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Nanocomposites of a-Fe,03 (hematite) and (N-doped) graphene oxide (GO) were investigated using first-
principles calculations with focus on structure, chemical bonding, electronic structure and H,O
adsorption. The nanocomposites were modeled as the interface between the o-Fe;O3 (0 0 0 1) surface
and the basal plane of reduced graphene oxide, comprising epoxy groups (C:O ratio of 8) as well as
graphitic and pyridinic nitrogen doping. The composite structures exhibited strong chemical bonding by
the formation of a bridging Fe—O—C bond. The calculated binding energy between the materials
was —0.56 eV per Fe—O—C bond for GO and up to —1.14 eV for N-doped GO, and the binding energies
were found to correlate with the charge of the bridging oxide ion. The composites exhibited partly
occupied carbon states close to or above the a-Fe;03 valence band maximum. Dissociative adsorption of
H,0 was found to be more exothermic for the composites compared to the individual materials, ranging
from about —0.9 to —1.7 eV for the most stable configurations with hydroxide species adsorbed to GO

and protons forming NH groups or adsorbed to the a-Fe;03 surface.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Synergistic combinations of the functional properties of metal
oxides and graphitic materials have shown great promise for a range
of applications including photocatalysts, supercapacitors, batteries
and gas sensors [1—4]. For instance, the improved performance of
photocatalysts comprising an oxide semiconductor and graphene
oxide (GO) has been ascribed to longer charge carrier lifetime as
photogenerated electrons are injected into GO. In addition, func-
tionalized GO can provide catalytically active sites for, e.g., water
splitting and CO, reduction [5,6]. Similarly, graphene oxide has been
used as a conductive network in quantum dot sensitized solar cells
[7]. In the case of hybrid supercapacitors, pseudocapacitive transi-
tion metal oxides such as MnO, and Fe;03/Fe304 provide high en-
ergy density while graphene-based materials provide
electrochemical double-layer capacitance with fast response times,
while also serving as a conductive network [8—11]. Furthermore,
composites can also retain the microstructure and high surface area
of the constituents by mitigating both agglomeration of oxide
nanoparticles and stacking of the graphitic materials.
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Nanocomposites between ¢-Fe;03 and GO have been applied as
photocatalyst, [12] electrode material for supercapacitors, [13—16]
sensors, [17—20] lithium-ion and sodium-ion batteries, [21,22] and
lubrication additive [23]. The functional properties of the nano-
composites can be expected to depend on the interface between
the materials, which is inherently challenging to accurately char-
acterize in terms of chemical bonding, electronic structure and
electrochemical properties. The mechanisms for enhanced perfor-
mance are often uncertain due to the complexity of the nano-
composite material systems. Moreover, it is necessary to identify
robust composite structures with sufficient thermal and chemical
stability for application in devices.

GO can contain a variety of non-ordered functional groups and
epoxy, hydroxyl and carbonyl are the main groups on the basal
plane [24,25]. Improved electronic conductivity can be achieved by
thermal or chemical reduction to obtain C:0 atomic ratios in the
range of about 5—15 [26]. Doping of graphene and GO with nitrogen
has been utilized to modulate the electronic properties of the
material and to increase the number of catalytically active sites — at
nitrogen or adjacent carbon atoms with altered charge density
[27,28]. Nitrogen can be doped into several bonding configurations
in the basal plane or at the edges of graphene, and there is much
debate surrounding the type of nitrogen species that contribute to
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the enhanced functional properties. We focus on two of the most
common substitutions: quaternary N which substitutes C in the
graphene lattice, denoted graphitic N, and pyridinic N which can
form on graphene edges or within the basal plane as a cluster
comprising a C vacancy surrounded by three quaternary N. In both
cases, sp> hybridization is retained for pristine graphene, while the
hybridization depends on the local structural configuration of the
functional groups in the case of GO. Nitrogen may be doped into the
oxide part of the nanocomposite as well and it has been shown that
NH?~, which is isoelectronic with the oxide ion, is thermodynam-
ically favored in hydrogen-containing atmospheres in many sys-
tems [29].

