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ore/shell nanoparticles (NPs) com-

posed of cores and shells with dis-

tinctly different compositions can
be engineered for special properties that
are not available in unary-core NPs. Impor-
tant examples of useful core/shell NPs in-
clude (1) CdSe(core)/ZnS(shell), where the
ZnS shell confines excitons to the CdSe,
which increases the quantum yield and re-
duces luminescence from surface traps;'?
(2) FesO4(core)/Au(shell) NPs, where the Au
imparts a tunable surface plasmon reso-
nance absorbance and facile surface cou-
pling chemistry through use of thiols;? (3)
Co(core)/CoO(shell) NPs exhibiting ex-
change bias,* 12 an effect in which the anti-
ferromagnetic CoO shells enhance the ef-
fective magnetic anisotropy of the Co
cores.’>” '8 Ferromagnet(core)/antiferro-
magnet(shell) NPs are of particular interest
for their potential to overcome the super-
paramagnetic limit for ultrahigh-density
magnetic recording,” to enhance contrast
in magnetic resonance imaging,'® and for
potential uses in spintronic devices, such as
spin valves.?

Here, we report the solution-phase syn-
thesis and controlled oxidation of ligand-
stabilized Ni NPs of different sizes to form
Ni(core)/NiO(shell) NPs with different core
sizes and shell thicknesses. The magnetic
properties of these NPs are of particular in-
terest, because ferromagnetic Ni is con-
verted to antiferromagnetic NiO, which can
give rise to exchange bias. Ligand-stabilized
NPs may also self-assemble into highly or-
dered superlattice crystals or films, or they
may be biofunctionalized for medical appli-
cations.?’ Most of the Ni/NiO NPs previ-
ously studied cannot self-assemble or un-
dergo biofunctionalization, because they
lack ligand stabilization and are already ag-
glomerated or pinned to surfaces. Detailed
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ABSTRACT A ssize series of ligand-stabilized Ni nanoparticles (NPs) with diameters between 8 —24 nm was

prepared by solution chemistry, followed by solution-phase oxidation with atmospheric oxygen at 200 °C to form

Ni(core)/NiO(shell) NPs with shell thicknesses of 2—3 nm. In comparison with the oxidation of Fe and Co NPs, Ni

NPs require higher temperatures for significant conversion to NiO. Transmission electron microscopy and electron

diffraction show polycrystalline cores with predominantly amorphous shells. SQUID magnetometry measurements

were performed to assess the effects of coupling between the ferromagnetic Ni cores and antiferromagnetic Ni0

shells. After intentional oxidation, the Ni(core)/NiO(shell) NPs have decreased superparamagnetic blocking

temperatures (Tg) and no exchange shift (Hez), but a small enhancement in the coercivity (Hc) signifies weak

exchange bias. These effects originate from the amorphous structure of the NiO shells and their thin layer thickness

that renders the Ni0 moments incapable of pinning the core moment in moderate applied fields. The

magnetocrystalline anisotropy constants before and after oxidation approach the value for bulk Ni and depend

on the Ni core size and NiO shell thickness.
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structural and magnetic characterization of
our Ni(core)/NiO(shell) NPs is presented,
and the relationship between the magnetic
properties and nanostructure is discussed.
Beyond magnetism, there is substantial in-
terest in Ni NPs for catalysis of chemical re-
actions?? and growth of carbon nanotubes?
and nanofibers.?* NiO has also been used
as a hole-transport layer in LEDs.?
Exchange bias occurs when a ferromag-
net (FM) shares an interface with an antifer-
romagnet (AFM) having a larger magnetic
anisotropy, and the AFM pins the orienta-
tion of the moment in the FM layer (through
the exchange interaction). Despite vigor-
ous research into the microscopic mecha-
nism of EB since its initial discovery?® and re-
newed interest following the advent of
spin valves, in which EB can be used to pin
one magnetic layer, much understanding of
EB at the microscopic level and the factors
determining the strength of its pinning in-
teraction remain incomplete. EB is mani-
fested in field-dependent magnetometry
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as an enhanced coercivity (Hc) and an asymmetric shift
in the center of the hysteresis loop, the exchange shift
(Hep), that depends on the magnitude and direction of
an externally applied field during cooling.*?” To obtain
nonzero Hegg, the pinning must be maintained at all field
strengths, H < H, that are applied during the mea-
surement of a hysteresis loop. If the pinning fails at an
intermediate field, 0 < Hiy: < Hmax then Hgg = 0, and Hc
cannot be enhanced above H;,. EB depends on temper-
ature: Hc and Hgg usually decrease as temperature in-
creases. EB is not possible above the Néel temperature
(Tn) of the AFM, at which the antiferromagnetic mo-
ments disorder and become paramagnetic.

