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Introduction

Understanding the role of nitrogen-doping and
surface topology in the binding of Fe(u)/Fe(n)
to biobased carbon electrodest

@ |saac Vidal-Daza, (2%° Emre B. Boz, (2 ¢

< and Francisco J. Martin-Martinez (2 *@

Anna Bachs-Herrera,
Antoni Forner-Cuenca

Low-cost and high performance electrodes are critical to advance electrochemical energy storage
devices that decouple energy supply from demand. At their core, carbon is ubiquitously employed given
its availability, chemical and electrochemical stability, electrical conductivity, and affordable cost.
However, due to their relative inertness, carbonaceous electrodes suffer from limited wettability and
kinetic activity with aqueous electrolytes. A common approach is to introduce heteroatoms, either
through post-processing (thermal/acid activation) or by employing different precursors. Specifically,
biobased carbons like hydrochar and biochar are rich in heteroatoms that are naturally incorporated
through the production process into the electrode structure. However, achieving a fundamental
understanding of the interactions between metal ions and carbon surfaces has proven elusive, leading
researchers to rely on empirical approaches for heteroatom doping of carbons. To achieve a better
understanding of the fundamental mechanisms, we performed density functional theory calculations
of a commonly employed iron redox couple, Fe(n) and Fe(i). We investigated binding mechanisms
in graphitic carbon model systems with different surface features, and explored the effect of nitrogen
doping and surface topology on the binding energy, as well as the effect of ions’ spin multiplicity in the
carbon-metal coordination mechanisms. Our results suggest that the interactions of Fe(i) and Fe(n) ions
with the nitrogen-doped carbon electrodes not only depend on the surface curvature or the nitrogen
content and functionality, but also on the spin multiplicity of the metal ion. Iron ions always evolve into
an open-shell electronic structure with a high number of unpaired electrons to increase their
coordination sphere with the graphitic surface. We hope that our findings can assist the development of
fit-for-purpose heteroatom-doped carbon electrodes with a tailored nanostructure for electrochemical
devices utilizing the Fe(in)/Fe(i) redox couple.

demand."” Prominent examples of using porous carbonaceous
materials include catalyst supports for low temperature fuel

Electrochemical technologies for energy conversion and storage
are poised to play a central role in the future energy economy.
At the core of these devices, porous carbonaceous materials are
critical to enable sustainable energy storage and energy con-
version that alleviates intermittency from renewable sources,
enhances grid resiliency, and decouples energy supply from

“ Department of Chemistry, Swansea University, Swansea, SA2 8PP, UK.
E-mail: f;j.martin-martinez@swansea.ac.uk

b Grupo de Modelizacion y Diserio Molecular, Universidad de Granada, Granada,
18071, Spain

¢ Electrochemical Materials and Systems, Department of Chemical Engineering and
Chemistry, Eindhoven University of Technology, PO Box 513, Eindhoven, MB 5600,
The Netherlands

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3ya00622k

© 2024 The Author(s). Published by the Royal Society of Chemistry

cells,® electrodes in redox flow batteries,* and other technolo-
gies such as supercapacitors and metal-air batteries.>”
Carbon electrodes with low heteroatom content and high
degrees of graphitisation are not ideally suited for several redox
pairs. Furthermore, the low energy carbon surface provides
limited wettability with aqueous solutions.®*° Thus, carbon
electrode materials are commonly functionalised to improve
their key properties. For example, nitrogen doping results
in increased wettability, which facilitates the access of the
aqueous electrolyte to the electrode surface and enhances
electrolyte-electrode interactions.’* The increase in wettability,
in turn, decreases the kinetic overpotential in the battery, which
improves the electrochemical performance.'>'® Although the
mechanism is not fully understood, it is believed that the
electron-donor properties of nitrogen induce faradaic reactions
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through its lone electron pair, which increase the pseudo-
capacitance,'* therefore adding to the capacitance produced
from the electrochemically accessible surface area (ECSA).">"*
Heteroatoms also improve the charge transfer kinetics of
common aqueous redox couples on carbon surfaces. Recent
studies, both at an experimental and computational level,
suggest that adding heteroatoms on the carbon surface
increases the number of active adsorption sites due to charge
delocalisation, enhancing then the electron transfer kinetics
of the V(m)/V(u) pair,'® which increases the exchange current
density of both V(u1)/V(ir) and V(wv)/V(v) couples in all-vanadium
redox flow batteries (VRFB)."

Biobased carbon materials, i.e., derived from biomass that
is already rich in heteroatoms, make great candidates for new-
generation electrodes.®'>'” The use of oxygen- and nitrogen-
doped biobased carbons, such as hydrochars and biochars,
coupled to aqueous electrolytes are a promising avenue to
develop low-cost and high-performance devices. Hydrochar
and biochar are carbon-rich solid materials predominantly
produced from hydrothermal carbonisation (HTC) or pyrolysis
of biomass, respectively. HTC uses wet biomass,'® while pyro-
lysis requires an initial drying step.'® During the thermal
process, biomass heteroatoms are easily incorporated into the
graphitic structure of the biobased carbon material, which
leads to electrodes with increased wettability, and enhanced
electrode-electrolyte interactions. Wan et al'® showed that
nitrogen-rich electrodes from hydrochars exhibited an enhanced
capacitance and electrochemically accessible surface area (ECSA)
in VRFBs, compared to those with no nitrogen in their structure, or
carbon black. It has been demonstrated that nitrogen-doped
biobased carbon electrodes not only increase the redox activity,
but also have a better oxidation stability, especially in acidic
electrolytes."”