There are quite few computational studies on interfaces be-
tween GO and metal oxides; notable exceptions include graphene/
GO heterostructures with a-Fe;03, [30] TiO, [31], MgO [32] and
(Na,K)NbOs3 [33,34]. However, chemical bonding between the oxide
and GO structure has not been considered in most cases. In this
respect, it was recently reported that nanocomposites between a-
Al;03 (0 0 0 1) and GO with epoxy groups can form strong bridging
Al—0—C bonds between the materials [35]. Formation of interfacial
Ti—O0—C bonds has also been reported for composites between GO
and TiO; [36]. Furthermore, many applications of these nano-
composites involve an aqueous acidic or alkaline environment, e.g.,
photocatalysis, proton exchange membrane (PEM) fuel cells or
solid-state supercapacitors. It is therefore important to understand
how adsorption of H,O may affect the nanocomposites in terms of
changes in the functional groups, catalytic sites and electronic
structure.

In the present work, we have further investigated nano-
composites of a-Fe;03 and (N-doped) GO using density functional
theory (DFT) calculations. The composite was modelled as an
interface between a-Fe;03 (0 0 0 1) and the basal plane of GO with
bridging Fe—O—C bonds based on previous work on isostructural a-
Al;03 (0 0 0 1) [35]. The model thereby represents a region of the
nanocomposite with strong chemical bonding between the mate-
rials. The GO structure was doped with graphitic and pyridinic ni-
trogen, and the influence of doping on the electronic structure and
binding energy between the materials was evaluated. Finally,
chemisorption of H,O on the (N-doped) GO and a-Fe,03 surface
region was investigated.

2. Computational procedures

Spin-polarized DFT calculations were performed using VASP
[37] and the projector-augmented wave (PAW) method [38]. The
PBE generalized gradient approximation [39] was employed in
combination with the DFT + U approach due to Dudarev et al. [40]
An effective on-site Coulomb interaction parameter of U=4.3 eV
was chosen for Fe in line with several previous studies [41—43]. The
van der Waals forces that are of significant importance for graphene
structures were taken into account through the semi-empirical
DFT + D2 correction scheme due to Grimme [44]. This approach
has been successfully applied for describing geometries of
graphene-related structures, [45,46] and interfaces between gra-
phene and metal oxides [32,47—50]. The calculations were per-
formed with a 500eV plane-wave energy cutoff and k-point
sampling according to 8 x 8 x 1 and 16 x 16 x 1 grids for the a-
Fe;03 slab and graphene, respectively. The atomic positions were
optimized until the residual forces were within 0.02eV Al
(0.05eVA! with H,0 adsorbates) and the electronic energy
convergence was 10 eV. The included valence electrons were Fe
3p8d®4s?, C 2s%p?, 0 2s%p* and N 2s%p>.

The a-Fe;03 (0 0 0 1) surface was constructed as a symmetric Fe-
terminated slab of 12 Fe-layers and 6 Os-layers, i.e., the same size as
the R3c unit cell, and with a 25A vacuum layer between the

periodic images of the slabs (30 atoms). The anti-ferromagnetic
ground state of a-Fe,O3 was imposed and verified in all the
relaxed structures. The initial GO model comprised a 2 x 2 gra-
phene cell with a single epoxy group (C:O ratio of 8:1) which could
form a bridging oxide ion to Fe on the surface of the stoichiometric
a-Fe,03 slab in the composite model. N-doped GO models were
constructed by graphitic substitution (C:O:N ratio 7:1:1) and with
three pyridinic N adjacent to a C vacancy (C:0O:N ratio 7:1:0.75). The
latter required a 2 x 2 x 1 supercell due to the size of the dopant
cluster. Several configurations were considered for the GO models
and composites, and the most important energetics and structural
relaxations are presented in the results.

The composite cell was fixed to the relaxed a-Fe;Os3 lattice
parameter, which corresponded to GO being strained relative to the
a-Fep03 material. The optimized lateral lattice parameter of o-
Fe,03 was 5.075A, in good agreement with previous studies
[51,52]. The atomic positions were fixed for two Fe-layers and two
0Os-layers in the middle of the slab to ease the relaxation, particu-
larly for the composite slabs. The binding energy, 4E;,, between the
a-Fe;03 slab and GO was calculated from the total energies of the
respective cells according to

4B, = (E%0,co — E2bo, — 2E3) (1)

The reference state for the GO models, ESS, was taken as the
unstrained cells, and 4E,, thereby includes the energy penalty of
straining the GO cells to match the lattice parameter of a-Fe,0s.
Adsorption of H>O was considered in symmetric 2 x 2 x 1 a-Fe;03
slabs with both GO and adsorbates on both sides of the slabs
(190—192 atoms w/o Hy0). The adsorption energies were calcu-
lated according to