Previous studies of Co/CoO* 2 and
Fe10y1/Fe0,,8732 NPs and Ni/NiO NPs**~% and
nanowires*® have shown that the antiferromagnetic
layer can enhance the magnetic anisotropy of the
ferromagnet and, in some cases, can stabilize the
fixed orientations of ferromagnetic moments to
higher temperatures before thermal energy causes
the moments’ orientations to fluctuate (superpara-
magnetism). Moreover, oxides of Co, Fe, and Ni can
be prepared through oxidation in air (sometimes re-
quiring elevated temperatures). Although oxidized
Fe and Co NPs exhibit novel and potentially useful
magnetic properties, both systems also have signifi-
cant limitations: Controlled oxidation of Fe NPs is
challenging, owing to the high reactivity of metallic
iron and the diverse iron oxide stoichiometries avail-
able.”” Large EB effects are observed in Co/CoO, but
Tn for bulk Co of 290 K'® severely limits its potential
for use in devices that operate at room temperature.
In contrast, NiO is a candidate for producing useful
EB at room temperature, because bulk NiO has Ty of
520 K.' Values for Ty are known to depend on the
layer thickness; for crystalline NiO thin films of thick-
ness 2 nm, Ty ~ 400 K.***° There have also been sev-
eral reports of the synthesis and magnetic proper-
ties of NiO NPs.2250757
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Figure 1. TEM images of Ni nanoparticles: (top row) native samples; (bottom row) oxidized samples.

For this investigation, several sizes of Ni(core)/
NiO(shell) NPs with diameters of 8—24 nm were syn-
thesized through thermolysis of nickel acetylaceto-
nate in the presence of oleylamine and
trioctylphosphine to generate ligand-stabilized Ni
NPs.2! Through controlled oxidation with air, two dif-
ferent NiO shell thicknesses were obtained. Conven-
tional and high-resolution transmission electron mi-
croscopy (TEM and HRTEM) measurements reveal
narrow size distributions, polycrystalline cores, and
amorphous shells. SQUID magnetometry measure-
ments show the effects of size and the NiO shell
thickness on the magnetic properties.

RESULTS AND DISCUSSION

Nanoparticle Growth and Oxidation. Each NP size was pre-
pared in a single batch to minimize batch-to-batch
variations. After postsynthesis processing to remove
high-boiling solvent and excess ligands (performed in
the glovebox to minimize oxidation), each batch was
split in half. One portion containing “native” NPs with
minimal oxidation was used as-is. The other half, the
oxidized sample, was redispersed into dioctyl ether for
oxidation by bubbling air through the solution at 200 °C
for 4 h.''>8 Both the native and oxidized samples were
dispersed into polymer sticks for SQUID magnetometry
measurements'*? to minimize the effects of dipolar
coupling and thus to measure the magnetic properties
of noninteracting NPs. (Photographs of polymer sticks
containing Ni NPs are shown in the Supporting Informa-
tion, Figure S-1.) Several studies have highlighted the
importance of a matrix to increase the interparticle dis-
tances; without use of a matrix, dipolar coupling con-
tributes to a significant increase in the superparamag-
netic blocking temperatures (7g).5064

Structural Characterization. TEM, HRTEM, and selected-
area electron diffraction (SAED) were performed to
measure the NP size, to characterize the crystallinity
and crystal structure, and to image the NiO shells. Rep-
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TABLE 1. Average Ni Core Diameter and NiO Shell
Thickness

native oxidized
sample oo en (NM) dgre (NM)  Epe (NM)  degre (NM) £y (M)
Ni1 23826 22,6 0.6 18.6 26
Ni2 103+ 16 79 1.2 73 15
Ni 3 82+08 6.6 0.8 6.1 1.1
Ni 4 88 +09 6.4 1.2 4.4 2.2
Ni 5 76 £05 53 1.1 28 24

