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ABSTRACT: Precise control of the overall performance for solid-
state materials is associated with morphological modulations which
provide an alternative way to the rational design based on
understanding the corresponding electronic structures of the
exposed surfaces. Experimental and theoretical efforts were
combined herein to elucidate the structural−property relationship
of CuMnO2 nanoparticles from different morphologies. The
microwave-assisted hydrothermal method was employed to
synthesize these crystals with different morphologies, while first-
principle quantum mechanical calculations were performed at the
DFT level to obtain the structural, electronic, and magnetic
properties of CuMnO2 surfaces. Our structural results have
confirmed a monoclinic structure for crednerite-type CuMnO2
nanoparticles described by the Jahn−Teller-distorted octahedral
[MnO6] clusters, which are connected by linear 2-fold [CuO2]. FE-SEM images combined with Wulff construction analyses
indicated that CuMnO2 nanoparticles adopt a hexagonal nanoplate-like morphology which can enclose a major extent of the (100)
surface with contributions from (101), (110), and (111) surfaces. Electronic structure and magnetic characterizations were discussed
by the role of the corresponding electronic states of exposed surfaces which control the energy-level band diagram and spin density
distribution. These results extend our fundamental understanding of the atomic processes which underpin the morphological
modulations of the CuMnO2 material, thus creating a new path to obtain selected nanoparticles with desirable properties which
optimize their applications.

■ INTRODUCTION
Delafossite materials have attracted remarkable attention
recently due to their potential applications as multiferroic,
oxygen storage devices, photovoltaic and photocatalytic
semiconductors, hydrogen photocathodes, and environmen-
tally friendly platforms, among others.1−10 This class of
compounds can be described by a general formula ABO2,
with A and B being transition metal cations. The crystal
structure usually consists of hexagonal delafossite, where the
monovalent A+ cations are linearly coordinated with two O
ions and the parallel O−A−O chains connect edge-sharing
[BO]6 octahedrons formed by B3+ cations.1

CuMnO2 material, called crednerite, is a very intriguing
delafossite derivative which can be potentially applied in
several fields such as catalyst, photoelectrochemical cells, and
multiferroic devices, among others.10−18 Regarding the
crystalline structure, this material shows a distorted arrange-
ment in comparison with the hexagonal delafossite structure
because of the Jahn−Teller effect of Mn3+ ions. This cation has
crystal-field splitting in eg orbitals due to the 3d4 (t2g3eg1)

electronic configuration. This fact lowers the trigonal
symmetry to monoclinic (C2/m), having a significant effect
on the magnetic arrangement of Mn3+ cations.12,19 In this case,
CuMnO2 corresponds to an isosceles-triangular antiferromag-
net (AFM), where the triangular ab plane is a nonequivalent
plane, i.e., two short and four long Mn−Mn distances in the
plane can be found for each Mn, resulting in a lift frustration
associated with the strength of short (J1) and long (J2)
antiferromagnetic exchange coupling involving Mn−O−Mn
bond path interactions.19,20

In addition, an experimental evaluation of stoichiometric
CuMnO2 and nonstoichiometric Cu(Mn1−xCux)O2 samples
indicates that the in-plane magnetic ordering remains the same.
However, there are changes to the interlayer exchange coupling
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from antiferromagnetic in pure CuMnO2 to ferromagnetic
(FEM) for Cu(Mn1−xCux)O2 compositions, suggesting that
long-range interlayer interactions play a fundamental role in
controlling the magnetic properties of the crednerite
structure.21−23

From an experimental point of view, a series of techniques
has been employed to successfully synthesize the crednerite
CuMnO2, including solid-state reactions,13−15,19,24 sol−gel
techniques,25,26 and hydrothermal methods.11,12,27−30 The
major releases associated with the power of the hydrothermal
methods, as proposed in this work, are associated with a drastic
reduction in synthesis temperature and time as well as the
possibility to generate nanoparticles with controlled size and
shape.31 For instance, Fu et al. confirmed that hydrothermal
methods can be used to tailor the CuMnO2 morphology
showing triangular sheets, nanowires, hexagonal prisms, and
octahedron polyhedrons as a function of temperature.11 This
fact is mandatory to precisely control the overall properties of
crednerite CuMnO2 and could open new prospects in
understanding the surface-induced properties such as intrigu-
ing magnetic properties due to the presence of uncompensated
spins originated from the confinement quantum effect, as
observed for other materials.32,33

Nevertheless, previously reported theoretical studies for
CuMnO2 have mainly been focused on understanding in-plane
and out-of-plane magnetic ordering for both stoichiometric
and nonstoichiometric compositions.6,10,34 However, the
global discussion on the connection between the electronic
structure and the surface remains unclear. In this context, it is
well known that a precise understanding of the semiconductor
material morphology is critical to identify the correlations
between crystalline structure, activity, and technological
applications.35−37 In particular, the strong dependence of the
desirable properties with surface orientation can be understood
from the viewpoint of singular chemical arrangement which
arises from the exposed surfaces appearing in the morphology,
resulting in intriguing influences on the surface electronic
structure.38

On the basis of the above considerations, in this study we
present a unified experimental and theoretical investigation to
gather a comprehensive understanding of the solid-state
chemistry in terms of the synthesis and properties for
CuMnO2. To do so, the energetic, structural, electronic,
morphological, and magnetic properties of CuMnO2 were
analyzed by experimental techniques, with the major aspects
being substantiated and further elucidated by state-of-the-art
density functional theory (DFT) calculations. Our main
insights are associated with the critical role of the single
chemical environments found in the bulk as well as on surfaces
of the CuMnO2 material.