Ay, = 5 (B, — 2E%) )
where Ei,  is the total energy of the composite with H,0 ad-
sorbates. These calculations were performed using a 2 x 2 x 1 k-
point grid. Selected calculations showed that the resulting 4E,g
was within 26 meV of the value obtained with a 4 x4 x 1 grid.
Selected calculations were also performed with the RPBE [53] and
PBEsol [54] functionals combined with the D3 dispersion correction
scheme [55]. The calculated adsorption energy for the most stable
configuration on the Fe;03-GO composite, —1.39 eV (ortho position,
see Table 3), was similar to the —1.33 eV adsorption energy ob-
tained with the RPBE functional, which is optimized for gas
adsorption. On the other hand, the PBEsol functional which is
optimized for solids resulted in a somewhat more exothermic and
presumably less correct adsorption enthalpy of —1.58 eV.

3. Results and discussion
3.1. Atomistic structure and GO configurations

The relaxed structures of the GO and N-doped GO models are
shown in Fig. 1. The GO cell (2 x 2 graphene), corresponding to one
a-Fey03 unit cell, is highlighted in Fig. 1a. For the N-doped con-
figurations, the epoxy site was conserved so that it could form the
bridging bond to the surface Fe in the composites. Graphitic N was
considered at the two symmetrically inequivalent sites, and the
alternate site marked in Fig. 1b was less stable by 0.26 eV. There was
only one symmetrically inequivalent configuration for three pyr-
idinic N surrounding a carbon vacancy within the initial GO model
(Fig. 1c), and this model was constructed in a 4 x 4 graphene cell.
Fig. 2 shows the a-Fe,03 surface unit cell with an undercoordinated
Fe coinciding with the epoxy groups in Fig. 1.
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Fig. 1. Relaxed structure of GO with epoxy groups (a), and additional graphitic nitrogen (b), and three pyridinic nitrogen surrounding a carbon vacancy (c). (A colour version of this

figure can be viewed online.)

[1070]

[0170]

Fig. 2. Relaxed structure of the ¢-Fe,O3 (0 0 0 1) surface showing the under-
coordinated iron. (A colour version of this figure can be viewed online.)

The optimized structures of the composite models are shown in
Fig. 3. The bridging Fe—O—C bond shown in the figures was found
to be slightly more stable than a bridging epoxy group by 1.7 meV.
The most stable configuration was used further, and the C—O site is
highlighted in Fig. 1a.

Selected structural parameters for the composites are summa-
rized in Table 1. The tensile strain of GO in the composites was
about —2% to —3%, i.e., quite low compared to other composite
structures. The surface rumpling in the GO layer occurred exclu-
sively at the bridging bond and it was lower for the composites than
for the corresponding epoxy GO structures in Fig. 1. The Fe—O bond
length was about 1.9 A in all cases, which lies between the surface
Fe—O0 bond length, 1.81 A, and the bulk values, 1.95—2.14 A. The C—0
bond length in graphitic N-doped GO, 1.34 A, was shorter than for
GO and pyridinic N-doped GO, 1.40—1.41 A.

The binding energies of the composites were found to be
exothermic for all the GO models, ranging from -0.56eV
to —1.14 eV per a-Fe,03 cell or Fe—0 bond (Table 1). These values
imply strong chemical bonding between the materials and that the
composites are robust and thermally stable.

3.2. Electronic structure and Bader charge analysis

The calculated band gaps of a-Fe,03 were 2.26 eV for bulk and
2.21 eV for the (0 0 0 1) surface slab which are in good agreement
with previous theoretical studies [41,43] and experimental values
for the optical gap, 2.0—2.2 eV [56]. The electronic density of states
of the isolated materials and composites are shown in Fig. 4, and
the a-Fe;03 (0 0 0 1) band gap is highlighted as a gray region in the
bottom panels. The gap states at around 1.8 eV were mainly asso-
ciated with the d, orbital of the surface Fe ion, and these states
disappeared in the composites as the bridging Fe—O—C bond was
formed. The O 2p states extending beyond the valence band edge

were associated with the surface oxide ions and the apparent
extension of the conduction band into the band gap was attributed
to the 0.1 eV Gaussian smearing.