resentative images of each NP sample before (Ni x)
and after oxidation (Ni x-ox) treatment (Figure 1) show
clearly identifiable NiO shells for several samples. The
nonuniform contrast in the TEM images indicates that
the cores are polycrystalline, as we have verified by HR-
TEM (Supporting Information, Figure S-2) images of
the crystal lattice. SAED (Supporting Information, Fig-
ure S-3) confirms the particles are face-centered-cubic
(fcc) Ni and do not show the presence of any other crys-
talline phases, including NiO. We note that a synthetic
method from which ours is derived (and which is quite
similar to ours) is known to lead to amorphous or highly
polycrystalline fcc Ni NPs,?? and others have reported
similarly disordered structures.5>~% TEM and HRTEM
further suggest that the NiO shells are mostly amor-
phous, because we observe crystal lattice only over
small regions within the NiO shells, and in conventional
TEM, the NiO shells had predominantly uniform con-
trast. We note that since we cannot measure a lattice
parameter for the amorphous oxide, we have not rigor-
ously verified the stoichiometry of the oxide phase as
NiO. NiO is, however, the only well-characterized oxide
of nickel, which is known to have slight stoichiometric
variations from 1:1,%8 and the oxide phase is generally
reported as NiO.

NP sizes (Table 1) were determined by manually
measuring® the diameter of each particle twice and
then taking the average value for more than 200 NPs
for each native NP sample. Histograms of the NP size
distributions are shown in the Supporting Information,
Figure S-4. The NiO shell thickness was calculated from
a combined TEM measurement of the total NP diameter
and the reduction of the saturation magnetization be-
low the bulk value (Msgyini), of 57.2 emu/g at 2.5 K,”® as
described in the Supporting Information. (Alternately,
the shell thicknesses for most samples can be measured
by TEM, but with less accuracy, because Ni NPs on TEM
substrate films are more susceptible to oxidation than
NP samples for magnetometry measurements that
were dispersed in polymers and were stored in a glove-
box.)

The native NPs had thin NiO surface layers ranging
in thickness (0.6—1.2 nm). After performing intentional
oxidation, the NiO shell thickness increased to 1.1—2.6
nm. Extended oxidation times at 200 °C do not increase
the shell thickness, which suggests that NiO layers of
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2—3 nm thickness form a passivating layer®® that pre-
vents further oxidation at 200 °C. In comparison with oxi-
dation of Fe and Co NPs, conversion of Ni to NiO in nano-
particle form requires more driving force: Fe NPs quickly
oxidize upon exposure to air at room temperature.”! Co
NPs can from form Co(core)/CoO(shell) NPs upon room
temperature exposure to air*'" and can be converted
to hollow, crystalline CoO NPs at temperatures below
200 oC.H,SB

Magnetic Characterization. SQUID measurements (Quan-
tum Design MPMS-XL7 magnetometer) of the
temperature- and field-dependent magnetizations of
each NP sample, dispersed in the polymer matrix, were
acquired to assess the superparamagnetic blocking
temperature (Tg), magnetic hysteresis (Ms and Hc), and
exchange bias (Hc and Hgg). The magnetization units of
emu/g are based on the mass of nickel; the mass of oxy-
gen in NiO and of the ligands is excluded.

For each native/oxidized (Ni x/Ni x-ox) pair of
samples, the oxidized sample was prepared from the
native sample, which eliminated the possibility of
batch-to-batch variations and ensured that each pair
had the same size (before oxidation) and the same size
distribution. The chief aim of the magnetic measure-
ments was to perform pairwise comparison of each oxi-
dized sample (Ni x-ox) with a minimally oxidized refer-
ence (Ni x) to discern the effects of oxidation.
Comparisons between the whole sets of native and oxi-
dized samples must be interpreted cautiously because
of variations of the NiO thicknesses within each set.
There is also partial overlap among the native and oxi-
dized samples: Ni 2, Ni 4, Ni 5, Ni 2-ox, and Ni 3-ox all
have NiO shell thicknesses of 1.1—1.5 nm.