■ EXPERIMENTAL SECTION
Synthesis. Copper(II) nitrate hemi(pentahydrate) [Cu-

(NO3)2·2.5H2O] (Synth, 98% purity), manganese nitrate
tetrahydrate [Mn(NO3)2·4H2O] (Synth, 99%), sodium
hydroxide [NaOH] (Synth), and distilled water were used as
reagents to synthesize the CuMnO2 samples. The CuMnO2
samples were prepared by the microwave-assisted hydro-
thermal method, as described in the literature.12 The solution
precursor for CuMnO2 was composed by adding 6 mmol of
Cu(NO3)2 and 6 mmol of Mn(NO3)2 into 30 mL of H2O.
Next, the pH solution was adjusted to 12 by adding NaOH
(2.5 M), forming brownish precipitates, which was then stirred

for 30 min. The solution was transferred and sealed in a Teflon
autoclave and then heated by different temperatures and times
under hydrothermal conditions with microwave radiation (2.45
GHz, maximum power 800 W, the heating rate of 30 °C/min),
as shown in Table S1. The samples are named CMT-t, where T
is the temperature and t is time utilized. The pressure inside
the autoclave was stabilized at 4.0 bar. After heat treatment, the
samples were washed with deionized water, centrifuged, and
dried at 80 °C for 12 h.

Characterization. Powder X-ray diffraction (XRD)
patterns for the CuMnO2 samples were collected within the
10−120° angular range with a step speed of 0.02° min−1 using
an XRD 7000 Shimadzu diffractometer and monochromatic
Cu Kα (λ = 1.5406 Å) radiation. The diffraction patterns were
analyzed by means of the General Structure Analysis System
(GSAS) with the EXPGUI graphic interface39 in order to
perform the Rietveld refinement40 and to analyze the possible
structural modifications. The following parameters were
refined: scaling factor and phase fraction; background
(displaced Chebyshev polynomial function); peak shape
(Thomson−Cox−Hasting pseudo-Voigt); change in the net-
work constants; fractional atomic coordinates; and isotropic
thermal parameters. Field-emission gun scanning electron
microscopy (FESEM; Carl Zeiss, Supra 35-VP model,
Germany, operated at 6 kV) was used to investigate the
morphologies of the CuMnO2 samples. A Shimadzu
spectrophotometer (UV-2600 model) was utilized for
measuring the ultraviolet−visible (UV−vis) reflectance mode
of the samples. Magnetic characterization was performed with
a Quantum Design Dynacool Physical Property Measurement
System (PPMS). In this case, the zero-field-cooled (ZFC) and
field-cooled (FC) magnetization curves were acquired in the
temperature range between 5 and 300 K with a probe magnetic
field of 500 Oe. Moreover, isothermal magnetization was
measured with a magnetic field up to 100 kOe and after zero-
field cooling at selected temperatures between 5 and 300 K.

Computational Details. DFT calculations in this study
were performed within the linear combination of atomic
orbitals (LCAO) approach, as implemented in the CRYS-
TAL17 code.41 Cu, Mn, and O atoms were described by the
atom-centered all-electron 86-4111d41G, 86-411d41G, and 8-
411d1G Gaussian basis sets, respectively.42−44 The B3LYP45

hybrid functional was employed in all calculations for treating
the exchange and correlation effects. Here, it is important to
point out that Becke-based hybrid exchange correlation
functionals were selected due to the good agreement between
the calculated and the experimental band gaps of complex
oxide materials.46−50 The analyses of the electronic properties
in terms of the density of states (DOS) projections, band
structure profiles, and electronic density distributions were
carried out with the new property evaluation functionalities
available in the latest version of the CRYSTAL code.41 The
pristine monoclinic (C2/m) unit cell for CuMnO2 was built
using the experimental lattice parameters and atomic positions
obtained from the Rietveld refinement. Lattice parameters and
atomic positions were fully relaxed considering a FEM
configuration. Two additional models were considered using
a 2 × 2 × 1 supercell to investigate the exchange coupling
constant along the nearest neighboring [MnO6] clusters. The
first model was described in antiferromagnetic (AFM-1)
ordering corresponding to a supercell with two magnetic
Mn3+ sites with parallel orientation (FEM) for the short Mn−
O−Mn bond path, while the spin arrangement for Mn3+ sites
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along the longer Mn−O−Mn bond paths was oriented as
AFM. The AFM-2 was built considering that the spin
orientations for all magnetic Mn3+ sites are ordered in AFM
arrangement. A 2 × 2 × 2 supercell was considered to calculate
long-range magnetic interactions. The AFM-3 and AFM-4
models herein were constructed based on the most stable in-
plane AFM-2, where AFM-3 corresponds to an in-plane AFM
arrangement and out-of-plane FEM configuration, whereas the
AFM-4 model is completely ordered in an AFM arrangement
with both in-plane and out-of-plane exchange coupling in
antiparallel ordering. The exchange coupling constant was
computed using the Ising model

∑̂ =H J S Sij iz jzIsing (1)

where Jij is the magnetic exchange coupling constant between
magnetic neighbors and Sz corresponds to the spin
momentum. Next, the (001), (100), (101), (110), (111),
(113), and (311) surfaces were considered in order to gain
deep insight into the role that the CuMnO2 surfaces plays in
the crystal morphology and material properties, as shown in
Figure S1.
The surface energy (Esurf) was calculated using the equation

= −
E

E nE
A

( )
2surf

slab bulk
(2)

In this case, n is the number of the surface molecular units,
Ebulk is the total energy of the bulk, Eslab is the total energy of
the surface slab per molecular unit, and A is the surface area.
The equilibrium shape of a crystal and its modulations can be
calculated from the Wulff construction, which minimizes the
total surface free energy at a fixed volume, providing a simple
relationship between the surface energy (Esurf) of a (hkl) plane
and its distance from the crystallite center in the normal
direction.51 With regard to the magnetic properties for the
CuMnO2 morphologies, we considered a recent and innovative
method proposed to compute the magnetization index (M)
from the calculated spin density (Dμ) index of a given
surface.32,33,52 The latter is related to the magnetic moment
(μB) per unit cell area (A), while the M values invoke the
combination among the contributions of each surface plane to
the morphology, c(hkl), and the corresponding Dμ