Hydrochar and biochar possess high energy and mass
density, and a porous structure that can be tailored. The physico-
chemical properties of these biobased carbon materials vary
depending on the type of biomass, the specific processing condi-
tions, the use of catalysts, and the application of any activation
procedures,®® which lead to different chemical and physical
characteristics, such as porosity and surface acidity. For example,
oxygen-containing groups are usually associated with acidity on
the carbon surface,”® while nitrogen doping provides basicity,
enhancing the interactions with acidic molecules.*> Possible
nitrogen-containing functional groups on carbon surfaces are
amides, pyridinic, pyrrolic, and quaternary nitrogen.”*** For
example, the presence of pyridinic N enhances the pseudocapaci-
tance of carbon, whereas pyrrolic N has the opposite effect on the
normalised capacitance.>®?® Understanding the variety and role of
these functional groups is critical to define the structure-property
relationships of the material, since it modifies properties such as
the electronic and crystalline structure, thermal stability, surface
polarity, electronic conductivity, and electron-donor chemical
features.”

The C:N ratio in biomass, which in turn determines the
C:N ratio in hydrochar and biochar, is also critical since it
affects porosity. While micro- and mesopores are observed*® "
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in hydrochars from various biomass precursors, the abundancy
of micropores slightly decreases with a decreasing C:N ratio®
It implies that pores seem to widen as more nitrogen in the
form of pyridinic groups is introduced, and ion mobility is
increased in the resulting mesopores compared to micro-
pores,”>* although the reasons behind these phenomena are
still unclear. This increase of mesopores increases accessibility
to existing micropores, increases ion mobility, reducing then
the resistance to penetrating pores at high rates'” and also
enhances the electrochemical performance because of the
higher electric double-layer capacitance (EDLC) associated to
them. Furthermore, biobased carbon electrodes, with pore sizes
ranging between 0.7-0.8 nm, have demonstrated increased
wettability,>> suggesting that this factor may be related to both
the nitrogen content and the pore size.

Modelling the surface of biobased electrodes with atomic
resolution is challenging due to complexity of the carbon
surface with several surface topologies, and the variety of
functional groups and heteroatoms existing in the structure
because of biomass processing. As a highly porous carbon
material that can also present microspheres on the surface,>*>®
the curvature of the carbon surfaces - in combination with the
chemical functional groups — must be included in the models to
investigate the electrode-electrolyte interaction mechanisms.
Furthermore, the intrinsic size limitations of atomistic models
call for an imaginative but representative selection of molecular
model systems. This chemical complexity has hampered a
detailed characterisation of the molecular structure of biobased
carbon electrodes, with few articles reporting functional
groups,®’2°*> or models of either hydrochar or biochar.***’
This lack of characterisation has also limited the development
of atomistic models, with only few density functional theory
(DFT) studies***>*”*® involving hydrochar to date, and some
fused benzene-rings models to simulate activated carbon.*’

Porosity generates different types of curvatures on the
electrode surface. Negatively curved surfaces may be found in
biobased carbon materials in a similar way to those found in
schwarzites. DFT calculations for the use of schwarzites as
nodes in Li-ion batteries suggest that Li® has a higher affinity
for negatively curved surfaces than those with zero curvature
(i.e. graphitic surfaces). Furthermore, there is an energetic
decrease in the barrier for diffusion for Li" in this type of
surfaces than in graphene.>’

