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© Springer Science+Business ordered, and compositionally distinct interface that occurs due to the dis-

Media New York 2016 similarity of structural and compositional phases of the core and shell. In this
work, we demonstrate a new hydrothermal nanophase epitaxy (HNE) tech-
nique to synthesize highly structurally ordered o-Cr,O;@ua-Cog35Cr1.6202.92
inverted core-shell nanoparticles (CSNs) with evidence for the nanoscale
growth of corundum structure beginning from the core and extending com-
pletely into the shell of the CSNs with minimal defects at the interface. The
high-resolution TEM results show a sharp interface exhibiting epitaxial atomic
registry of shell atoms over highly ordered core atoms. The XPS and Co K-edge
XANES analyses indicate the 42 oxidation state of cobalt is incorporated in the
shell of the CSNs. Our XPS and EXAFS results are consistent with oxygen
vacancy formation in order to maintain charge neutrality upon substitution of
the Co*" ion for the Cr’" ion in the a-Cog 35Cr1 6202.0» shell. Furthermore, the
CSNs exhibit the magnetic exchange bias effect, which is attributed to the
exchange anisotropy at the interface made possible by the nanophase epitaxial
growth of the a-Cog 35Cry 6205 95 shell on the a-Cr,O; core of the nanoparticles.
The combination of a well-structured, sharp interface and novel nanophase
characteristics is highly desirable for nanostructures having enhanced mag-
netic properties.
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Introduction

Core-shell nanoparticles are currently of consider-
able interest because their physicochemical proper-
ties are tunable by varying the core vs shell size,
chemical composition, interface characteristics, and
atomic-scale structure. This tunability has resulted in
the ability to target a wide range of applications of
core-shell nanostructures, including those in optics,
catalysis, medicine, and energy storage [1-6]. Mag-
netic core-shell nanoparticles are of particular inter-
est because of their potential applications in magnetic
random-access memory, spintronic devices, cell sep-
aration, tissue engineering, drug delivery, MRI-tar-
geted cell imaging, and hyperthermia [7-10]. The
increasing complexity of core-shell nanoparti-
cles/nanocrystals (e.g., shape, type, and arrange-
ment), which is owed to the tremendous advances in
chemical synthesis methodologies, has led not only to
a high degree of control in the nature of targeted
properties but also in the potential to tailor multi-
functionality, such as having a combination of mag-
netic and catalytic properties.

Core—shell nanoparticles (CSNs) having distinct
magnetic phases (in the core vs the shell) that interact
via the exchange bias effect (possibly due to exchange
anisotropy at the interface) are presently extensively
studied due to their potential industrial and medical
applications [7-10]. An important structural aspect of
CSNs is that the structure of the core and shell are
typically dissimilar. This structural incompatibility
typically results in considerable structural disorder,
lattice defect formation, amorphization, and rough-
ness at the interface between the core and shell. The
disorder, defects, roughness, and extent of the inter-
face relative to the sizes of the core and shell can have
a strong but as yet not fully understood effect on the
nature and extent of the exchange bias effect in CSNs.
Experimental studies have shown that substantial
structural disorder at the interface leads to a reduc-
tion in the exchange bias in Fe;O;@Mn;0O, [10] and of
Co@CoO CSNs [11]; experimental results have also
shown that interface roughness reduces exchange
bias in CoO@Fe;0, core-shell nanocrystallites [12].
Similarly, Monte Carlo simulations show that the
presence of structural disorder [13], vacancies [14],
and roughness [15] at the interface degrades the
exchange bias. However, other calculations show that
the magnitude of the exchange bias field is strongly
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coupled to the degree of interface roughness in
FM@AFM CSNs [16]. Furthermore, complications can
arise in experimentally resolving the effects due to
dipolar inter-particle interactions, shape of nanopar-
ticles, nanocrystalline faceting, nanoparticle size, and
extent of core vs shell from those stemming from
structural disorder, defects, and roughness at the
core-shell interface. Progress in this area of
nanoscience is complicated by the lack of atomic-
scale control on the level of defects, roughness, and
structural disorder at the interface of two-phase core-
shell nanoparticles (NPs) and nanocrystals.

