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ABSTRACT

Using a wet chemical approach, CoO nanospheres, nano-rings, nano-flowers, and
nanowires of different sizes were generated. Among those, nano-rings show ferromagnetic
behavior below 6K while the nanospheres remain paramagnetic down. X-ray photoelectron
spectroscopy for Co 2p, 3p and 3s core-levels indicates the paramagnetic high-spin Co(II)
electronic configuration. This finding reveals the optical, electronic, and magnetic behavior of
CoO nanoparticles (NPs) that opens new opportunities for future applications as catalysts
precursors for making pigments, lithium-ion battery materials, or as solid state sensors as

anisotropy source for magnetic recording.
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Introduction

With the change in size and shape, nanoparticles exhibit significant changes in optical,
electronic, catalytic, and magnetic properties (Alivisatos 1996, Kundu and Liang 2008, Kundu et
al. 2009, Mandal et al. 2003). Shape-selective synthesis of nanomaterials, such as nanorods (Jana
et al. 2001), nanowires (Chen et al. 2007), nanoprisms (Kundu et al. 2008), etc. shows
tremendous promise for a wide variety of applications. In terms of synthesis, the wet chemical
method has advantages over other physical methods in controlling the size and shape of the
particles, in which the metal ions are reduced and stabilized by a suitable capping agent that
helps prevent unwanted agglomeration (Kundu and Liang 2008, Kundu et al. 2009, Mandal et al.
2003, Jana et al. 2001, Chen et al. 2007, Kundu et al. 2008). The synthesis of transition metal
oxides with well-controlled size and shape remains a challenging task.

Among the binary transition metal oxides, cobalt is particularly interesting because of its
multiple oxidation states, e.g. CoO and Co30,. It is used as a catalyst precursor (Bezemer et al.
2006), for making pigments (Feldmann 2001), in lithium-ion battery materials, and in solid state
sensors as an anisotropy source for magnetic recording (Skumryev et al. 2003). Moreover, CoO
NPs exhibit super-paramagnetism or low temperature ferromagnetism where as bulk CoO is
antiferromagnetic (Silva et al. 2010). Various methods like hydrothermal process (Shao et al.
2009), thermal decomposition (Liu et al. 2008), sol-gel (Sinko et al. 2011), electrochemical
deposition (Meng et al. 2011), and spray-pyrolysis (Jana et al. 2011) have been used to fabricate
CoO nanoparticles (NPs). It is difficult to prepare pure CoO due to surface oxidation of NPs that
generates a mixture of Co3;04 or Co metal with CoO.

Several groups report synthesis of cobalt nanoparticles (Yin et al. 1997, Zhang et al. 2008,
Ghosh et al. 2005, Risbud et al. 2005, Park et al. 2004, Liu et al. 2006, Verelst et al. 1999, Jana
et al. 2004, Do et al. 2005, Zhan et al. 2003, Yang et al. 2010). The magnetic properties of CoO
NPs were also studied by several groups (Wdowik et al. 2008, Dutta et al. 2008). Wdowik et al.
have stated that cation vacancies can account for the ferromagnetic properties of CoO based on
first principle calculations (Wdowik et al. 2008). Dutta et al. studied the ferromagnetic property
of pure CoO NPs after annealing the precursor under N, for 6 hours (Dutta et al. 2008). Most
methods mentioned above require harsh reduction conditions, toxic chemicals, and high

temperature, which produces a mixture of multiple shaped particles with low yields. Moreover,



some of the processes produce a mix of different oxides of cobalt because special synthesis
requirements are necessary to force cobalt metal to a low oxidation state. In such suitable
synthetic approaches for the formation of CoO nanostructures are extremely desirable. Recently,
UV-irradiation techniques have been exploited to prepare metal NPs of definite sizes and shapes
(Kundu and Liang 2009, Kundu et al. 2010). However, the synthesis of oxide NPs, mainly CoO
NPs using UV-irradiation techniques has only begun to be explored. The details of synthesis
process, chemicals and instruments used for their characterization are discussed in the supporting
information section.

In the present research, we synthesized shape-selective CoO NPs of various structures, such
as nanospheres, nano-rings, nano-flowers, and nanowires of multiple sizes, by controlling the
concentration of metal-ion-to-surfactant molar ratios and changing other reaction parameters.
Characterization using X-ray photoelectron spectroscopy for Co 2p, 3p and 3s core-levels shows
the paramagnetic high-spin Co(II) electronic configuration. The ferromagnetic and paramagnetic

properties were found of CoO of different nanostructures.