To account for the role of nitrogen in graphitic surfaces of
hydrochar, nitrogen-doped graphene has been used as a model
system. Duan et al.’" studied the effect of nitrogen on different
positions of the graphitic surface, including nitrogen replacing
a carbon position in the middle of the flake (graphitic N) and a
nitrogen atom on the edge of the flake (pyridinic N), as well as
the pH and edge (zigzag and armchair) effects. Zigzag models
have been proved to be more reactive than those with armchair
edges,>> which could be related to the different distribution of
aromaticity’>>”* across the polycyclic aromatic structure, and
potential radical electrons. In this case, it was observed that the
binding energies of the chemical species involved in oxygen
reduction reactions on the graphene surface were stronger at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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higher pH. As for the effect of the nitrogen atom, it was found
that N doping at the zigzag edge (pyridinic N) deactivates the
neighbouring carbon sites but activates the armchair edge.
Graphitic N also showed a negative effect for both types
of edge. On the contrary, when both types of doping, graphitic
N and pyridinic N, are present on the graphitic surface, the
adsorbate-surface interactions increased and even more so at
higher pH. The conclusion was that an electron transfer is
produced between the graphitic N and the pyridinic N.
On the electrolyte side, a low-cost, non-strategic,’>°
abundantly available redox couple is Fe(m)/Fe(u),>” which is
used as an electrolyte in redox flow batteries,>”>° and plays a
role in several other relevant processes such us H, generation
by using a Zn-Fe battery with a Fe(m) reduction reaction.®® The
Fe(u)/Fe(u) redox chemistry is a reversible one electron reaction
with relatively fast kinetics, high solubility in aqueous solvents,
and it does not require expensive catalysts.’™®> Moreover, this
redox reaction is sensitive to the functional groups on the
carbon surface, and certain groups, such as carbonyls, have
been found to lead to faster Fe(m)/Fe(n) kinetics.®®* Thus,
iron cations are the ideal redox probes for computational
and experimental studies, and in this work, we examined the
interaction of nitrogen and curvature on graphitic carbon
surfaces with iron in its two oxidation states, ie., Fe(u) and
Fe(m), in the context of the catalysis of the Fe(m)/Fe(u) redox
reaction on a carbon electrode. To this end, we built finite
atomistic models to represent graphitic carbon surfaces of the
electrode (see Fig. 1) for a schematic representation of micro-
scopic view of a carbon electrode. The aim of this study is to
elucidate the effects of nitrogen-containing chemical function-
alities and pore curvature of biobased carbon materials on
the redox couple Fe(m)/Fe(un). Our findings suggest that the
presence of nitrogen enhances, in general, the interactions of
any of the adsorbates investigated with the surfaces in most
curvatures. This work on biobased carbon electrodes utilising
the Fe(w)/Fe(u) reaction opens further avenues to develop
tailored biobased carbon materials for selected redox chemis-
tries. The binding of water on this biobased graphitic carbon
surfaces was also investigated, since it is a common solvent

and

Negative
curvature Endo-positive
... curvature
-, Exo-positive ..,
% curvature

Planar

Carbon surface

Fig. 1 Schematic representation of the surface topology of a carbon
electrocatalyst and the molecular models developed to describe the
different features and pore sizes along this surface.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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used in electrochemistry and that is known to form a coordina-
tion sphere around iron.®*®> Because iron is a transition metal,
different spin states (S) were considered in the binding study of
Fe(n) and Fe(m) on the different carbon surfaces, from spin
multiplicity 1 for S = 0 to spin multiplicity 6 for S = 5/2
depending on the complex.

The aim of this study is to elucidate the effects of nitrogen-
containing chemical functionalities and pore curvature of
biobased carbon materials on the redox couple Fe(u)/Fe().
Our findings suggest that the presence of nitrogen enhances, in
general, the interactions of any of the adsorbates investigated
with the surfaces in most curvatures. This work on biobased
carbon electrodes utilising the Fe(m)/Fe(u) reaction opens
further avenues to develop tailored biobased carbon materials
for selected redox chemistries.

Experimental

The finite models for the graphitic carbon surfaces models
were generated with ChemDraw 21.0.0. Planar surfaces were
built to represent meso- and macropores, where the pore
curvature is almost neglectable compared to the size of the
ions (see Fig. 1). We selected graphene flakes with zigzag edges
because those edges are known to induce a more homogeneous
electron distribution, minimising edge effects. To evaluate the
effect of curvature in the smaller pores of a carbon electrode we
built graphitic surfaces with positive and negative curvature.
Fig. 2 shows a scheme of how the topology of a hexagonal
honeycomb lattice changes upon the inclusion of defects
(changing the central hexagonal ring for a pentagonal or a
heptagonal ring). This topological characteristic has been used
to create nanoscopic features of curved surfaces in a carbon

Fig. 2 Schematic representation of the topology of positive and negative
curvature in hexagonal graphitic networks, and the conceptual procedure
to generate surfaces with: (a) positive and (b) negative curvature, by
including a pentagonal or heptagonal ring respectively.

Energy Adv., 2024, 3,1271-1282 | 1273
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electrode. As shown in Fig. 2a, positive curvatures are generated
by introducing a pentagon at the centre of a hexagonal honey-
comb lattice, which removes a section of the structure (in dark
grey) creating a conical-like surface. Negative curvatures
(Fig. 2b) are generated by the inclusion of a heptagon, which
adds a section to the structure (in light grey), forming a saddle
shape. In the actual models considered here, more than one
pentagon is included in positive surfaces to generate more
rounded pores rather than a conical structure.

The initial geometries of the complexes formed by the of the
graphitic carbon surfaces and the ions were generated with an
in-house Python code that was created to automate the process.