Our group has devised a novel hydrothermal
nanophase epitaxy (HNE) technique for synthesis of
crystalline CSNs having well-ordered interfaces. By
mimicking natural processes of mineral zoning for-
mation under hydrothermal conditions [17, 18], we
are able to incorporate transition elements (M) into a
highly structurally ordered Cr,Os-based shell, to
form o-Cr,03;@a-M,Cr,_,Oy inverted CSNs. The
inverted CSNs, having an AFM core and a FM or
ferrimagnetic (FiM) shell, are of interest because of
their easier tunability resulting in enhanced magnetic
properties [19, 20]. The advantages offered by our
HNE method are the production of highly structured,
epitaxial CSNs with minimal core-to-shell interface
strain and roughness effects and purposeful intro-
duction of oxygen vacancies on and near the surface
of the NPs. Our synthesis offers a benign chemical
route for the production of novel oxide CSNs having
substantially enhanced physical (e.g., magnetic and
optical) and chemical properties. Such nanomaterials
may be optimally suited for tailored, multifunctional
applications (e.g., magnetic and photocatalytic). In
this work, we report the first synthesis and charac-
terization of a novel epitaxial o-Cog38Cr1.6202.92
nanophase shell overgrown on the a-Cr,O; core of
the CSNs, using our HNE technique.

Experimental
Preparation of the CSNs

The Cr,O3 NPs used in this study were synthesized
following the procedures outlined elsewhere [21]. A
02m  solution of commercially available
Cr(NO5);.9H,O (Sigma-Aldrich) was prepared and
then mixed with an organic surfactant Tri-
ethanolamine (TEOA) in 1:2 molar ratio. The solution
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was magnetically stirred for approximately 1 h and
then placed under microwave irradiation for 5 min.
Then, the solution was placed on top of a bar magnet
and a dark-green colored precipitate collected at the
bottom after approximately 6 h. The precipitate was
separated from the solution and then dried in air.
Next, the precipitate was calcined in air at 575 °C for
2 h. The sample turned into a green-colored fine
powder at the conclusion of the calcination process.
The Cr,O; NPs were characterized using X-ray
diffraction (XRD) and transmission electron micro-
scopy (TEM) techniques.

Commercially available CoCl, (Online Science
Mall) was dissolved in deionized water (deoxy-
genated by passing N, gas for 15 min) to prepare a
0.05 m aqueous solution (pH = 6.1) of CoCl,. Cr,O3
NPs were added at a quantity of 0.09 g to 10 ml of the
CoCl, solution. The solution was sonicated
for ~15 min immediately after preparation and also
before loading into our high-temperature Hastelloy
C-276 hydrothermal reactor [22], in order to perform
the hydrothermal nanophase epitaxy. The NPs and
aqueous solution mixture was heated to ~205 °C
and held at that temperature for ~17 h before cool-
ing to room temperature, in order to grow the CSNs.
After the HNE, the CSNs were rinsed using DI water
and a centrifuge and dried on a glass plate in air at
25 °C. Figure S1 in the Electronic Supplementary
Materials (ESM) shows a schematic model of the
CSNe.

Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) imaging
and SEM energy-dispersive X-ray spectroscopy
(EDX) measurements were made on the o-Cr,O;@a-
Co,Cr,.,Oy CSNs using an FEI Quanta 200, operating
at 20 kV. The powder Cr,O3 NPs were spread on a
conducting carbon tape under the SEM. Figure la
and b show the SEM and SEM-EDX results for the
CSNis, respectively.