Measurements of the temperature-dependent mag-
netization (M vs T) acquired in a 100 Oe field during
heating after zero-field cooling (ZFC) are shown in Fig-
ure 2. At Tg, the ferromagnetic moment within each NP
decouples from the crystal lattice and becomes super-
paramagnetic. For dc SQUID measurements, Tg is typi-
cally chosen as Tg = KV/(25ks), such that the magneto-
crystalline anisotropy energy (KV) is much greater than
thermal energy, where V is the ferromagnetic core vol-
ume.”? Experimentally, Tg is measured as the tempera-
ture corresponding to the peak in M versus T: The mag-
netization reaches a maximum when thermal energy
facilitates reorientation of NP moments into the small
applied field but is not so large that it randomizes NP
moments’ orientations. As expected, in our measure-
ments, Tg decreases with decreasing core size, which
can be achieved by choosing a greater extent of oxida-
tion or by choosing a batch of NPs with a smaller total
diameter.

Measurements of M versus H for each sample (Fig-
ure 3) were performed at 2.5 K while scanning the field
from 50 to —50 kOe, and then back to 50 kOe after cool-
ing from room temperature in 50 kOe field (FC) or zero
field (ZFC). Values of Ms and Hc at 2.5 K are reported in
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Figure 2. M vs T after cooling in zero field for native and
oxidized Ni(core)/NiO(shell) NPs. The inset (bottom panel)
shows greater detail of the low-temperature region. Labels
indicate T; for each sample.

Table 2, and the size-dependence of Hc is plotted in Fig-
ure 4. After applying a linear correction for the diamag-
netic magnetization of the polymer, the magnetization
for most samples did not saturate asymptotically to a
fixed value. At high fields, the slope of M versus H was
greater for the oxidized samples, because antiferromag-
netic NiO magnetizes in the field direction but does
not saturate in a 50 kOe field.?>*°~%’ The oxidized
samples show a greater deviation from ferromagnetic
saturation behavior, because they have greater NiO

\\K) VOL.3 = NO.5 = JOHNSTON-PECK ET AL.

content than the native samples. For calculating the
saturation magnetization of the Ni cores (Ms,y;), a line
of slope k; was fit to the ZFC magnetization for each
sample at high fields, and then a line intersecting the
origin with slope —k; was added to the magnetization
to remove the magnetization of NiO. This forced asymp-
totic saturation behavior at high fields, from which Ms
was obtained. For greater extents of oxidation, Ms sys-
tematically decreases due to the lower unoxidized Ni
content.

For all samples, there is no exchange shift at 2.5 K,
even with 50 kOe field cooling, and for each sample ex-
cept the largest size, Hc is slightly larger after oxida-
tion, which originates from an enhanced anisotropy con-
sistent with weak exchange bias. Plots of Hc versus dcoe
(Figure 4) also show that for a given core size, Hc is
greater with a thicker NiO shell. A comparison of Hc for
50 kOe and zero-field cooling (Table 2) shows rather
small differences in Hc, which is consistent with no ex-
change shift, because the NiO shell is unable to remem-
ber any specific pinning orientation. Other studies have
shown that NiO NPs of 5 nm diameter have significant
Heg,”%737* and Hgg of 80 Oe at 5 K8 has been reported for
crystalline®® Ni(core)/NiO(shell) NPs with ~2 nm shells,
which suggests that the reduction in the magnetic ani-
sotropy causing Hgg to vanish primarily originates from the
amorphous structure of our NiO shells. A thicker amor-
phous NiO layer would be needed to provide the same
pinning strength as a thinner, crystalline NiO layer, be-
cause structural disorder in amorphous NiO reduces its
ability to pin the Ni core. However, defects and partial
disorder within crystalline antiferromagnets can en-
hance EB." In a related study of Ni/NiO NPs, EB pin-
ning of the Ni phase originated from coupling with a
spin-glasslike, disordered NiO phase.*

We have also considered that Ty is reduced for thin
layers of NiO, and the amorphous structure could cause
a further reduction in Ty. Such lowering of Ty alone is
probably insufficient to cause Hgg to vanish at 2.5 K. For
crystalline NiO films of 2 nm thickness, Ty ~ 400 K84
and structural disorder in the amorphous NiO is ex-
pected to further reduce Ty, but Ty < 2.5 K for amor-
phous NiO remains rather unlikely. The absence of an
exchange shift at a particular temperature T, does not
imply Ty < To. Pinning through EB can fail above Ty if
the NiO moments cant or flip when moderate magnetic
fields are applied,'>'®”> or the amorphous NiO shells
may be superparamagnetic even at 2.5 K due to a low-
ered magnetocrystalline anisotropy. We note that Kyio is
generally substantially less than Kco0.”® Therefore, the
minimum thickness giving rise to EB at a particular tem-
perature should be thinner for CoO rather than for
NiO."®77 Indeed, this is the case; prior results show sig-
nificant EB in Co(core)/CoO(shell) NPs having CoO thick-
nesses of 3 nm."

