edge, as shown in Figure 6d. In this case, the adsorption
energy is −126 kcal/mol and the CaO distance is 3.60
Å.

(5) Interaction between Ca2+ cations and carboxyl groups at
the graphene nanocluster edge, as shown in Figure 6e.
The adsorption energy of the stable structure after
geometrical optimization is −146 kcal/mol and the Ca
O distance is 2.39 Å. Ca−carboxyl may not be observed
experimentally because it is not stable with respect to the
removal of one proton and transformation to Ca−
carboxylate under typical soil pH conditions.

(6) For the stable carboxylate anion, shown in Figure 6f, the
electrostatic interaction with the Ca2+ cation is even
stronger, with adsorption energy of −292 kcal/mol. The

CaO distance is 2.21 Å. It is important to stress that,
from a soil science perspective, it is well-known that
carboxylate anions play an important role in fertility.15

The presence of acid groups in TPI surfaces makes the
carbon surfaces more hydrophilic and decreases the pH
of the point of zero charge.

We also investigated structures containing more than one
Ca2+ cation per oxygen chemical group, but they were all
unstable with respect to the desorption of the second cation. In
other words, each of the chemical groups studied here could
hold only one Ca2+ cation and extra cations, if present, moved
relatively freely through the TPI structure, which may have
important implications for cation exchange considerations.

■ ENVIRONMENTAL IMPLICATIONS

Approximately 2400 Pg of carbon is stored in soil profiles as
soil organic matter.42 A key issue with important environmental
implications is the intermolecular associations between organic
carbon and minerals or metal ions, which is one of the
dominant mechanisms affecting the stability of soil organic
carbon. It is known that Ca is among the most plentiful
elements at the earth’s surface, and the most abundant type of
mineral cation in the soil. In addition, Ca can replace
micronutrients (Fe and Zn) in chelates, forming calcium
organometallic compounds. All these aspects make the analysis
of C and Ca intermolecular associations important for
envisioning how to control greenhouse gas emissions. At the
same time, promoting a better soil fertility, thus increasing food
production.
In this study, we addressed the C and Ca intermolecular

associations by analyzing results found in a very special type of
soil, the “Terra Preta do Ińdio” (TPI). In the Amazon forest,
the soil organic carbon comprises 80 Mg C ha−1 for sand soil,
and 130 Mg C ha−1 for clayey soils, always in the first one
meter of dep.43 In the TPI44,45 specifically, the black carbon (or
pyrogenic carbon, or biochar) is responsible for maintaining the
high levels of soil organic matter and available nutrients,
keeping fertility and recalcitrance high during long-term usage.
Both the production and stability of this black carbon is tightly
related to the high amounts of animal organic wastes, rich in Ca
minerals that were dumped, buried, or burned during TPI
formation.46 Our calculations demonstrate strong chemical
interaction of oxidized carbon and calcium in a specific
molecular model, with adsorption energies as high as −292
kcal/mol per calcium cation. More importantly, the agreement
between the calculated and experimental core−electron binding
energies confirms the validity of our molecular models. These
findings drive us toward the end goal of producing stable
carbon structures that can be used for improving soil usage,
with potential implications in agriculture and climate change.
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Figure 6. Atomic geometries for the different structures considered in
this work: (a) CaC sp2; (b) Ca−epoxide; (c) Ca−hydroxyl (edge);
(d) Ca−carbonyl, (e); Ca−carboxyl; and (f) Ca−carboxylate. Carbon,
hydrogen, oxygen, and calcium atoms are represented by black, white,
red, and yellow balls, respectively. For clarity of the Ca sites, only part
of the simulation cluster is shown in each case. For more details about
the cluster, see the SI.
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