Transmission electron microscopy (TEM)

TEM images of the a-Cr,O; and o-Cr,O;@0-Cogss
Cr; 6205 95 inverted core-shell NPs were collected at
the GeoForschungZentrum using a TECNAI G2 F20
X-Twin microscope. The field emission gun of the
TEM was operated at 200 keV. High-resolution lattice
fringe images were acquired with a Gatan imaging
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Figure 1 a An SEM image of the core-shell nanoparticles
(CSNs); b SEM-EDX data collected from a single CSN; ¢ a
HR-TEM image of a-Cr,O3; NPs (core) with the approximate
diameter of the core (~36 nm) indicated in the image; d a HR-
TEM image of an individual CSN. The yellow dashed line in
(d) indicates the location of the interface between the core (darker
region) and shell (lighter, peripheral) region of the CSN.

filter (GIF Tridiem) as energy filtered images apply-
ing a 20 eV window to the zero-loss peak. Diffraction
patterns were calculated from the high-resolution
lattice fringe images using fast Fourier transform
(FFT) from the digital micrograph inside the Image]J
software package. Figure 1c and d show the HR-TEM
images of the core and the CSN, respectively. Fig-
ure 2 shows the TEM and TEM-EDX results. Addi-
tional TEM images are shown in Fig. S2 in the ESM. A
more detailed analysis of the HR-TEM image of Fig. 2
is presented in Fig. S3 in the ESM.

X-ray diffraction (XRD)

Room temperature X-ray diffraction (XRD) mea-
surements (0 — 20 scan) were made on the as-pre-
pared o-Cr;O3 NPs and the a-Cr,03@4-Co,Cr,_,O,
CSNs with a powder diffractometer (Bruker D8 Dis-
cover) using Cu Ko radiation from a sealed tube
operating at 40 kV and 30 mA. A Gobel mirror and a
0.6 mm slit were used in the incident side of the
X-ray beam followed by a 0.6 mm slit on the side of
the diffracted beam. Structural parameters were
extracted from the XRD patterns using the Bruker



J Mater Sci (2017) 52:2066—2076

10

5
5 10
Energy (KeV) Energy (KeV)

Figure 2 a An HR-TEM image of a single CSN showing the core
(lower) and shell (upper; ~6 nm wide); Select lattice planes
(labeled) of the b shell and ¢ core regions shown; d, e the FFTs of
the regions of the shell and core as shown in (b, c) respectively;
the TEM-EDX of the (f) core and (g) shell regions.

TOPAS full-pattern refinement program [23-25]. The
zero error and incident beam profile of the instru-
ment were determined using a modified Thompson-
Cox-Hastings pseudo-Voigt peak function (TCHZ)
[26] from a NIST 674b standard reference material
(CeOy). The peak asymmetry due to axial divergence
of the beam was modeled using the NIST 674b CeO,
standard based on work by Finger et al. [27] The zero
error of the instrument, parameters of the TCHZ peak
function describing the incident beam profile, and
axial divergence of the beam were fixed during the
subsequent structural refinement of the samples. The
background function for the XRD pattern was mod-
eled using a Chebyshev Polynomial of 5-th order [23].
The amorphous-like background of the XRD data
from a-Cr,O3@0-Co,Cr;_, Oy NPs (Fig. 3) came from
the glass substrate used to hold the particles and was
modeled using a broad Voigt function. A non-linear
least square fitting method was performed to mini-
mize the value of “R-weighted pattern” (R,,,) during
Rietveld refinement.
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Figure 3 a The Rietveld refinement of the XRD data measured
from the CSNs. Both the core and shell have a corundum structure
(space group #167:R3c). The asterisk indicates an impurity peak.
b The Fourier transform (FT) of the isolated oscillations of the
EXAFS data (blue line + solid circles) and the fit (red line) to the
data.

Symmetry-mode Rietveld refinement [28-30] was
made on both the as-prepared o-Cr,O; NPs and the
o-Cry03@a-Co,Crp_,Oy CSNs with a corundum
structure (space group #167) based on ICSD #261801
as the starting structure. Figures 3 and S4 show the
Rietveld refinement results for the o-Cr,O;@o-Coy
Cr,_,Oy CSNs and the a-Cr,Oz core NPs, respec-
tively. Table S1 summarizes the results of the Riet-
veld refinement.