The composites exhibited partly occupied carbon states above
the a-Fe;03 valence band maximum (VBM). In the case of undoped
GO, the Fermi level was 0.16 eV above VBM, and 0.14 eV above VBM
in the composite (Fig. 4a). The Fermi level in graphitic N-doped GO
was 0.64 eV above VBM, which can be ascribed to n-type doping
due to the excess electron when nitrogen substitutes for carbon
(Fig. 4b) [57]. The corresponding composite showed carbon and
nitrogen states below the conduction band and fewer carbon states
above VBM compared to Fe;03-GO. Pyridinic N-doped GO showed
more localized N-states below VBM and the Fermi level was 0.02 eV
below VBM. The electronic structure of the composite was similar
to that of Fe;03-GO albeit with occupied N-states close to VBM
(Fig. 4c).

Bader charge analysis revealed that the oxygen in the epoxy
groups attained a higher negative charge with increasing Fermi
level in the GO structures (Table 2). Furthermore, the bridging oxide
ion in the composites exhibited a higher negative charge than the
epoxy group in the corresponding isolated GO structures. On the
other hand, the charge of the bridging Fe ion remained unchanged
and identical to bulk (Fe8*). The higher negative charge of the
bridging oxide ion may be attributed to a more ionic Fe—O—C bond
relative to the covalent epoxy group, perhaps promoted by charge
transfer from GO due to the higher Fermi level, at least in the case of
GO and graphitic N-doped GO (Fig. 4). The charge of the bridging
oxide ion was found to correlate well with the binding energies in
Table 1, indicating a stronger Fe—O—C bond with increasing nega-
tive charge of the oxide ion. The charge of nitrogen in the com-
posites amounted to N*!- and N>°- for graphitic and pyridinic
nitrogen, respectively.

3.3. Adsorption of H,0

On the a-Fe,03 (0 0 0 1) surface, water dissociatively adsorbs as
a hydroxide species bound to the undercoordinated Fe (see Fig. 2)
and a proton associated with a surface oxide ion with an adsorption
energy of about —1 eV [52,58]. In the nanocomposites, the surface
Fe was fully coordinated due to the bridging Fe—O—C bond.
Dissociative adsorption of H,O was therefore considered with hy-
droxide adsorbed to the GO part of the composite, and the proton
associated with the surface oxide ion of a-Fe,03, unless otherwise
stated. The adsorption site for the hydroxide species was consid-
ered for symmetrically inequivalent carbon sites. Based on initial
calculations, it was determined that it was not favorable for hy-
droxide to adsorb and bond to nitrogen sites or the nearest
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Fig. 3. Relaxed structure of the Fe,03-GO composite (a), with graphitic N-doping (b) and with pyridinic N-doping (c). The first two figures show half of the a-Fe,05 unit cell along
the c-direction, while the latter shows the surface layer of a 2 x 2 a-Fe,03 cell. (A colour version of this figure can be viewed online.)

Table 1

Structural parameters for the Fe,03-GO composites with values in parenthesis for
the free-standing GO structures, and binding energy between a-Fe,05 and GO, 4E,,,
per Fe—O—C bond or «-Fe,03 unit cell.

GO GO graphitic N GO pyridinic N
Strain/% -1.95 —-2.96 —~1.82
Rumpling/A 0.33 (0.21) 0.42 (0.27) 0.33 (0.25)
C—0/A 1.41 1.34 1.40
Fe—O/A 1.89 1.90 1.89
AE[eV —-0.56 -1.14 —-0.84

neighboring carbon site. The most stable adsorption configurations
with a a-Fe;03 surface proton and hydroxide adsorbed to (N-
doped) GO are shown in Fig. 5. Adsorption of hydroxide resulted in
outward relaxation of carbon by 0.37—0.43 A and the C—OH bond
lengths were 1.45—1.48 A.

The obtained adsorption energies are summarized in Table 3
where the OH position is denoted in relation to the carbon in the
Fe—O—C bridge as shown in Fig. 5. The adsorption energies with
hydroxide in the ortho and para positions were the most favorable,
in agreement with hydroxide adsorption on pristine graphene [59].
In the case of the N-doped GO composites, the ortho configurations
were most favorable. Notably, all of the nanocomposites exhibit
more exothermic adsorption energies than the individual
materials.