The geometry optimisations of the isolated graphitic carbon
models (Fig. 3) and the ion-surface complexes (Fig. S1-S3 in,
ESIT), as well as the single point calculations of the monoa-
tomic ion species were performed with ORCA version 4.2.1.%¢

All DFT calculations were made with PBEh-3¢®” functional,
which implements the Perdew-Burke-Ernzerhoff (PBE) func-
tional within the generalised gradient approximation
(GGA).*®%° 1t includes a three-fold corrected Hartree-Fock
method (HF-3c),”® which applies a three atom pair-wise correc-
tion terms for London dispersion interactions (D3 correction”*
with Becke-Johnson damping”?), and a geometrical counterpoise
correction (gCP)”* that corrects both the basis set superposition

Fig. 3 Graphitic carbon models for pristine and biobased electrocatalysts
with different pore curvature: (a) top and side view of planar hexagonal
pristine surface (i.e., Planar); (b) top and side view of a positive curvature
pristine surface (it serves as Endo-surface or Exo-surface depending on
the eventual position of the adsorbate); (c) top and side view of a negative
curvature pristine surface (i.e., Negative); (d) side and top view of a positive
curvature pristine surface with smaller curvature radius (i.e., Well); (e) top
and side view of a planar hexagonal N-doped surface (i.e., N-Planar); (e)
top and side view of a positive curvature N-doped surface (i.e., N-Endo or
N-Exo); (f) top and side view of a negative curvature N-doped surface (i.e.,
N-Negative); (h) side and top view of a positive curvature N-doped surface
with smaller curvature radius (i.e., N-Well).
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error (BSSE) and the basis set incompleteness error (BSIE). The
reason of selecting PBEh-3c relies in the fact that it has proven to
provide an accurate description of non-covalent interactions in
systems of up to hundreds of atoms,®” which makes it suitable for
our purposes, in a less computationally demanding approach.
Furthermore, the molecular calculations to develop this method
were performed with ORCA, making it optimised for our study.®”

As basis set we used a polarised valence-double-zeta basis
set def2-mSVP for the elements from H to Ne, and the def2-
SVP,”* for the rest of the elements, as they are included in ORCA
and specially optimised for PBEh-3c. Both bases contain a d-
polarisation function for p elements and a diffuse p set for d
elements. In def2-mSVP, the missing p-polarisation functions
on hydrogen atom are compensated by scaling the s-function
components to account for increased effective nuclear charge.®”

Solvent effects were included using an implicit solvent
method as implemented by the conductor-like polarisable
continuum model (CPCM),”” with water being the solvent present
in the systems. In CPCM, the solute (i.e., the graphitic carbon
models and their complexes with different ions) is embedded in a
cavity formed by spheres centred on the atoms’® and the surface
is then smoothed to simulate the solvent-excluded surface, which
represents the boundary of the molecular volume with respect to a
specific solvent.”” Inside the cavity, the dielectric constant is the
same as in vacuo, whereas outside, its value is that of the solvent,
which is water in this case.

Since most systems of study contain at least one unpaired
electron, Unrestricted Kohn-Sham (UKS) DFT calculations were
performed to account for the open-shell systems. Those with no
unpaired electrons were also calculated as UKS so that all
results were comparable.

Furthermore, unrestricted calculations of open-shell sys-
tems may incur in spin contamination, because o and f
electrons are calculated separately so that the wavefunction is
not an eigenfunction of the total spin, leading to some errors.
As a rule of thumb, if the deviation between the total spin
operator (%) and S(S + 1) is more than 10%, it is considered
that there is such spin contamination. This has been accounted
for (Tables S1-S12 in ESIf) in this paper with the deviation
value provided by the output files.

The SCF spin densities were calculated to study the distribu-
tion of unpaired electrons in open-shell systems and properties
such as charge transfer adsorbate-surface interactions. Spin
densities were obtained by calculating the difference between
the o and B electron densities. The plots with positive isovalues
show then the probability of finding an electron in the o state.
The spin density plots were generated with a cube grid of 100
points of resolution by side to obtain smooth surfaces in the
visualisation process. The final geometries as well as the spin
densities were visualised with VMD.”®

To calculate binding energies, the energies of the ions Fe(u)
and Fe(m) (Fig. S4 in ESIt) were calculated at their respective
possible spin multiplicities (M) depending on their total elec-
tronic spin (S)

M=25+1 1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Binding energies were calculated with the following expression:

EB = Ecomplex - (Esurface + Eadsorbate) (2)

where Ey is the binding energy, Ecomplex iS the total energy of the
optimised ion-surface complex, Eqy,face iS the total energy of the
optimised isolated surface, and E,qsorbate 1S the single point
energy of the ion at the most stable spin multiplicity (Fig. S5-S7
in ESIT).

The global effect of N-doping on the binding energy was
evaluated by subtracting the binding energy of the pristine
complex ERS" to the binding energy of the N-doped complex
(E59°P°Y) as in eqn (3). This operation is repeated for each
curvature studied. In the case of Fe(u) and Fe(m), the binding
energies for each complex were those the spin multiplicity of
which presented the lowest energy.