XAS measurements

Co K-edge XAS measurements were performed on
the o-Cry,O3@0-Cog35Cr1 60059, inverted core—shell
NPs at the PNC/XSD beam line 20-BM-B at the
Advanced Photon Source (APS). The XAS spectra were
measured in fluorescence mode using a 13-element
Ge solid-state detector. The APS synchrotron was
operated at an energy of 7.0 GeV with a maximum fill
current of 100 mA (in 324 bunches). The incident
X-ray beam flux at the 20-BM-B beam line
was ~2 x 10° photons/second measured using an
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Ny-filled transmission chamber kept before the sam-
ple. The Si(111) double-crystal monochromator was
detuned by 20 % 300 eV above the Co edge and a Rh-
coated harmonic rejection mirror was also used.
Cobalt K-edge calibration was accomplished using
cobalt metal foil. The overall spectrum used during
the data analyses was averaged from 60 individual
scans.

EXAFS data analysis

Reduction of the XAS spectrum was carried out using
ATHENA1.2 software [31]. The nonlinear least
squares fitting of the y data, which are the isolated
extended X-ray absorption fine structure (EXAFS)
oscillations, was made using IFEFFIT0.9 [32]. The k3-
weighted x data were Fourier transformed in the
3.0-13.0 A" k-space range. The Fourier-transformed
(FT) y, data were fit in R-space, in the 1.3-3.5 A range
using theoretical XAS curves generated with FEFF9
[33]. An orthorhombic corundum-type structure
(space group #167) model consisting of 58 atoms was
used in the theoretical XAS calculation. The structure
model consists of the Co atom at the center with Cr
and O atoms occupying the remaining sites. In real-
ity, there are additional Co in the outer shells sur-
rounding the central Co atom in the o-Cr,O;@a-
Co00.35Cr1.6200292 CSNs. However, Co-Co scattering
was not explicitly taken into account, by use of a
separate scattering path, in order to simplify the
analysis. Three single scattering Co-A (A = O, Cr)
paths, generated using FEFF9, were used to fit the Co
K-edge y data. The fitting parameters include the
coordination number (N), the radial distance (R), the
mean-square relative displacement (MSRD: ¢°) of the
XAS Debye-Waller factor, and AE,, for each path.
AE, is defined as the difference between the calcu-
lated Fermi level and the absorption edge position as
determined by the main peak in the first derivative of
the absorption. An amplitude normalization factor
S2 = 0.7 was used in the calculation of the coordi-
nation number N of each path. The goodness of fit
parameter (Rg) as implemented in IFFEFIT was
0.034.

XANES data analysis
After processing, the XANES were isolated from the

XAS spectra and normalized with respect to the
individual step height values. The ab initio XANES
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calculations were made using FEFF9.>* The atomic
cluster model utilized in the calculations consists of a
central Co atom surrounded by Cr, Co, and O atoms
simulating an 0-Cog5Cry 503 corundum structure of
58 atoms. The Co K-edge XANES and the associated
angular momentum projected density of states (I-
DOS) calculations were made simultaneously. The
self-consistent field (SCF) potential calculations uti-
lized Hedin-Lundqvist [34] potentials and were
made in full multiple scattering mode. A dispersion
value of 0.2 eV was used in the calculations to sim-
ulate the effects of instrument and core-hole lifetime
broadening. The discontinuities between adjacent
regions of the muffin-tin potentials were reduced by
a slight overlap via an AFOLP value of 1.09. A mean-
square relative disorder parameter of the Debye-
Waller factor of 0.016 A~' was used in the
calculations.