= μ
μD

A
B

(3)

∑= · μM c Dhkl
hkl

( )
( )

(4)

Electronic integration was performed using a dense 6 × 6 ×
6 Monkhorst−Pack53 k mesh containing 68 k points for the
bulk models and 6 × 6 × 1 for the surface models containing
13 k points. The accuracy of the Coulomb and exchange
integral calculations was controlled by five thresholds set to 8,
8, 8, 8, and 16. The converge criterion for mono- and
bielectronic integrals were set to 10−8 Ha, while the root-mean-
square (RMS) gradient, RMS displacement, maximum
gradient, and maximum displacement were set to 3 × 10−4,
1.2 × 10−3, 4.5 × 10−4, and 1.8 × 10−3 au, respectively.

■ RESULTS AND DISCUSSION
Characterization. The XRD patterns for the CuMnO2

samples are shown in Figure 1. All samples were indexed in a
unit cell with a monoclinic structure with C2/m space group
(no. 12) in agreement with the letter JCPDS 18-448 and the

literature.16,54 The CuMnO2 material presents a crednerite-
type anomalous structure; then formation of this material
occurs from the Jahn−Teller distortion due to the shift of the
Mn atoms from the octahedral center.55 The patterns show
good intensity, thus being samples with a long-range crystalline
structure, but it is noted that the increase in temperature and
synthesis time resulted in a better definition of peaks, i.e.,
increased crystallinity. This phenomenon occurs due to the
higher period and higher energy provided at synthesis.
Figure S2 (Supporting Information) and Table S2

summarize the Rietveld refinement results of the XRD
patterns. All XRD patterns were indexed as monoclinic cells
(C2/m) according to ICSD 30379 (CuMnO2). The Obs−Calc
lines and reliability parameters χ2, Rp, and Rf2 indicated that
diffraction patterns of the samples are well adapted. The lattice
parameter values found in the literature are in accordance with
calculated values (Table S2). For instance, Shukla et al.20

obtained CuMnO2 by the solid-state method, and lattice
parameters results were a = 5.5907(7) Å, b = 2.8808(4) Å, c =
5.8853(7) Å, and β = 103.940(4)°. Moreover, small changes in
the lattice parameters among the CuMnO2 samples are noted
due to the different temperature and synthesis time.

Figure 1. XRD patterns of CuMnO2 samples (a) CM100-1, (b)
CM120-1, (c) CM140-1, (d) CM100-5, (e) CM120-5, (f) CM140-5,
(g) CM100-10, (h) CM120-10, and (i) CM140-10.
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As previously mentioned, the crystalline structure of
crednerite CuMnO2 can be decomposed in the 2-fold linear
[CuO2] and 6-fold octahedral [MnO6] clusters. Figure S3
shows the unit cells of CuMnO2 samples and the Cu−O and
Mn−O bond distances. It was generally noted that the
increases in temperature and time result in the increased bond
distance for Cu−O bonds, while the Mn−O bonds showed
irregular distortions.
The FE-SEM images obtained for CuMnO2 samples are

shown in Figure 2. The morphology of the particles has

nanoplate-like geometry. Moreover, it is noted which particles
tend to increase in size with increasing temperature and
synthesis time. Also, some CM140-10 particles show nano-
plates with hexagonal-like architecture. Xiong et al.28 and
Poienar et al.12 synthesized CuMnO2 powder by conventional
hydrothermal and microwave-assisted hydrothermal methods,
respectively, and observed particles with nanoplate-like
architecture. On the other hand, Fu et al.11 synthesized
CuMnO2 with special architectures as a function of synthesis
temperature. These authors indicate that morphological
modulation of the CuMnO2 crystal follows the sequence
triangular sheets (140 °C), nanowires (160 °C), hexagonal
prisms (180 °C), and octahedrons (over 200 °C).11 A deep
analysis of FE-SEM reported by Fu et al.11 indicates that
hexagonal prisms obtained at 180 °C can be related to the
nanoplate-like architecture. In addition, other Cu-based
delafossite materials show nanoplate-like morphology8,56−59

as observed for CuMnO2, confirming that such architecture is
characteristic of this material class.
The estimated values for the band-gap energy of CuMnO2

samples are shown in Figure S4. The band-gap energy values
(Egap) were estimated using the Kubelka−Munk function60

followed by the Wood and Tauc method.61 The band-gap
energy is assumed by αhv ∝ (hv − Egap)1/p,

61 where α is the
absorbance, h is Planck’s constant, v is the frequency, and p is

indicated for the different kinds of transitions. CuMnO2 is
reported with a direct permitted electronic transition,13 so the
results from the CuMnO2 samples were analyzed assuming p =
1/2. The band-gap energy of the CuMnO2 samples reported
herein (Figure S4) is close to that obtained by Bellal et al.13

and Benreguia et al.,54 which were 1.31 and 1.70 eV,
respectively.
Figure S5 shows the isothermal magnetization curves, and