AE = Eg-doped _ Egristine [3)

Results & discussion

The models of finite graphitic surfaces used in this study are
presented in Fig. 3. Pristine (Fig. 3a-d) and N-doped (Fig. 3e-h)
models were created to represent pure carbon and nitrogen-
rich biobased electrode surfaces, respectively. By using a suffi-
ciently large hexagonal graphene-like flake with and without
nitrogen in its structure, we evaluate the effect of nitrogen
doping coming from biomass in the binding of iron electro-
chemical species at the surface of the carbon electrode. Further-
more, to evaluate the effect of curvature in combination
with nitrogen doping, we used the surface curvatures already
described: planar (Fig. 3a and e), abbreviated ‘“Planar” and
“N-Planar”, for pristine carbon and N-doped respectively;
positive curvature (Fig. 3b and f), abbreviated “Endo” or
“Exo” and “N-Endo” or “N-Exo” (depending on what side of
the surface the binding takes place); negative curvature (Fig. 3c
and g), abbreviated as “Negative”” and “N-Negative”’, and posi-
tive surface with a smaller curvature radius (Fig. 3d and f),
abbreviated “Well” and “N-Well”, respectively. While planar
surfaces are representative of the interior of meso- and macro-
pores, in which the curvature is neglectable in comparison to
the size of the electrolytes, curved surfaces represent the
features of micropores, where the curvature is closer to the
order of magnitude of the adsorbed species. Since hydrochar
can also present microspheres on its surface, Endo and Exo
binding were explored for surfaces with positive curvature.
During the following discussion, the complexes are noted as
adsorbate@surface, e.g., Fe(u)@pristine for the binding of Fe(u)
on a pristine surface.

Effect of curvature on the binding energy

Fig. 4 shows the binding energies of Fe(u), Fe(m), and H,O to
each type of surface, i.e., neutral (Planar), positive (with Endo
and Exo binding), negative, and positive with higher curvature
radius (Well), in their pristine and N-doped forms. Only the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Binding energy values of Fe(), Fe(n), and H,O onto pristine (a, b
and c) and N-doped (d, e and f) surfaces, respectively, at the most stable
spin configuration. In darker colours are represented the results for the
pristine complexes formed between each adsorbate and curvature. In
lighter colours, the results for the N-doped complexes formed between
each adsorbate and curvature.

complexes in the most stable spin multiplicity configuration
are discussed. Their final structures are available in ESI,f
(Fig. S1-S3) together with energy results for other spin multi-
plicities (Fig. S5-S7, ESIt).

As seen in Fig. 4, the type of curvature and nitrogen doping
impact the interaction between the molecules and the surface,
with Fe(m) complexes showing binding energies one order of
magnitude larger than those of Fe(u), and two orders of
magnitude larger than those with H,O.

Focusing on the three main curvature topologies without
nitrogen doping, i.e., planar, negative, and positive (Endo),
Ey varies following this order: Encgative > Eplanar > Egndo, fOr
all cases. For Fe(m)@pristine (Fig. 4a), the binding energy of
Fe(n)@Negative is 47% and 57% more favourable than the
binding energies of Fe(u)@Planar and Fe(u)@Endo surfaces,
respectively. A similar trend applies to Fe(m)@pristine (Fig. 4b),
but one order of magnitude stronger. These results indicate
that carbon electrodes with higher proportion of negatively
curved surfaces may be beneficial for the reduction of Fe(m)
to Fe(u), since more Fe(ur) ions become available for reduction
at the carbon surface. H,O@pristine presented a much lower
affinity (Fig. 4c), approximately 30 and 160 times weaker than
those for Fe(n) and Fe(m), respectively, which rules out its
competition for the binding sites.

Energy Adv., 2024, 3,1271-1282 | 1275
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In the specific case of surfaces with positive curvature, the
binding at Exo position is more favourable than that at the
Endo one for all cases, although in the case of Fe(m) the Eg
value for Exo is close to Eg for Planar. In fact, Endo is the least
favourable surface for binding overall, which suggests that
this type of surface could be disadvantageous for achieving
improved wettability in an electrode.

Within positive curvature surfaces, higher curvature radius
in very small micropores is not beneficial. Both Fe(u) and Fe(iu),
show weaker binding to the Well surface than to the Endo one.
Eg of Fe(n)@pristine for Well surfaces is barely —10 kcal mol "
(Fig. 4a), which is 3 times less favourable than the Endo
complex. In the case of Fe(m)@pristine, Eg is still below the
—200 kecal mol " (Fig. 4b) with a AE = 46.7 kcal mol ™" between
the Well and Endo complexes, most likely due to electronic
hindrance. H,O@pristine shows a different trend (Fig. 4c), with
the binding to the Well surface almost 7 times stronger than to
the Endo one. Thus, a small micropore with higher curvature
radius could be beneficial to increase its wettability. Even
though the iron in both oxidation states show lowest affinity
for the Well, the interaction is still favourable, especially in the
case of Fe(u) and its reduction to Fe(u).

Overall, the affinities of Fe(n) and Fe(u) for the different
pristine surfaces follow the trends Encgative > Egxo > Eplanar >
EEnclo > EWelI and ENegative > EExo ~ EPIanar > EEndo > EWe]l
respectively. Despite following a very similar pattern in terms of
interaction, Fe(m) presents a much stronger affinity for the
different surface topologies. In fact, binding energies between
Fe(m) and the pristine surfaces are 4.5 to 20.7 times more
favourable, being the largest difference for the Well surface.
The higher affinity may be due to the fact that Fe(m) is more
electron deficient than Fe(u) and therefore it seeks to compensate
this deficiency by interacting with the electron-rich electrode’s
surface.