X-ray photoelectron spectroscopy (XPS)

Compositional analysis of the sample was made
using X-ray photoelectron spectroscopy (XPS). Twin
crystal monochromatic Al K-alpha with a character-
istic energy of 1486.6 eV was used as a source of
X-rays. The Ag 3ds,» (FWHM = 0.36 eV) peak with a
characteristic energy of 368.26 eV was used for cali-
bration of the source and analyzer. The XPS data
were collected using a Thermo Scientific Alpha 110
hemispherical analyzer with pass energy of 25 eV.
The CasaXPS 2.3.16 software was used for analysis
and peak fitting of the XPS spectra. The high-reso-
lution scans, including the survey scan, were cali-
brated with respect to the C 1s peak (284.8 eV).
A Shirley background within the CasaXPS software
was used in the fitting of the XPS peaks in the survey
scan in the high-resolution spectra. A Gaussian—
Lorentzian product GL(30) function was used for
relatively symmetric line shapes, whereas a Lor-
entzian functional form convoluted with a Gaussian
LA(a,b,n) function was used in the fitting of asym-
metric line shapes of the high-resolution peaks. The
XPS results are summarized in section 54 of the ESM.

Magnetic measurements

The magnetic hysteresis measurements, both in zero
field cooled (ZFC) and field cooled (FC) mode, were
made using a Quantum Design SQUID MPMS/XL
magnetometer in a magnetic field in the +50 kOe



] Mater Sci (2017) 52:2066-2076 2071

Table 1 Summary of

structural results obtained from Neighbor Coordination number (N) Distance to neighbor shell, R (&) o® (A7?)

fitting of the Co K-edge 0, 5.8 (6) 2.07 (1) 0.0076 (8)

EXAFS measured from the o-

Cry05@0-Co, Cry O, core— Cry 4.7 (6) 3.16 (1) 0.009 (2)
apST S TE ety Cr, 3.2 (4) 3.47 (3) 0.012 (3)

shell nanoparticles

range, at 5 K temperature. A nanoparticle sample
weighing 30 mg was loaded inside a softgel capsule
and subsequently placed inside the magnetometer for
magnetic measurements. For the FC measurements,
the field cooling was made using a field of 15000 Oe
upon cooling from 330 to 5 K.

Results and discussion

Figure 1a shows an SEM image of the CSNs. Due to
residual charges on the surface of the oxides, some of
the CSNs tend to aggregate into bigger clumps. The
SEM-EDX analysis shown in Fig. 1b confirms the
elemental composition of the sample as Cr, Co, and O
with a small contribution coming from the carbon in
the conductive tape. Figure 1c shows the HR-TEM
image of the core (0-Cr,O; NPs) with ~36 nm
diameter. HR-TEM image of the CSNs, after the for-
mation the Co-rich shell region, are presented in
Fig. 1d and subsequently in Fig. 2 and in the ESM.
The shell region can be clearly seen in Fig. 1d, where
the interface of the core and the shell region is
marked by a yellow dotted line.

In Fig. 2 we show high-resolution TEM (HR-TEM)
analysis of a select a-Cr,O3@a-Co,Cr,_,Oy CSN. The
distinct core and shell region are clearly identifiable.
For this typical NP, the shell region extends
to ~6 nm. As shown in Fig. 2, the CSNs are crys-
talline throughout the core and shell regions,
exhibiting continuity of atomic planes across the
interface in epitaxial fashion. The close similarity of
the fast Fourier transforms (FFTs) shown in Fig. 2 of
the core and shell regions provides evidence of the
continuity of the atomic registry throughout the NPs.
The atomic interplanar spacing in the shell region, for
the same types of planes, is slightly expanded as
compared to the core region of the NPs. The TEM-
EDX spectra show a higher percentage of Co present
in the shell region of the NPs, whereas the core region
is highly dominated by Cr (see Fig. 2). Some disorder,
located primarily at the core-shell interface (see
Fig. 53 in the ESM), in the form of vacancies, misfit