Figure 3 presents the isothermal magnetization curves at 5 K
and the zero-field-cooled (ZFC) and field-cooled (FC) curves
measured between 5 and 300 K for the CuMnO2 samples. In
Figure S5 it is possible to observe a paramagnetic state of the
samples at 300 K. On the other hand, the curves for the
temperature of 5 K clearly evidence the coexistence of the
AFM and FM orders, with saturation taking place at magnetic
fields above 100 kOe (Figure S5). The coercivity of the
samples was found in the range between 5 and 6 kOe, while
the remanence was verified between 0.9 and 2.1 emu/g (see
the inset on the left in Figure 3). With respect to the
remanence, a decrease with increasing temperature is noted for
the samples at the same synthesis time.
Regarding the temperature dependence of the magnet-

ization, the FC curves, right panel of Figure 3, show a
maximum value at 41 K, while the ZFC curves have an abrupt
reduction in this region. This behavior is an indicator of an
AFM-like transition, i.e., the material crosses over from a
paramagnetic (above 41 K) to an antiferromagnetic state
(below 41 K). These observations are in perfect agreement
with the experimental results previously reported in the
literature.18−20,22,23

In addition, all samples have shown distinct values of
saturation magnetization, indicating that the magnetic proper-
ties of the as-synthesized nanoparticles are connected to the
temperature as well as to the synthesis time. This fact is of
fundamental importance given that it suggests the role of
exposed surface planes on the magnetic anisotropy of CuMnO2
nanoparticles. The main effects associated with such a
mechanism are currently under investigation.

DFT Calculations. First, the crystalline structure of
CuMnO2 was analyzed considering the theoretical calculations
for the unit-cell lattice and M−O (M = Cu, Mn) bond
distances. In this case, the lattice parameters of CuMnO2 were
calculated as a = 5.690 Å, b = 2.911 Å, c = 5.944 Å, and β =
102.4°, showing good agreement with the experimental
evidence reported in Table S2. Regarding the M−O bond
distances, the [CuO2] clusters were formed by Cu−O bond
paths of 1.878 Å, while the [MnO6] clusters have four short
(1.942 Å) and two long (2.315 Å) Mn−O bonds in good
agreement with experimental data (Figure S3). Therefore, the
combination of theoretical and experimental results indicates
the existence of Jahn−Teller distortions along the [MnO6]
clusters resulting from the odd number of electrons along the
eg orbital of Mn3+ (3d4 − t2g3eg1).
DFT calculations were carried out on appropriate models to

investigate the magnetic ground state of CuMnO2, thus
enabling a long-range description. The crystalline structure of
CuMnO2 induces two kinds of magnetic exchange coupling
constant (J) along the ab plane and c axis, as depicted in Figure
4. The structural arrangement of neighboring magnetic Mn3+

cations along the basal (ab) plane induces formation of an
isosceles triangular plane with Mn3+ cations on the vertices.
However, due to the Jahn−Teller distortion generated from
the 3d4 electron configuration of Mn3+ cations, the bond paths

Figure 2. FE-SEM images of CuMnO2 particles, namely, (a) CM100-
1, (b) CM120-1, (c) CM140-1, (d) CM100-5, (e) CM120-5, (f)
CM140-5, (g) CM100-10, (h) CM120-10, and (i) CM140-10.
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can be divided into two long and one short Mn−O−Mn spin
interactions, being denominated J1 and J2, respectively.
Nevertheless, the third-neighbor superexchange coupling

constant (J3) along the c axis is mediated along the Mn−O−
Cu−O−Mn intermetallic connection, exhibiting a short- and
long-part composition. Our calculations were based on the
mean value of short and long bond paths in aiming to simplify
the evaluation of this magnetic interaction.
Using the Ising model, as presented above (eq 1), the J1, J2,

and J3 exchange coupling constants were calculated to be
−7.45, −87.07, and −0.21 K, respectively. In addition, the
magnetic moment in the Mn3+ cation was calculated as 3.62 μB,
which is in agreement with the high-spin 3d4 electronic
configuration. In this case, it was noted that all exchange
coupling constants are AFM, thereby confirming the long-
range antiferromagnetic ground state for CuMnO2. Ushakov et
al.34 also calculated the exchange coupling constant for
CuMnO2 using the GGA+U methodology, obtaining values

of J1 = 1.5 K, J2 = −16.5 K, and J3 = −0.80 K, with the major
differences being attributed to the FM character of long (J1)
Mn−O−Mn exchange coupling. Here, it is important to point
out that the exchange coupling constant calculated with the
B3LYP formalism shows a similar pattern when compared with
the values obtained by the GGA+U formalism differing in the
overall magnitude, which can be attributed to treatment of the
exchange-correlation effects as previously reported in other
theoretical studies.46,62 However, both results confirm the
dominant character of short Mn−O−Mn exchange coupling
constants along the basal plane, once the values calculated for
the J2 magnetic interaction were high in comparison to J1 and
J3, suggesting that this spin interaction generates the overall
AFM ground state for CuMnO2.
The main explanation about the dominant effect of the short

Mn−O−Mn exchange coupling constant (J2) can be made
based on the Goodenough−Kanamori−Anderson (GKA) rules
for the superexchange coupling constant.63,64 Three main types

Figure 3. (Left) Magnetization curves at 5 K with inset highlighting the remanence and coercivity of the CuMnO2 samples, namely, (a) CM100-1,
(b) CM120-1, (c) CM140-1, (d) CM100-5, (e) CM120-5, (f) CM140-5, (g) CM100-10, (h) CM120-10, and (i) CM140-10. (Right) ZFC and FC
curves for the CuMnO2 samples, namely, (a) CM100-1, (b) CM120-1, (c) CM140-1, (d) CM100-5, (e) CM120-5, (f) CM140-5, (g) CM100-10,
(h) CM120-10, and (i) CM140-10.
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of orbital-resolved spin interaction can be described for
CuMnO2 along the basal plane. First, the edge-sharing Mn3+