Surface curvature influence the interaction with electrolytes.
Our findings suggest that negatively curved surfaces enhance the
binding of Fe(m)/Fe(u) pair with respect to planar ones. Similar
findings have been reported in DFT calculations for lithium.>

Effect of nitrogen content on the binding energy

Looking at Fig. 4d, Fe(n)@N-Planar shows the strongest inter-
action, which is comparable to the pristine Fe(u)@Negative.
In general, in Fe(un)@N-doped, Eg varies following this order:
Ex-planar > EN-Negative X Enwell > Exindo > Enexor which is
different from the order in Fe(u)@pristine complexes. Fe(ur)
follows a similar trend (Fig. 4e), also with Fe(u)@N-Planar
presenting the strongest binding energy.

The curvature radius seems to have a similar effect on the
binding of Fe(u) and Fe(m) on N-doped surfaces. In fact, the
energy difference between N-Well and N-Endo for both Fe(u)
and Fe(m) is —4 kcal mol?, being the N-Well complex the
slightly more stable one.

For H,0, the N-Well surface shows the highest binding
energy, as it happens with H,O@Well, although the largest
increment occurs for H,O@N-Endo, with an interaction 240%
stronger than in H,O@Endo.
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Effect of N-doping
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Fig. 5 Spin densities of the surfaces: (a) Planar (M = 1); (b) Positive (Endo/
Exo) (M = 2); (c) Negative (M = 2); (d) Well (M = 1); (e) N-Planar (M = 1);
(f) N-Positive (N-Endo/N-Exo) (M = 1); (g) N-Negative (M = 1); (h) N-Well
(M = 2). The yellow density represents the excess of a-electron density.
The blue density represents the excess of B-electron density. The arrow in
(e) and (h) show where the atom of nitrogen is positioned.

Overall, Fig. 5 shows the energy differences (calculated using
eqn (3)) between N-doped and pristine surfaces with different
curvatures complexed to Fe(u), Fe(u) and H,O. In general,
nitrogen has a positive effect on the binding energy, with the
exception of the Negative surfaces for Fe(n)@N-doped and
Fe(m)@N-doped complexes. Although the effect over H,O is
not so notorious as with the ions, with a AE < 1.0 kecal mol ! in
certain cases, it can be observed that H,O benefitted the most
in the interaction with positive surfaces, especially Endo and
Well, a finding that is supported by the experimental increase
of wettability in pores ranging between 0.7 and 0.8 nm.*’

The systems that benefited from the presence of nitrogen
the most are Fe(un)@N-Well and Fe(ur)@N-Well, followed by the
N-Planar and N-Endo complexes. However, in the optimised
geometries for N-Well and N-Endo both ions converged to the
edge of the surface rather than to the centre (Fig. S1g, j and
Fig. S2g, j, respectively, ESIT), which indicates that even though
there are lower energy geometries, the interaction to the nitro-
gen atom is not favoured and the ions tend to leave the pore.
This implies that it is N-Planar structure the most beneficial for
the binding of Fe(u) and Fe(um) ion. Fe(m)@N-Exo was favour-
able as well, but the AE is one order of magnitude lower.

Regardless of the effect of nitrogen on Fe(m) and Fe(u),
which varies depending on surface topology, Fe(u) always
presents a more favourable surface interaction than Fe(u),
i.e.,, the binding with to the biobased carbon electrode is
stronger with Fe().

The presence of nitrogen increases binding strength for
both species, with the exception of the surface with negative
curvature. Binding energies of Fe(m) with any N-doped surface
are 4.5 to 5.8 times stronger than those for Fe(u). This is
specially relevant to use of nitrogen-rich biobased carbons as
a cathode material, since a stronger interaction with the
reagent, Fe(m), obeys the Sabatier principle.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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On average, quaternary nitrogen doping in the graphitic
surface of a carbon electrode favours the binding of both iron
electrolytes and water, with the exception of surfaces with
negative curvature, although those surfaces were already the
best surface topology for binding in the pristine form. The
electron-donor properties of nitrogen, derived from its lone
pair of electrons, facilitate the interaction with the two species,
which are electron deficient. Furthermore, nitrogen also
favours the interaction with water, especially in micropores,
and therefore improves the wettability of the biobased carbon
electrode, in agreement with experimental results."*™"7>*>

The beneficial effects of nitrogen doping has also been
described for other metal ions'>'®”® and electrolytes,*"”
which suggests that our findings are transferable to other
redox pairs.