Results and Discussion

Shape-selective CoO NPs were prepared by reduction of Co(Il) ions using alkaline 2,7-
DHN under 4 hour of UV photo-irradiation. The details synthesis process, chemical and
instruments used, characterization of the CoO NPs are discussed in the supporting information.
When the reaction mixture (containing CTAB, 2,7-DHN, NaOH, and Co(II) ions) is UV photo-
irradiated, the color changes from light blue to nearly black (after 4 hours) with increasing
irradiation time which signifies the progress of reduction. The successive change in color with
time was shown in scheme 1. The change of color is either due to change of coordination of the
metal ion or due to formation of complex in solution. Figure 1 shows the UV-vis spectrum of the
reaction mixture at different stages of the synthesis process. Figure 1, curve A is the absorption
band for only Co(Il) ions in aqueous solution (light pink) due to formation of the [Co (H,0)e]*
complex. The broad band comes in the 500-550 nm regions. Figure 1, curve B shows the
absorption spectra of aqueous CTAB solution, which has no specific band in the UV-vis region.
Aqueous 2,7-DHN (colorless solution) shows two distinct absorption bands peaking at 281 nm
and 320 nm respectively due to the aromatic moiety in the 2,7-DHN skeleton (curve C, Figure

1). Curve D, Figure 1 is the absorption spectra of the mixture of Co(II) with CTAB having no



specific bands in UV-vis region. Curve E is the absorption band of the mixture containing Co(II),
CTAB and 2,7-DHN and shows a slight shift and increase in absorption value compare to only
2,7-DHN (curve C, Figure 1) due to interaction of 2,7-DHN with others. Addition of NaOH to
the reaction mixture containing Co(II), CTAB and 2,7-DHN resulted in a new absorption peak at
345 nm (curve F, Figure 1) due to change in co-ordination of metal ion or formation of other
complexes in alkaline solution. The color of the reaction mixture becomes greenish due to
formation of hydroxyl or quinone derivatives of 2,7-DHN in alkaline media under UV photo-
irradiation. After continuous 4 hour UV photo-irradiation of the solution mixture containing
Co(II), CTAB, 2,7-DHN and NaOH, the color of the solution changes to deep greenish black.
After centrifugation for 30 min at 6000 rpm and re-dispersion in DI water, the solution became
light brown in color containing CoO NPs. After second centrifugation at 4000 rpm for 15 min
and re-dispersion in water, the aqueous solution shows a broad absorption band peaking in the
region 350-450 nm due to formation of CoO NPs (curve G, Figure 1). Inset shows the camera
image of CoO NPs solution in water. This absorption band is consistent with other reports
(Athawale et al. 2010, Kim et al. 2005). This absorption band of CoO shifted when the shape of
the particle changed. Figure 2 shows the different absorption bands of shape-selective CoO NPs.
The absorption band for CoO nano wires shows a broad peak at 600 nm for short nanowires and
646 nm for long nanowires. Similarly, the CoO nanoflowers also show a broad band in the 455-
680 nm regions. The peaks near lower wavelength side, mostly below 400 nm, are due to an
excitonic absorbance band with a tail extending towards a longer wavelength because of the
quantum effects. While particle shape changes from spherical to anisotropic, a new band at
higher wavelength side appears = as discussed above mainly due to their change in size that in-
turn governed by their quantum size effects. Keng et al. (Keng et al. 2009) also observed similar
absorption band for cobalt oxide NPs at longer wavelengths regions.

Figure 3 A-F are transmission electron microscopy (TEM) images of shape-selective
CoO NPs at various reaction conditions given in Table 1. Figure 3A is the TEM image of
spherical shaped CoO NPs at lower magnification. The inset of Figure 3A shows the much
higher magnified image of same CoO nano spheres. The average diameters of these particles are
~ 80 £ 10 nm. The highly magnified image shows that the spherical particles are aggregations of
much smaller spherical particles having diameters of ~ 5 + 0.7 nm. Figure 3B and 3C show the

CoO NPs having a ring-like structure. From the image, the approximate diameters of the nano-



rings are ~25 = 5 nm. Figure 3C shows a single nano-ring structure. Figure 3D shows the low
magnified TEM image of CoO NPs having flower-like shapes and observed that the nominal
length of the CoO nanoflowers are about 350 + 50 nm. Inset of figure 3D shows the
corresponding higher magnified image of a single nano-flower. The diameter of the nano-flower
is ~ 270 = 50 nm which can vary with the direction of measurement and the typical width of the
nano-flower is 0.2 pum. The stabilizing molecule CTAB capped the NPs are easily noticeable.
Figure 3E and 3F show the needle shaped shorter and longer CoO nano wires. From these
images, the average length of the shorter nanowires is ~210 £ 10 nm with an average diameter of
~45 £ 5 nm whereas the average length of the longer nanowires is 300 = 10 nm and average
diameter is ~35 = 3 nm. Inset of Figure 3E and 3F shows their corresponding higher magnified
images. From all these TEM images, we conclude that shape-selective CoO NPs are formed at
high yields by changing the concentration of reaction parameters.