In the case of the Fe;03-GO, a more stable configuration was

Table 2
Bader charge of oxygen in the epoxy groups in isolated (N-doped) GO and in the
Fe—O—C bridge in the composites.

Material Oxygen charge
Epoxy Fe—0—-C
GO -1.1 -13
GO graphitic N -1.2 -1.7
GO pyridinic N -1.0 -14

obtained with the hydroxide group residing between GO and the a-
Fe,03 surface (Fig. 6a). This configuration allowed for an additional
hydrogen bond between hydroxide and the Fe—O—C bridge that
can explain the more exothermic adsorption energy of —1.39 eV
(Table 3). In the case of pyridinic N-doped GO, the most stable
configuration, with an adsorption energy of —1.66 eV, was obtained
by forming an NH group instead of the a-Fe,03 surface proton, as
shown in Fig. 6b. Adsorption to NH was also achieved by retaining
the a-Fe,03 surface proton and changing ortho hydroxide to ortho
carbonyl, resulting in an adsorption energy of —1.47 eV. However,
the formation of two NH groups in the same pyridinic unit was
significantly less favorable. Based on the adsorption energies of
these configurations, the binding energy of the proton in the NH
group was —0.32eV relative to the a-Fe,Os; surface proton,
and —0.19 eV relative to the proton in the ortho hydroxide group.
In terms of functional properties and catalytic activity, the large

a T T T T T T b T T T T T c T T T T T
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Fig. 4. Electronic density of states for the isolated materials and composite for Fe;03-GO (a), with graphitic N-doping (b) and with pyridinic N-doping (c). The dashed lines represent
the highest (partially) occupied states. The valence band maximum of a-Fe,03 (0 0 0 1) was referenced to 0 eV. The composite and GO cells were aligned by deep Fe 3p states and
the potential in the vacuum region, respectively. (A colour version of this figure can be viewed online.)
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a Fe203-GO b
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Fig. 5. Most stable configurations of dissociatively adsorbed H,0 with the hydroxide on the ortho site in GO and the proton associated with the o-Fe,03 surface oxide ion for Fe;03-
GO (a), with graphitic N-doping (b) and with pyridinic N-doping (c). (A colour version of this figure can be viewed online.)

Table 3

Adsorption energy for dissociative chemisorption of H,O with a proton bound to a o~
Fe,05 surface oxide ion and hydroxide bound to GO positions relative to the Fe—O—C
bridge as defined in Fig. 5. Additional configurations are described in Fig. 6.

OH site H,0 adsorption energy/eV

GO GO graphitic N GO pyridinic N
Ortho -1.39 —1.50 —1.34/-1.66
Meta -0.14 0.42 0.40
Para —-1.00/-1.39 -0.94 -1.08
a Fe20:-GO b pyridinic N

Fig. 6. Dissociatively adsorbed H,0 on Fe,03-GO with para hydroxide in between GO
and the a-Fe;03 (0001) surface forming a hydrogen bond with the Fe—O—C bridge (a),
and pyridinic N-doped GO with ortho hydroxide and one NH group (b). (A colour
version of this figure can be viewed online.)

negative chemisorption energies imply that the nanocomposite
may be significantly affected — structurally and chemically — by the
presence of H0. In an aqueous environment, the nanocomposites
may become permanently modified by chemisorption in the most
stable configurations, while other parts of the composites provide
the active sites for reactions such as water splitting.

4. Conclusion

Graphene oxide and a-Fe,03 may form robust nanocomposites
due to strong Fe—O—C bonds bridging the materials. The calculated
binding energies between the materials ranged from —0.56 eV
to —1.14eV per Fe—O—C bond despite the penalty of inducing
tensile strain in the GO part of the computational cells. The
exothermicity of the binding energy was found to correlate with a
more negative charge of the bridging oxide ion. Dissociative
adsorption of H,0 was determined to be more exothermic for the
nanocomposites than the isolated materials since the dissociated
species — hydroxide and proton — could adsorb to different parts of
the composite. Hydroxide species were found to preferentially
adsorb on the ortho position in (N-doped) GO relative to the

Fe—O—C bridge, while protons were most stable associated with an
oxide ion on the a-Fe;03 surface or as an NH group in the case of the
composite with pyridinic N-doped GO. The resulting adsorption
energies were about —0.9 eV to —1.7 eV per H,O for the most stable
configurations, which implies that the nanocomposites may be
significantly modified due to chemisorption in an aqueous
environment.
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