Spin density

Fig. 6-8 show the spin density plots for all the surfaces and
their complexes with Fe(u) and Fe(m), calculated from the
difference between o and f electron densities. Based on quan-
tum mechanics, a high multiplicity state has increased stability
because of the unpaired electrons of parallel spin (o« and by
convention), which must reside in different spatial orbitals
according to the Pauli exclusion principle. However, spin
polarisation can be induced in some cases, especially in the
presence of paramagnetic centres, and therefore structures may
show some excess of B-electron density®*®* in addition to the
expected o density one. In other words, the spin density plots
that would expectingly represent the electron density associated
to unpaired electrons with parallel o spin, may also present

Fig. 6 Spin densities of the Fe(l) complexes in their most stable spin
multiplicity configuration: (a) Fe(i)@Planar (M = 5); (b) Fe(l@Endo (M = 4);
(c) Fe(n@Exo (M = 4); (d) Fe(@Negative (M = 4); (e) Fe(n@Well (M = 5); (f)
Fe(n@N-Planar (M = 4); (g) Fe(ll@N-Endo (M = 5); (h) Fe(@N-Exo (M = 5);
(i) Fe(@N-Negative (M = 5); (j) Fe(n@N-Well (M = 4). The yellow density
represents the excess of a-electron density. The blue density represents
the excess of B-electron density.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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isosurfaces associated to unpaired B electrons. Thus, the plots
of spin densities presented in Fig. 6-8 show the excess of both
o and B electron densities. In addition, there are 4 surfaces
with no spin density in Fig. 6, as they are closed-shell systems
(with no unpaired electrons), i.e., Planar (Fig. 6a), Well (Fig. 6d),
N-Positive (Fig. 6f), and N-Negative (Fig. 6g).

The pristine positive surface (Fig. 6b) and the negative one
(Fig. 6c) show a large delocalisation of unpaired electrons
across the structure. The distribution is not symmetric, since
the geometry induced by the presence of pentagonal and
heptagonal rings in the structure broke the Cs symmetry of
the graphitic network. Some of the lobes on the external (exo)
side of the positive surface, especially in those atoms closer to
the centre of the molecule, are larger in size, for a fixed value of
isosurface, than their endo counterparts, which indicates a
higher probability of locating the unpaired electron in that
region. Accordingly, there could be a greater tendency to engage
in radical reactions in the external and central part of the
surface.

N-Planar and N-Well show some excess of a-electron density
on the nitrogen atom and the adjacent carbons and is then
delocalised along the structure of the surface. Like in the
pristine positive, the lobes on the external (exo) side of the
Well structure are larger than those in the endo side.

Looking at the binding of Fe(u), Fig. 7a shows that the 4
unpaired electrons from the metal ion are mostly concentrated
on the metal centre, but also delocalised at the edges following
a mirrored symmetry. The population analysis results show that
the total spin in Fe(u)@Planar is 3.14, which is less than the 4
unpaired electrons of the isolated ion. This is indicative of a
subtle covalent interaction between the metal ion and the
surface. When nitrogen is added to the structure, Fig. 7f shows
that the nitrogen atom, which initially contained an unpaired

Fig. 7 Spin densities of the Fe(i) complexes in their most stable spin
multiplicity configuration: (a) Fe(n)@Planar (M = 6); (b) Fe(n)@Endo (M = 5);
(c) Fe(m@Exo (M = 5); (d) Fe(m@Negative (M = 5); (e) Fe(n@Well (M = 6);
(f) Fe(m@N-Planar (M = 5); (g) Fe(m@N-Endo (M = 6); (h) Fe(n)@N-Exo
(M = 6); (i) Fe(@N-Negative (M = 6); (j) Fe(m@N-Well (M = 5). The yellow
density represents the excess of a-electron density. The blue density
represents the excess of B-electron density.
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electron, does not show any spin density now, but the four
closest atoms to the metal centre show an excess of B-electron
density that is delocalised on alternating atoms, including
nitrogen. However, the population analysis indicates that the
total spin value for Fe(u) is 3.01, coinciding with the total spin
value of the system, meaning no electrons from the ion are
delocalised.

In Fe(u)@Endo (Fig. 7b), there is a change in the spin density
distribution of the surface with respect to the surface prior to
binding (Fig. 6b). The unpaired electrons are more localised in
the ion. In fact, out of the 3 unpaired electrons of the system,
2.87 are localised in Fe(u). This could indicate a weaker
interaction than in other binding systems, where the electrons
are more delocalised between the ion and the surface.
A different case is that of Fe(u)@N-Endo (Fig. 7g), where the
geometry optimisation converged to a Fe(u)-edge interaction
(Fig. S1g, ESIY) rather than to a binding mechanism to the
nitrogen atom. Nevertheless, in both the pristine and N-doped
systems, Fe(u) induced a B-spin density on the atoms it is
mostly interacting with. The results are similar for Fe(u)@Exo
(Fig. 7c), where there is less spin delocalisation than in other
cases. In the case of Fe(u)@N-Exo (Fig. 7h), on the other hand,
the spin delocalisation is larger, with 0.79 electrons delocalised
along the surface, indicative of a subtle covalent interaction like
in Fe(m)@Planar.

The complexes with the negative surfaces show quite differ-
ent behaviour to the Positive ones. Fe(u)@Negative (Fig. 7d)
presents electron delocalisation on most of the surface with a
high degree of spin polarisation (B-electron density), whereas in
Fe(u)@N-Negative (Fig. 7i) the unpaired electrons seem to be
more localised and less polarised, which is supported by the
Hirshfeld charge population analysis, where the total spin value
of the system is 4 and 0.44 electrons are delocalised on the
surface.