can directly interact through the overlap of t2g orbitals which
lie on the basal plane. Additionally, the t2g orbitals of
neighboring Mn3+ can interact by a superexchange coupling
constant mediated by oxygen (2pz) orbitals. The last
interaction is associated with the coupling of spins mediated
by the oxygen-bridge overlap of the t2g and eg orbitals of
neighboring centers. The existence of Jahn−Teller distortions
for CuMnO2 along the [MnO6] clusters induces elongation of
two Mn−O−Mn bond interactions along the isosceles
triangular basal plane. This fact induces the smallest crystalline
orbital overlap along the J1 exchange coupling for both direct
and oxygen-mediated interactions. On the other hand, the
short Mn−O−Mn bond paths can be described by a more
effective covalent character which increases the extension of
atomic orbitals, resulting in the strongest AFM orientation.
In addition, the interlayer exchange coupling constant (J3)

can be associated with the direct overlap between the 3dz2
orbitals from Mn3+ situated along different layers. However,
due to the interlayer distance being too long, the strength of
such interaction is very small in comparison to the others,

following the principle that the coupling constant from a direct
overlap reduces with the distance.
Regarding the electronic structure of the CuMnO2 material,

the atomic level description of the main forces which dominate
the chemical bond inside the crystalline structure is a key
property to understand the most important features associated
with this material. Figure 5 shows the band structure profiles
and DOS projections for CuMnO2 obtained at the DFT/
B3LYP level of theory.
In general, the valence band (VB) is predominantly

composed of Cu atomic states hybridized with O valence
orbitals. The upper part (maximum) of the valence band
(VBM) shows that the energy levels in the vicinity of the Fermi
level can be associated with the O−Cu−O bond path oriented
along the c axis, as this region is mainly attributed to the
presence of O (2pz) and Cu (3dz2) orbitals in the same energy
range, indicating that the crystalline orbital formed by the
combination of both atoms is oriented along the c axis. On the
other hand, the conduction band (CB) is mainly composed of
Mn atomic states combined with 2p orbitals from oxygen. For
the conduction band minimum (CBM), both Mn (3dyz and
3dxy) orbitals dominate the construction of the empty energy
levels, especially hybridized by 2px orbitals of the O atom, with
a low contribution of the 2py and 2pz orbitals. In this case, the
3d orbitals for Mn3+ followed the energy level diagram for
Jahn−Teller-distorted octahedral environments, showing a
crystal field splitting of approximately 0.30 eV, which is
expected for such a Mn3+ atomic arrangement in [MnO6]
clusters.
Therefore, it was possible to assume that the electronic

excitation involving the CuMnO2 electronic structure can be
described as an electron-hopping mechanism moving into the
Cu−O−Mn intermetallic connection. The calculated Egap was
2.55 eV, being an indirect electronic excitation between Γ and
an intermediary point (U) between the A−Z path. In
comparison with the experimental results, the obtained band-
gap value showed good agreement.
The next step was devoted to clarifying the surface structure

for CuMnO2 and their corresponding properties. Table 1
summarizes the main properties calculated for CuMnO2
surfaces at the DFT/B3LYP level of theory. From Esurf values,
it was observed that the CuMnO2 surfaces have a stability
order as (100) > (101) > (111) > (113) > (311) > (110) >
(001). In this case, the most stable surface plane corresponded

Figure 4. Top- and side-view of crystalline structure for monoclinic
CuMnO2 highlighting the existence of distinct exchange coupling
constants (J) along the ab plane and c axis.

Figure 5. (a) Band structure profiles and atom-resolved DOS profiles for CuMnO2. (b) Orbital-resolved DOS profiles for CuMnO2. Shaded region
in the band structure indicates the band-gap region, while blue bands indicate VBM and CBM.
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to the (100) plane, which shows pyramidal [MnO5] clusters as
well as linear [CuO2] clusters. A very interesting observation is
associated with the exposed undercoordinated cation of
different surfaces. For instance, the (110) and (101) surface
planes showed the presence of Mn5c sites similar to the (100),
but undercoordinated Cu clusters were not observed for (100),
confirming that the dangling bond density modifies the Esurf
stability from the point of view that additional chemical bonds
need to be broken to generate these kinds of surfaces.
Following this principle, the (111), (113), and (311) surfaces
showed higher Esurf values as a function of the increased
undercoordinated character of exposed Mn cations. An
exception was observed for the (001) surface, as the most
unstable plane can be associated with a polar character of the
slab associated with exposure of different chemical environ-
ments for the upper and lower terminations.
For the electronic structure, the Egap values for the CuMnO2

surfaces reported in Table 1 show similar values to the bulk
(2.55 eV). The major differences are associated with the
presence of undercoordinated cations along the exposed
surfaces, which induce the perturbation on VBM and CBM,
as highlighted in Figure S6 (Supporting Information). A
special case was observed for both unstable (001) and (110)
surfaces, which showed metallic features. The Fermi level for
both surface planes crosses the occupied crystalline orbitals for
CuMnO2, showing a singular metallic behavior associated with
the partially filled 3d4 orbitals for Mn3+.
On the other hand, the magnetic moment calculated by the

exposed Mn3+ sites showed similar values to the bulk (3.62
μB), confirming that the spinnet charge of the Mn atoms
remained unchanged even in the center of undercoordinated
sites.
In magnetic materials, the long-range magnetic order can be

dissected on individual contributions from different crystallo-
graphic planes.32 Our calculations indicate that CuMnO2 can
be described as a triangular AFM material showing a parallel
ferromagnetic arrangement (FEM) to describe the Mn3+ spins
within the (111) plane, while adjacent planes are coupled
antiparallel (AFM). Therefore, it is expected that the (111)
plane shows the presence of uncompensated spins as well as
for the other planes linked to this one. As presented in Table 1,
the (101), (111), (113), and (311) surface planes show a
magnetization density associated with the presence of FEM
planes along the exposed surfaces. Thus, the (001), (100), and
(110) surfaces showed a null total magnetic moment because

of the presence of the Mn3+ clusters exposed in an AFM
arrangement.
The combination of all results previously presented suggests

that precise control of exposed surfaces is a key factor to
enhance the overall properties of the CuMnO2 material. As
morphological modulation is the most effective way to guide
the control of exposed surfaces, in this work we investigated
the CuMnO2 crystal morphology by employing the Wulff
construction,51 in which the Esurf values for each surface
determine the final morphology. Therefore, we made a
complete set of available morphologies for the CuMnO2
material, as summarized in Figure 6.