The size-dependence of Ty allows for measurements
of magnetocrystalline anisotropy constants and an as-
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Figure 3. M vs H at 2.5 K for native and oxidized Ni(core)/
NiO(shell) NPs after cooling from room temperature in 50
kOe field (FC) or zero field (ZFC). Insets show greater de-
tail of the same measurements.
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TABLE 2. Saturation Magnetization and Coercivity at 2.5
K with 50 kOe or Zero-Field Cooling

native oxidized
sample M (emu/g) Hczc(0e)  Herc(Oe)  M;(emu/g)  Hezec(0e)  Hepc (Oe)
Ni 1 52.0 41 390 34.5 334 328
Ni 2 33.7 248 249 27.5 319 319
Ni 3 36.7 332 331 311 379 383
Ni 4 28.9 292 291 109 274 263
Ni 5 26.8 271 275 46 3 30

sessment of the relative strengths of other sources of
anisotropy (surface anisotropy’® and EB). The blocking
temperature was previously introduced as Tg = KV/
(25ks) for a system exhibiting magnetocrystalline ani-
sotropy only. To account for surface anisotropy and EB,
an additional term, f(V,T,ten), can be added, giving: Tz =
KV/(25ks) + AV, T,tsnen)- When magnetocrystalline ani-
sotropy is predominant, plots of Ty versus V (Figure 5)
are expected to be linear and to have slope KV/(25kg).
For these plots, the core volume has been calculated for
spheres with the diameters reported in Table 1. The in-
tercept term and sources of nonlinearity are attributed
to AV, T tsen). An important limitation of this analysis is
that it assumes K does not depend on temperature, be-
cause each blocking temperature is measured when T
= Tg. The magnetocrystalline anisotropy constants for
bulk Ni (Kyipuk) are known to have a significant temper-
ature dependence (more than an order of magnitude
decrease from 2.5 to 300 K).”° Two other limitations re-
strict the accuracy of this approach: Higher-order mag-
netocrystalline anisotropy constants are neglected, and
the factor of 25 is an approximation that could be elimi-
nated by performing ac SQUID measurements.'’

For the native and oxidized samples, Tg versus V
is linear for all samples except Ni 5 and Ni 5-0x,
which are expected to lie below the linear fit, be-
cause their blocking temperatures are significantly
higher than those for all the other samples, at which
K is significantly below its low-temperature value.
From linear fits to the four smallest sizes for each
sample, we have measured Kpaive = 1.7 X 10° erg/
cm? and Koidizea = 7.5 X 10° erg/cm?. Both of these
values agree well with the bulk value, Kyipux = 1 X

400 -
300 -
n
e
» 200 -
T —e— native
100 | —— oxidized
0 . . . .
0 5 10 15 20

Core diameter (nm)

Figure 4. Ni core-size dependence of the coercivity (zero-
field cooled).
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Figure 5. Dependence of T on the Ni core volume. Inset
shows the same plot, omitting the two data points for
samples with the largest volumes (Ni 5 and Ni 5-o0x). Linear
fits are shown in green.

10° erg/cm?, below 100 K,”® but it is remarkable that
Knative > Koxidized- In particular, we note that Hc native
< Hcoxidized fOr cores of the same size (except for the
largest sizes). This trend for H¢ to increase during
oxidation while K decreases violates the
Stoner—Wohlfarth® model for the hysteresis of
single-domain ferromagnetic NPs that predicts Hc

= 2K/Ms. Oxidation appears to reduce the surface
anisotropy (lowering K) while increasing the ex-