Analysis of energy dispersive x-ray spectroscopic (EDS) study shows that the NPs are
CoO with small quantities of Br and C remaining from the CTAB surfactant (Figure 4). The EDS
spectra clearly indicate that CoO NPs are formed and surface is capped by the surfactant CTAB.
The powder X-ray diffraction (XRD) patterns of shape-selective CoO NPs are shown in Figure 5
where (A) is for spherical NPs, (B) for nano-rings, (C) for nano-flowers, (D) and (E) are for the
needle shaped short and long nanowires. The typical diffraction of CoO NPs exhibit diffraction
in the 26 range 15-80° corresponding to diffraction from (111), (220), (311), (222), (422), (511),
and (440) lattice planes with rock-salt structure (space group Fm3m). No diffraction peaks for
Co0304 or metallic Co was observed which confirms the formation of pure CoO NPs in the bulk.
The peak positions matches with previous reports (Park et al. 2004, Yang et al. 2010, Lagunas et
al. 2008, Zhang et al. 2002). Lagunas et al. (Lagunas et al. 2008) observed a broader XRD
pattern in their study due to formation of very small CoO NPs. They claim that when particle
size is smaller than 3 nm, the interface phenomenon that underlies X-ray crystal diffraction starts
disappearing. Park et al. (Park et al. 2004) observed that pencil shaped CoO nanocrystals can
show a wurtzite structure. They also discussed that anisotropic crystal growth along C axis leads
to the formation of pencil shaped CoO nanorods. In our synthesis we used CTAB as a capping
agent and the selective interactions of CTAB with different crystal planes of the cobalt might
alter the growth rate and produces different shaped CoO NPs.



Figure 6 presents the XPS spectra of shape-selective CoO NPs. Analysis was performed
to investigate the cobalt oxidation state of each morphology (nanoflake, nanoflower, nanorod
etc.) Figure 6A shows the XPS survey spectra of the CoO NPs with the XPS and Auger lines
from the constituent elements identified. For nano rod samples we also observed a small N 1s
peak at 399.50 eV. The C and N peak originated from the capping agent, CTAB used for our
synthesis. Figure 6B shows the high-resolution Co 2ps;.12 core-level spectra for the three
different shaped CoO NPs. The Co 2ps3;.1/2 spin-orbit separation is 15.9 eV for all the samples
and they have satellite structures 6 eV above the Co 2p peaks indicative of high spin Co*" ions.
The largest influence on satellite structure is due to charge-transfer between the Co d states and
the O p ligand states, and thus the shakeup satellite peaks are indicative of the paramagnetic
high-spin Co(II) electronic configuration [2p°3d’] in CoO NPs. These binding energies and
satellite structures are well matched with previous literature reports (Ghosh et al. 2005, Yang et
al. 2010, Li et al. 2009). The absence of a peak at 778.1 eV signifies that there are no Co metal
impurities consistent with XRD results. Figure 6C shows the Co 3s and 3p core-level spectra for
the three different shaped CoO NPs. The binding energy of the Co 3p peak centroid is 60.6 eV
for each morphology and thus exhibits no chemical shift. The strong coupling between the 3p
core hole in the final state and the partially filled 3d orbitals yield the observed multiplets
[3p®3d’ to 3p°3d®]. Note that the spectra for CoO nanoflower and CoO nanowire have a stronger
than usual feature 7.2 eV from the main peak. Also, the broad feature = 20 eV from the main 3p
peak in all the spectra is attributed to an energy-loss peak. For Co dihalides, the spectral splitting
of the 3s peak mostly represents the 3s-3d exchange splitting of the 3s'3d® configuration. Since
the Co 3s peaks for each morphology exhibit a multiplet structure, the data provides further
evidence for the presence of the high-spin Co(Il) configuration. We did some control
experiments to study various reaction parameters for the formation of shape-selective CoO NPs
and the mechanism of particle formation that are discussed below.