dislocations, stacking faults, and other defects that
originate from the lattice mismatch between the core
and shell is evident in the CSNs. This is also evident
in the FFT’s that are taken from the core, interface
and shell regions (Fig. S3); the FFT taken from the
interface region shows lattice-plane reflections but
also a more diffuse halo. Interestingly, for the CSNs
that exhibit faceted morphology, the presence or
absence of nominal disorder appears to be facet-de-
pendent (see Fig. 1d). We conjecture that the missing
reflections observed in the FFT of the shell region
seen in Fig. 2d (and Fig. S3) result from glide planes
that may be formed due to slight re-orientations of
MOy (M = Cr, Co) octahedra upon substitution of Co
for Cr in the shell of the CSNs. However, further
investigations are required in order to determine the
full structural characteristics of our CSNs. Our pre-
vious studies suggest that the hydrothermal process
involves partial dissolution of the NPs and co-depo-
sition of the substitutional and host cations during
the epitaxial growth of surface layers [35, 36].

The lattice parameters of the core and shell regions,
and the volume-weighted mean size [37] of the CSNs,
were determined from Rietveld refinement of the
XRD data. The fit of the XRD data measured from the
CSNs is shown in Fig. 3a. Structures of both the core
and shell regions of the CSNs were determined from
Rietveld refinement to conform to the corundum
phase (space group #167:R3c): The results from fitting
are shown in Table S1 in the ESM. The sizes of the a-
Cr,0O3 NPs (prior to HNE) were estimated to be 39(2)
nm across from the XRD and TEM analysis (also see
Fig. S2 in the ESM). The size of the CSNs was esti-
mated to be 52(4) nm based on TEM analysis and
Rietveld refinement of the XRD data.

The fitting of the Co K-edge extended X-ray
absorption fine structure (EXAFS) data is shown in
Fig. 3b and the results are tabulated in Table 1. The
EXAFS fitting results are consistent with Co substi-
tution for Cr in solid solution leading to the forma-
tion of the Co,Cr, Oy phase with corundum
structure in the CSNs. The first, second, and third
shell distances are expanded by ~4, 9, and 1 %,
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respectively, surrounding Co relative to those sur-
rounding Cr in the corundum structure (R3c) of a-
Cr,03. The discrepancy in the second shell distance is
likely due to interference from an intermediate shell
of O atoms between the second and third shell Cr
atoms surrounding Co. Nevertheless, the overall
expansion of the near-neighbor distances is consistent
with our structural results obtained from the analysis
of the XRD data. The Co-O distance of 2.07 A com-
pares very well with the Co-O near-neighbor dis-
tance in octahedral coordination measured in Co-
doped iron spinel NPs [38]. The somewhat larger *
values are indicative of a slightly disordered local
structural environment surrounding Co in the shell
region, which is consistent with size mismatch
between the Co®" and Cr’" ions along with the epi-
taxial growth-induced strain imposed upon the lat-
tice structure of the shell.

The close match between the calculated and
experimentally measured X-ray absorption near edge
structure (XANES) shown in Fig. 4a is further evi-
dence that the structural environment surrounding
Co in the shell of CSNs is a corundum phase. The
primary location in energy (7709.8 eV) of the pre-
edge peak (Fig.4a) is consistent with the +2
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Figure 4 a The Co K-edge XANES measured from the CSNs
(blue line) and the simulated curve generated using FEFF9 (red
line); the inset shows the pre-edge peak (blue line-data points) and
fit the pre-edge peak (red line); b The angular momentum
projected density of states (I-DOS) calculated using FEFF9.
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oxidation state of Co in the NPs. The pre-edge feature
is primarily due to dipole-allowed Co 1s-electron
transitions to unoccupied mixed or hybridized 3d
(Co) and p (Co, O) states. The weak shoulder on the
high-energy side is due to quadrupole-allowed Co
1s — 3d electronic transitions. The doublet-shaped
low-intensity characteristics of the pre-edge peak is
an indication of the crystal field (or molecular orbital)
splitting of the Co 3d orbital sub-bands in an octa-
hedrally (i.e., O, symmetry) distorted structure of a
CoOy polyhedral unit.