The only structure that does not present any polarisation of
spin is Fe(u)@Well (Fig. 7e), although it is induced in the
Fe(n)@N-Well (Fig. 7j), where the interaction happens at the
edge, in interestingly the ion does not enter the pore.

Moving to Fe(ur) binding structures, Fe(m)@Planar (Fig. 8a),
shows an increase in the covalent character of the interaction
compared to Fe(u)@Planar (Fig. 7a), which is measured by
comparing the total spin of the system with the spin associated
with Fe(m) in the Hirshfeld charge population analysis. The
total spin population of the system is 5, although Fe(m)
presents a total spin value of 3.09, indicating that two electrons
are completely delocalised along the structure of the surface.
Fe(m)@N-Planar (Fig. 8f) presents more spin density at the
edges than in the centre of the surface, similar to its pristine
counterpart and which differs from Fe(un)@N-Planar. In this
case, out of the 4 unpaired electrons of the system, 0.81 is
delocalised on the surface.

As it happened with Fe(u) systems, Fe(u)@Positive (Fig. 8b
and c) present less spin density than other Fe(u) complexes,
while Fe(m)@N-Positive (Fig. 8g and h) show both more spin
delocalisation and polarisation and converged to the edges.
Looking at the interactions in Fe(um)@N-Endo, out of the 5
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Fig. 8 Spin densities of the Fe(i) complexes in their most stable spin
multiplicity configuration: (a) Fe(n)@Planar (M = 6); (b) Fe(il@Endo (M = 5);
(c) Fe(m@Exo (M = 5); (d) Fe(m@Negative (M = 5); (e) Fe(m@Wel (M = 6);
(f) Fe(m@N-Planar (M = 5); (g) Fe(n)@N-Endo (M = 6); (h) Fe(@N-Exo (M =
6); (i) Fe(m@N-Negative (M = 6); (j) Fe(n@N-Well (M = 5). The yellow
density represents the excess of a-electron density. The blue density
represents the excess of B-electron density.

unpaired electrons of the electronic configuration of Fe(ur), 1.27
are delocalised throughout the carbon surface, which indicates
a stronger covalent character than Fe(un)@N-Endo, with only
0.3 delocalised electrons along the positive surface, and also a
bit stronger than Fe(ur)@N-Exo with 1.19.

Different from other cases, there is no spin delocalisation or
polarisation in Fe(ur)@Negative (Fig. 8d), but it appears as a
consequence of N-doping in Fe(m)@N-Negative (Fig. 8i).

Fe(m)@Well (Fig. 8e) shows the largest spin density and
delocalisation out of all the complexes with Fe(m) having a spin
value of 3.54 after binding compared to the 5 in the isolated
ion. The excess of a-electron density is distributed throughout
the surface of Well in a mostly even manner with no presence of
spin polarisation. This situation changes for Fe(u)@N-Well
(Fig. 8j), where the spin density is mostly concentrated in the
ion with no delocalisation on the nitrogen atom.

Conclusions

This work provides a molecular-scale understanding of the
interactions between a biobased electrode surface (N-doped
carbon) and a model redox couple, Fe(un)/Fe(u), in its aqueous
solutions. DFT calculations on model systems for micro- and
meso- and macropores interacting with Fe(m)/Fe(u) electrolytes
helped elucidating some fundamental binding mechanisms
between the electrode and the electrolytes, especially in the
reduction of Fe(m) to Fe(u). We evaluated the effect of surface
topology and N-doping on the binding of Fe(u), Fe(ur) and water
molecules to the biobased carbon surface, from an atomic
perspective.

Our results indicate that:

e The presence of quaternary N-doping increases the bind-
ing of Fe(u) to low-curvature carbon surfaces by up to 80%, and

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ya00622k

Open Access Article. Published on 06 May 2024. Downloaded on 4/17/2026 2:02:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

by up to 10% in the case of Fe(m), which increases species
availability at the surface for the reduction process and accel-
erates charging kinetics.'>*?

e Binding energies of Fe(m) are 4.5-5.8 times higher than
those of Fe(u), which is especially relevant for cathode electro-
des, according to Sabatier principle.

e Structures rich in N-doped micropores improve the wett-
ability at the molecular scale, with up to 240% higher binding
energies to water molecules.

e An ideal biobased carbon electrode should combine N-
doped large pores (planar surfaces), pristine areas with a
negative curvature and micropores for increased wettability.

e Fe(u)/Fe(u) ions adopt an electronic configuration that
maximises the number of unpaired electrons, increasing
their ability to create a coordination sphere either with water
molecules or upon binding to the carbon surface.

e Fe(m)/Fe(n) ions induce spin polarisation in the carbon
surface upon binding, as described for some systems para-
magnetic centres.®*"3> The stronger the interaction electrolyte-
surface, the more spin polarisation is induced.

Our findings provide fundamental knowledge with implica-
tions in the development of fit-for-purpose biobased carbon
that increase wettability, accelerates kinetics due to increased
binding, and improves electrochemical performance at a
lower cost.
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