The vacuum ideal morphology proposed by CuMnO2
exhibited a corner-truncated hexagonal shape enclosing the
(100), (111), (101), and (113) surface planes, with the (100)
the surface plane presenting the highest contribution due to its
Esurf value. In addition, a lot of theoretical morphologies (a−f
in Figure 6) were proposed by control of the Esurf ratio for
different surfaces. In the central panel (e−h in Figure 6), it can
be seen that hexagonal plate-like morphologies obtained from
control of the Esurf values for (111), (101), and (110) surfaces
are the major differences associated with the nonregular
truncation of the hexagonal plate defined by the (100) surface,
which remains the most predominant plane along the obtained
morphologies.
On the other hand, additional shapes were included in both

the left and the right sides (a−d) of the ideal CuMnO2
morphology to describe the major morphological modulations
available for this material. In this case, two very similar
pseudocubic shapes were found controlling the Esurf values for
(111) and (113) surface planes, in which the major differences
are the enclosed planes on the pseudocubic shape. In the first
case, a distorted cubic shape was found controlling the (111)
surface energy combining (100) and (111) surface planes. In
the opposite direction, a more regular cubic shape was found

Table 1. Surface Energy (Esurf), Band Gap (Egap), Area,
Magnetic Moment Per Mn Site, and Magnetization Density
(Dμ) Calculated for CuMnO2 Surfaces

surfaces
Esurf

(J m−2) Egap (eV)
area
(nm2)

Mn
site

moment
(μB)

Dμ
(μB nm−2)

(001) 2.42 metallic 0.083 Mn6c 3.322 0.0
−3.333

(100) 0.37 2.03 0.173 Mn5c 3.585 0.0
−3.585

(101) 1.10 2.33 0.264 Mn5c −3.597 13.63
(110) 1.90 metallic 0.186 Mn5c −3.682 0.0

3.682
(111) 1.53 1.98 0.212 Mn4c −3.555 16.77
(113) 1.58 2.21 0.325 Mn4c −3.530 10.86
(311) 1.71 2.13 0.333 Mn4c 3.527 10.59

Figure 6. Complete set of available morphologies for CuMnO2
considering the (100), (101), (111), (113), (311), (110), and
(001) surfaces.
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controlling the Esurf for the (113) surface enclosing both the
(113) and the (100) surface planes.
Thus, the combination among these morphologies is very

important to elucidate a more general picture of the
morphological control of CuMnO2. We argue that despite
the existence of similar shapes, different surface planes are
exposed due to the similarity between the calculated Esurf
values. From the technological point of view, this behavior is
very pronounced because of the modulation in the
fundamental properties such as band gap, magnetic moment,
and others from the exposed surfaces the different surface
planes are intrinsically connected to such properties. More
interestingly, the surface properties are different from the same
properties simulated in the bulk (Table 1).
The hexagonal plate-like morphology corresponds to the

most favorable architecture for CuMnO2 in all cases, as proven
by the experimental evidence reported herein and from other
experimental results for Cu-based delafossite materials.8,56−59

Thus, we calculated the magnetization index (M) for each
morphology to confirm the role of morphological modulations
on the magnetic properties of CuMnO2, as presented in Table
2.
Careful inspection of Table 2 indicates that the ideal vacuum

morphology for CuMnO2 shows a superficial magnetism of
4.77 (μB nm−2), with the (100) plane constituting the surface
with the highest contribution from the uncompensated spins.
In addition, the path connecting morphologies c and d in
Figure 6 showed that such morphological modulations did not
drastically affect the superficial magnetism, which remains
almost constant. On the other hand, the path connecting the e
and f morphologies shows the lowest values for M, suggesting
that this kind of architecture controls the surface contribution
for the overall magnetism, which remains most like the bulk.
However, the path connecting the morphologies labeled as a,
b, g, and h in Figure 6 shows the highest values of M, proving
that precise control of Esurf values for the (111) and (101)
surfaces are mandatory to enhance the surface ration
contribution to increase the overall magnetism of CuMnO2
nanoparticles.
In combining the after-mentioned results, we indicate a high

level of correspondence between the theoretically predicted
shape and the experimental morphology observed by FE-SEM
images, as depicted in Figure 7. Thus, we argue that three
morphologies were selected from FE-SEM (Figure 2) due to
their agreement with the theoretically predicted shape (Figure
6).
In particular, the control allowed by exposing the (101) and

(111) surfaces induced an increase in the number of

uncompensated spins along the cited planes, resulting in a
substantial increase for the superficial magnetism but mainly
for last morphology (M = 7.03). Over time, control of the
outcrop of such surfaces finds excellent agreement with the
magnetization measurements reported in Figures S3−-S5.
Therefore, we argue that is possible to control the overall
magnetism in CuMnO2 nanoparticles from single magnetic
surfaces exposed on a very specific morphology; therefore,
superficial magnetism is a key structure to develop the
magnetic property in nanoparticles.