Fitting of the pre-edge feature yields 7709.8 eV for
the dipole-allowed (A;) and a 7711.6 eV value for the
quadrupole-allowed (A;) transition energies, respec-
tively. These values are consistent with the A; and A,
values of 7709.0 and 7711.7 eV, respectively, mea-
sured for Co®" in octahedral site symmetry in
COFEZO4 [39]

The angular momentum projected density of states
(I-DOS) calculation (Fig. 4b) shows that the pre-edge
feature (labeled A) is dominated by d-DOS, but also
has substantial p-DOS and s-DOS contributions. This
is consistent with transition of 1s electrons to half-
filled 3d-(s,p) hybridized or mixed states that result
from (distorted) octahedral crystal field splitting
effects. The [-DOS shows that the shoulder feature (B
in Fig. 4b at ~7718 eV) in the XANES is dominated
by contribution from the s-DOS and has a substantial
contribution from the p-DOS. In addition, our I-DOS
calculations show that the white line (C) and the
shoulder features (D and E) of the XANES are dom-
inated by the p-DOS. This is indicative of dipole-al-
lowed 1s to empty quasi-bound, continuum Co 4p-
like state electronic transitions. Although the calcu-
lated I-DOS provides limited density of states infor-
mation, namely that the final electronic states are
consistent with the Co(Il) ion situated in a local
potential having distorted octahedral symmetry, full
first principles calculations are required to gain a
better picture of the electronic structure of the a-
Co0.358Cr1.6202.92 nanophase compound at the shell of
our CSNs.

The constituent atomic percentages of Cr, O, and
Co were determined from analysis of the Cr 2p5,,, O
1s, Co 2p3,, peaks, respectively, in the X-ray pho-
toemission spectroscopy (XPS) survey scan (Fig. S6 in
ESM) of our CSNs (see ESM for tabulation of results).
Analysis of the Co 2p3,, high-resolution peak shows
that Co is in the 42 oxidation state (see Fig. 5 and
ESM for details). The 42 oxidation state of Co in the
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Figure 5 High-resolution XPS spectra measured from the o-
Cr,0;@0-CoxCr,.xOy CSNs (black line) and fits (colored lines) to
the data for Cr 2p;,, (left panel), Co 2ps, (middle panel), and O 1s
(right panel).

NPs is consistent with a high-spin state = 3/2 due to
the (distorted) octahedral crystal-field d-orbital
splitting effects. Our XPS results provide evidence
that the shell of the NPs is slightly oxygen deficient
due to charge compensation upon substitution of
Co** for Cr’*. The EXAFS and XANES analyses of
the CSNs are also consistent with a shell which is
deficient in oxygen; the structural refinement of the
XRD data was made to account for the oxygen defi-
ciency. Thus, the stoichiometric formula determined
for the shell regions of our CSNs is Cog35Cr1 620292
(see ESM for details). To the best of our knowledge,
this is the first report of a successful synthesis of a
corundum-structured, Co(Il)-containing non-equilib-
rium  o-Co,Cry, Oy compound either in bulk or
nanophase form. Bodade et al. [40] reported synthesis
of Co-doped Cr,O3 NPs, but provided no direct evi-
dence for Co incorporation, Co oxidation state, or the
structure of the NPs. The synthesis of non-equilib-
rium heteroepitaxial M,Cr,_,O3_, (M: Co, Ni, Fe,
etc.) nanophases in chromia-based CSNs offers an
opportunity to study and exploit their potentially
novel magnetic and multifunctional properties.
Figure 6 shows magnetic hysteresis curves mea-
sured under zero field cooled (ZFC) and field cooled
(FC) conditions in a magnetic field (H) ranging from
—2.5 to +2.5 KOe. The FC or ZFC hysteresis curves
do not reach saturation at up to £50 KOe. The value
of the net coercivity, as defined using Hc = |(H"-
H7) I, where H' and H™ are the coercive fields for
ascending and descending curves, is ~27 Oe greater
for the FC curve vs the ZFC curve. This is consistent
with a presence of FM/FiM ordering in the shell and
AFM ordering in the core of the NPs and an exchange
bias effect between the two [20]. We have recently
synthesized o-Cr,O3@0-Nij55Cr1.400288 and o-Crp
O3@a-Feg 40Cr1.602.92 CSNs that show a substantially
stronger exchange bias effect as evidenced in a
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Figure 6 Zero field cooled (ZFC) and field cooled (FC) hysteresis
loops, i.e., magnetization (M) versus applied magnetic field (H),
measured from the CSNs. The inset shows the hysteresis loop FC
and ZFC curves in the region close to 0 values in M and H.