METHODS

Preparation of Ni(Core)/NiO(Shell) Nanoparticles. Our procedure for
preparing Ni NPs followed a method reported by the Hyeon
group with minor modifications.?’ The NP synthesis was per-
formed using a standard vacuum and inert gas (nitrogen) line
and commercially available reagents without further purification.
For a typical preparation of 24 nm diameter Ni NPs, 0.2 g nickel
acetylacetonate (Ni(acac),, 98%, TCl) and 2.0 mL oleylamine
(97%, Pfaltz & Bauer) were mixed with 5.0 g trioctylphosphine ox-
ide (TOPO, 99%, Strem) and heated to 80 °C in a three-necked,
round-bottomed flask for 2 h under vacuum to remove oxygen
before backfilling with nitrogen. By syringe, 0.3 mL trioctylphos-
phine (TOP, 97%, Strem) was injected into the mixture before
rapidly heating the solution to 240 °C (in approximately 10 min)
with vigorous stirring. After aging the mixture for 30 min at 240
°C, the mixture was cooled to room temperature, and a floccula-
tion procedure was performed to remove the high-boiling sol-
vent and excess ligands: The NPs were first flocculated by add-
ing excess methanol to the solution and then isolated by
centrifugation. After discarding the supernatant, three cycles
were performed in which the NPs were redispersed in hexanes,
precipitated with methanol and centrifuged. The purified NPs
were redispersed in toluene and stored in the glovebox to pre-
vent oxidation. The NP sizes can be controlled by adjusting the
amounts of Ni(acac), and oleylamine. For 10 nm diameter NPs,
0.16 g Ni(acac); and 1.6 mL oleylamine was used, and for 8 nm di-
ameter, 0.14 g Ni(acac); and 1.4 mL oleylamine was used.

The as-prepared Ni NPs had thin ~1 nm NiO shells. For
growth of thicker ~2 nm NiO shells, the NPs were redispersed
in dioctyl ether and heated to 200 °C for 4 h while bubbling air
through the NP solution.'"*8 The NPs were removed from the
high-boiling solvent through flocculation and centrifugation.

Transmission Electron Microscopy. TEM specimens were prepared
by placing single drops of dilute NP solutions in hexanes or tolu-
ene onto Cu TEM substrates with ultrathin carbon and Formvar
support films and allowing the solvent to evaporate. Conven-
tional bright-field imaging and selected-area diffraction were
performed using a JEOL 2000FX microscope whose magnifica-
tion and camera length were calibrated using stained catalase
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change bias (which increases Hc). The linear regres-
sions also have rather different intercept terms on
the temperature axis: Tonative = —26 K, and T oxidized
= 2 K. The temperature dependence of K and contri-
butions from other anisotropy sources prevent fur-
ther interpretation of the difference in intercepts.

CONCLUSIONS

In summary, synthetic control over the core size
and shell thickness of ligand-stabilized Ni(core)/
NiO(shell) NPs has been demonstrated, with maximum
shell thicknesses of 2—3 nm. For a given batch of NPs,
greater extents of oxidation cause reduction in Tg due
to the smaller core volume, but there is also a small en-
hancement in Hc at low temperature from weak ex-
change bias that does not cause an exchange shift. The
amorphous structure of the NiO shells combined with
their thin thickness renders the shells unable to support
the interfacial pinning strength necessary for an ex-
change shift. Magnetocrystalline anisotropy constants
for the Ni cores calculated from Tg are consistent with
bulk values, but oxidation causes reduced magneto-
crystalline anisotropy.

crystals and aluminum, respectively. HRTEM imaging was car-
ried out on a JEOL 2010F microscope.

Polymer Dispersions for Magnetic Measurements. To minimize dipo-
lar interactions between NPs, the NPs were dispersed in mono-
mers that were then polymerized into a matrix of poly(lauryl
methacrylate) cross-linked with ethylene glycol
dimethacrylate:'"*° Approximately 10 mg of NPs were dispersed
in 1 mL of a solution of 83% lauryl methacrylate, 17% ethylene
glycol dimethacrylate, and 0.40% 2,2'-azobisisobutyronitrile
(AIBN) by mass. Upon heating the solution to ~110 °C for 5 min,
polymerization had occurred. For SQUID measurements, a blank
polymer specimen was measured, and the diamagnetic signal
was removed from all field-dependent measurements. For deter-
mining the magnetization from the measured magnetic mo-
ment, inductively coupled plasma-optical emission spectros-
copy (ICP-OES) measurements of the concentration of Ni in the
polymer were performed by Galbraith Laboratories, Inc.
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