■ CONCLUSIONS
In this work, a series of crednerite-type CuMnO2 nanoparticles
was obtained by a microwave-assisted hydrothermal method,
and their fundamental properties were disclosed by exper-
imental and theoretical efforts. Structural characterization
indicates that all of the obtained samples exhibit a Jahn−
Teller-distorted monoclinic structure. A series of CuMnO2
morphologies was obtained with a nanoplate-like architecture

Table 2. Surface Contribution and Total Magnetization Density (M) Index Calculated for the Different CuMnO2
Morphologies Which Are Shown in Figure 6 (a−h)

surface contribution (%)

(001) (100) (101) (110) (111) (113) (311) M (μB nm−2)

ideal 0.0 65.7 7.2 0.0 14.8 0.0 12.3 4.77
a 0.0 50.0 1.4 0.0 48.5 0.0 0.0 8.32
b 0.0 46.0 0.0 0.0 54.0 0.0 0.0 9.06
c 0.0 59.9 0.0 0.0 3.60 36.5 0.0 4.57
d 0.0 54.3 0.0 0.0 0.0 45.7 0.0 4.96
e 0.0 65.0 7.3 10.8 0.0 16.9 0.0 2.83
f 0.0 67.0 0.0 10.6 0.0 22.4 0.0 2.43
g 0.0 51.6 34.6 0.0 13.8 0.0 0.0 7.03
h 0.0 48.1 29.0 0.0 22.9 0.0 0.0 7.79

Figure 7. Schematic representation of morphological modulations
associated with the increased superficial magnetism of CuMnO2
nanoparticles.
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by controlling the synthesis time and temperature. Thus,
theoretical analysis was carried out based on the Wulff
construction to elucidate this fact, confirming that hexagonal
nanoplate-like CuMnO2 morphologies can be obtained by
controlling the ratio of the (111), (101), and (110) surface
energy values, and showing excellent agreement with
experimentally predicted shapes. On the other hand, the
superficial magnetism was deeply analyzed focusing on the
existence of uncompensated spins along the exposed surface
planes of triangular antiferromagnetic CuMnO2. The obtained
results clarify the observed magnetizations, indicating that
similar hexagonal nanoplate-like CuMnO2 enclosed by differ-
ent planes showed a distinct magnetization index which came
from the singular spin density distribution along the different
surfaces. In summary, our study illustrates the great potential
of first-principle calculations combined with experimental
evidence for developing semiconductors and designing highly
efficient CuMnO2 materials with desirable properties.
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(38) Andreś, J.; Gracia, L.; Gouveia, A. F.; Ferrer, M. M.; Longo, E.
Effects of Surface Stability on the Morphological Transformation of
Metals and Metal Oxides as Investigated by First-Principles
Calculations. Nanotechnology 2015, 26, 405703.
(39) Toby, B. Expgui, a Graphical User Interface for GSAS. J. Appl.
Crystallogr. 2001, 34, 210−213.
(40) Rietveld, H. A Profile Refinement Method for Nuclear and
Magnetic Structures. J. Appl. Crystallogr. 1969, 2, 65−71.
(41) Dovesi, R.; Erba, A.; Orlando, R.; Zicovich-Wilson, C. M.;
Civalleri, B.; Maschio, L.; Rerat, M.; Casassa, S.; Baima, J.; Salustro,
S.; Kirtman, B.; et al. Quantum-Mechanical Condensed Matter
Simulations with Crystal. Wires Comput. Mol. Sci. 2018, 8, e1360.
(42) Towler, M. D.; Allan, N. L.; Harrison, N. M.; Saunders, V. R.;
Mackrodt, W. C.; Apra,̀ E. Ab Initio Study of MnO and NiO. Phys.
Rev. B: Condens. Matter Mater. Phys. 1994, 50, 5041−5054.
(43) Doll, K.; Harrison, N. M. Chlorine Adsorption on the Cu(111)
Surface. Chem. Phys. Lett. 2000, 317, 282−289.
(44) Bredow, T.; Jug, K.; Evarestov, R. A. Electronic and Magnetic
Structure of ScMnO3. Phys. Status Solidi B 2006, 243, R10−R12.
(45) Adamo, C.; Barone, V. Toward Reliable Density Functional
Methods without Adjustable Parameters: The PBE0Model. J. Chem.
Phys. 1999, 110, 6158−6170.
(46) Ribeiro, R. A. P.; de Lazaro, S. R.; Pianaro, S. A. Density
Functional Theory Applied to Magnetic Materials: Mn3O4 at
Different Hybrid Functionals. J. Magn. Magn. Mater. 2015, 391,
166−171.
(47) Eglitis, R. I.; Popov, A. I. Systematic Trends in (001) Surface
Ab Initio Calculations of ABO3 Perovskites. J. Saudi Chem. Soc. 2018,
22, 459−468.
(48) Eglitis, R. I. Ab Initio Calculations of the Atomic and Electronic
Structure of BaZrO3 (111) Surfaces. Solid State Ionics 2013, 230, 43−
47.
(49) Heifets, E.; Kotomin, E. A.; Bagaturyants, A. A.; Maier, J. Ab
Initio Study of BiFeO3: Thermodynamic Stability Conditions. J. Phys.
Chem. Lett. 2015, 6, 2847−2851.
(50) Heifets, E.; Kotomin, E. A.; Bagaturyants, A. A.; Maier, J.
Thermodynamic Stability of Stoichiometric LaFeO3 and BiFeO3: A
Hybrid Dft Study. Phys. Chem. Chem. Phys. 2017, 19, 3738−3755.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c00198
J. Phys. Chem. C 2020, 124, 5378−5388