coercivity shift of ~100 and ~365 Oe, respectively.
The substantial exchange bias fields result from the
strong FM properties of the shells of these CSNs [41].
These results indicate that although the structural
interface, size (i.e., overall and core vs shell), substi-
tutional cation content, and shape properties are
quite similar, the exchange bias properties are
strongly dependent on the resultant magnetic prop-
erties of the M,Cr,.,Os., nanophase constituting the
shells of the CSNs.

One of the outstanding issues in conventional
CSNis is roughness of the core-shell interface, due to
the dissimilarity of the core and shell structural
phases. The interface roughness can result in a sub-
stantial spin anisotropy that can adversely affect the
degree of exchange bias between the core and shell of
the NPs [16]. The interface disorder coupled with
interdiffusion can be so substantial as to warrant
modeling of magnetic core-shell nanoparticles with
an intermediate shell reflecting the interface layer
[10]. Our HNE technique avoids the disorder effects
imposed by the mismatch of dissimilar core vs shell
structural phases, thereby producing a much sharper,
well-defined core-shell interface which should have a
strong impact on the interface magnetic anisotropy.
This is expected to result in a greater control of
design and more enhanced exchange bias effect
between the AFM core and the FM or FiM shell in
inverted CSNs synthesized using our HNE tech-
nique. The oxygen vacancies in the shell may play an
important role in the magnetic properties of our
CSNs. The oxygen vacancy-induced F-center
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exchange, which occurs by F-center interaction with
nearby cation spins, [42] has been shown to result in
FM spin coupling in CeO, nanomaterials [43, 44]. In
addition to its potential impact on the magnetic
properties, the formation of oxygen vacancies may
result in enhanced catalytic (i.e., photocatalysis) and
gas sensing properties in our CSNs. Our HNE tech-
nique offers an opportunity to study the effect of
overall size, shape, and core vs shell size effects on
the magnetic properties of the CSNs. Studies on the
effect of overall size on the magnetic properties of the
CSNis are presently underway and will be reported in
the future.

Conclusions

We have successfully synthesized a novel o-Cog3s
Cr1.620292 nanophase shell over a o-Cr,O; core, to
form inverted core—shell nanoparticles (CSNs) using
our hydrothermal nanophase epitaxy (HNE) tech-
nique. The CSNs have a ~40 nm diameter core and
a ~6 nm thick shell with a sharp and well-ordered
core-shell interface. Our analysis indicates that the
corundum structure of the nanoparticle is continuous
in epitaxial fashion from the core to the shell with a
slight expansion (~1 %) of the unit cell volume of the
0-C00.38Cr1.6202.92 shell, in comparison to that of the
a-Cr,O3 core. Our magnetic measurements show
evidence for an exchange bias effect between the FM/
FiM shell and AFM core of the CSNs. Both the oxy-
gen vacancies and the +2 oxidation state of Co (i.e.,
high-spin state = 3/2) may contribute toward the
establishment of FM/FiM characteristics of the shell
region. The HNE technique is a highly promising
benign route for synthesis of novel nanophases hav-
ing sharp interfaces and well-ordered core-shell
structure. The synthesis of CSNs via the HNE method
is a very exciting prospect for creation of novel
magnetic, optical, and electronic nanomaterials as it
affords the opportunity to synthesize new nano-
phases and nearly ideal CSNs.
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