5387

https://dx.doi.org/10.1038/srep09272
https://dx.doi.org/10.1038/srep09272
https://dx.doi.org/10.1038/srep09272
https://dx.doi.org/10.1021/acs.cgd.8b00988
https://dx.doi.org/10.1021/acs.cgd.8b00988
https://dx.doi.org/10.1016/j.ceramint.2017.12.249
https://dx.doi.org/10.1016/j.ceramint.2017.12.249
https://dx.doi.org/10.1007/s10800-011-0307-y
https://dx.doi.org/10.1007/s10800-011-0307-y
https://dx.doi.org/10.1016/S0360-3199(02)00023-X
https://dx.doi.org/10.1016/S0360-3199(02)00023-X
https://dx.doi.org/10.1016/j.apcatb.2008.11.033
https://dx.doi.org/10.1016/j.apcatb.2008.11.033
https://dx.doi.org/10.1016/j.jpowsour.2017.04.054
https://dx.doi.org/10.1016/j.jpowsour.2017.04.054
https://dx.doi.org/10.1016/j.jpowsour.2017.04.054
https://dx.doi.org/10.1039/C5TA01361E
https://dx.doi.org/10.1039/C5TA01361E
https://dx.doi.org/10.1039/C5TA01361E
https://dx.doi.org/10.1166/jnn.2014.8550
https://dx.doi.org/10.1166/jnn.2014.8550
https://dx.doi.org/10.1039/C5RA13305J
https://dx.doi.org/10.1039/C5RA13305J
https://dx.doi.org/10.1016/j.materresbull.2017.03.054
https://dx.doi.org/10.1021/cm102483m
https://dx.doi.org/10.1021/cm102483m
https://dx.doi.org/10.1103/PhysRevB.83.172407
https://dx.doi.org/10.1103/PhysRevB.83.172407
https://dx.doi.org/10.1103/PhysRevB.84.064432
https://dx.doi.org/10.1103/PhysRevB.84.064432
https://dx.doi.org/10.1103/PhysRevB.84.064432
https://dx.doi.org/10.1016/j.jssc.2005.06.009
https://dx.doi.org/10.1016/j.jssc.2005.06.009
https://dx.doi.org/10.1016/j.apsusc.2013.11.021
https://dx.doi.org/10.1016/j.apsusc.2013.11.021
https://dx.doi.org/10.1016/j.jallcom.2014.02.018
https://dx.doi.org/10.1016/j.jallcom.2014.02.018
https://dx.doi.org/10.1016/j.jallcom.2014.02.018
https://dx.doi.org/10.1007/s10854-015-3702-z
https://dx.doi.org/10.1007/s10854-015-3702-z
https://dx.doi.org/10.1007/s10854-015-3702-z
https://dx.doi.org/10.1039/C6NJ00253F
https://dx.doi.org/10.1039/C6NJ00253F
https://dx.doi.org/10.1016/j.cej.2019.121966
https://dx.doi.org/10.1016/j.cej.2019.121966
https://dx.doi.org/10.1016/j.snb.2018.09.120
https://dx.doi.org/10.1016/j.snb.2018.09.120
https://dx.doi.org/10.1016/j.snb.2018.09.120
https://dx.doi.org/10.1016/j.solidstatesciences.2018.03.019
https://dx.doi.org/10.1016/j.solidstatesciences.2018.03.019
https://dx.doi.org/10.1016/j.solidstatesciences.2018.03.019
https://dx.doi.org/10.1016/j.jmmm.2017.11.025
https://dx.doi.org/10.1016/j.jmmm.2017.11.025
https://dx.doi.org/10.1016/j.jmmm.2018.12.002
https://dx.doi.org/10.1016/j.jmmm.2018.12.002
https://dx.doi.org/10.1016/j.jmmm.2018.12.002
https://dx.doi.org/10.1103/PhysRevB.89.024406
https://dx.doi.org/10.1103/PhysRevB.89.024406
https://dx.doi.org/10.1103/PhysRevB.89.024406
https://dx.doi.org/10.1021/acsami.7b15828
https://dx.doi.org/10.1021/acsami.7b15828
https://dx.doi.org/10.1021/acsami.7b15828
https://dx.doi.org/10.1016/j.arabjc.2017.05.011
https://dx.doi.org/10.1016/j.arabjc.2017.05.011
https://dx.doi.org/10.1007/s11224-016-0838-2
https://dx.doi.org/10.1007/s11224-016-0838-2
https://dx.doi.org/10.1007/s11224-016-0838-2
https://dx.doi.org/10.1088/0957-4484/26/40/405703
https://dx.doi.org/10.1088/0957-4484/26/40/405703
https://dx.doi.org/10.1088/0957-4484/26/40/405703
https://dx.doi.org/10.1107/S0021889801002242
https://dx.doi.org/10.1107/S0021889869006558
https://dx.doi.org/10.1107/S0021889869006558
https://dx.doi.org/10.1002/wcms.1360
https://dx.doi.org/10.1002/wcms.1360
https://dx.doi.org/10.1103/PhysRevB.50.5041
https://dx.doi.org/10.1016/S0009-2614(99)01362-7
https://dx.doi.org/10.1016/S0009-2614(99)01362-7
https://dx.doi.org/10.1002/pssb.200541403
https://dx.doi.org/10.1002/pssb.200541403
https://dx.doi.org/10.1063/1.478522
https://dx.doi.org/10.1063/1.478522
https://dx.doi.org/10.1016/j.jmmm.2015.04.091
https://dx.doi.org/10.1016/j.jmmm.2015.04.091
https://dx.doi.org/10.1016/j.jmmm.2015.04.091
https://dx.doi.org/10.1016/j.jscs.2017.05.011
https://dx.doi.org/10.1016/j.jscs.2017.05.011
https://dx.doi.org/10.1016/j.ssi.2012.10.023
https://dx.doi.org/10.1016/j.ssi.2012.10.023
https://dx.doi.org/10.1021/acs.jpclett.5b01071
https://dx.doi.org/10.1021/acs.jpclett.5b01071
https://dx.doi.org/10.1039/C6CP07986E
https://dx.doi.org/10.1039/C6CP07986E
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c00198?ref=pdf


(51) Wulff, G. Xxv. Zur Frage Der Geschwindigkeit Des
Wachsthums Und Der Auflösung Der Krystallflac̈hen. Z. Kristallogr.
- Cryst. Mater. 1901, 34, 449.
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