For the formation of shape-selective CoO NPs we carried out some control experiments
by altering the concentration of Co(Il) ions, 2,7-DHN, CTAB and NaOH. We also varied UV-
irradiation exposure time. The shape-selective CoO NPs are formed at a particular concentration
that is given in Table 1 in main text which illustrates that spherical CoO NPs form at low
surfactant concentration whereas other shapes like nano-rings, nano-flowers or nanowires form

at higher concentration of the surfactant. When we reduced the Co(II) ion concentration to < 2 x



10-5 M, a longer UV-irradiation time is required to complete the reaction. When the Co(II) ion
concentration is high (~ 10-1 M), the solution becomes hazy and a mixture of different shaped
particles forms. When we dramatically increase the concentration of reducing agent (2,7-DHN)
(= 0.5 x 10-1 M), the formation of NPs starts very fast but precipitates in the solution. Similarly,
at low concentrations of 2,7-DHN (< 10-6 M), a longer UV-irradiation time needed to start
particle formation. We also examined NaOH concentration. At very high concentration, mixed
undefined shaped particles form but mostly precipitate and agglomerate after few hours. When
testing the UV photo-irradiation time, 4 hours were sufficient for the formation of shape-
selective CoO NPs. Shorter UV-irradiation times (1-2 hours) produced partially grown particles
with undefined shapes whereas longer irradiation (8-10 hours) produced multiple shaped
aggregated particles. The average particle sizes, their corresponding shapes, and distribution are
given in Table 1 in the main text. Thus all these control experiments prove that reagent
concentration is extremely important for the formation of shape-selective CoO NPs with well
defined morphology.

The formation mechanisms of shape-selective CoO NPs have been studied in details. To
control the shape of CoO NPs, the presence of CTAB and 2,7-DHN are important. In the absence
of CTAB, CoO precipitates as micron sized particles of undefined shape within a short time. In
the absence of 2,7-DHN, no NPs form due to the lack of a reducing agent. The presence of
NaOH enhances the reducing power of 2,7-DHN and leads to the formation of anisotropic NPs
with fascinating shapes. Most of the hydroxyl compounds like ascorbic acid (Pal and Pal 1999),
TX-100 (Pal 1998), and poly (vinyl) alcohol (Henglein 1999) undergo hydroxylic cleavage to
produce radical species in presence of UV photo-irradiation. This radical species acts as a
reducing agent for the reduction of metal ions to metal’. We have reported previously that
hydroxylic compounds reduce Ag(I), Au(Ill) etc., to produce their corresponding NPs with
various morphology.4Moreover, we also reported that deoxyribonucleic acid (DNA) having
hydroxylic group on its sugar part also acts as a reducing agent for the synthesis of metal
nanowires (Kundu and Liang 2008). In the present work, we believe that a radical species is
generated and is responsible for the reduction of Co(Il) ions. To confirm this claim, we
performed some control experiments. UV photo-irradiation was conducted at 270 nm which is
very close to the absorbance of 2,7-DHN. When we irradiate the reaction mixture far below (~

180 nm) or far above (~ 370 nm) the absorption band of 2,7-DHN, did not result the formation



of CoO on a time scale of 4 hours. This experiment supports the argument that radical species are
responsible for the reduction of Co(II) ions. At ambient condition, the as prepared Co particles
are not stable and immediately oxidize to produce CoO NPs. At the Initial reaction stage, the Co
particles nucleate to form Co seed particles and with time they aggregate to form bigger
particles. Once the reduction of Co(Il) starts, the growth of the particles takes place in several
steps in presence of CTAB and generates definite shapes. According to previous reports, the
specific shape of particles mainly depends on two parameters: the faceting tendency of the
stabilization agent and the growth kinetics of metal, i.e., the rate of supply of metal (0) to the
different crystallographic planes (Petroski et al. 1998).6 As summarized in Table 1, at low
concentration of CTAB, spherical particles are formed whereas at high concentrations the more
anisotropic shapes form. Murphy’s group reported that CTAB capped Au nanorods and
nanowires form mostly at higher concentrations (~0.1 M) of surfactant. The formation of CoO
nano-rings or nano-flowers took place at a medium concentration range of CTAB. Scheme 2
shows the formation of CoO NPs with varying reaction conditions. A proper concentration of
CTAB play an important role for the formation and stabilization of the NPs in aqueous solution
as reported earlier. A clear example of this behavior can be found for the formation of cobalt NPs
whose crystalline phase (Dinega et al. 1999), shape (Puntes 2002) and direct mechanism of
formation are controlled by the surfactant. Moreover, as we discussed earlier, with the increasing
time of irradiation the color of the solution changes as we can see from the scheme 1 (main text)
which is a good indication for the progress of the reaction. Similar types of color change have
been observed (Nam et al. 2010) for the formation of CoO nanostructures with different
morphology. Further studies will focus on optimizing the synthesis process making such
structures and their corresponding magnetic properties will be further investigated.

The magnetic measurements were performed on batches of spheres and rings as a
function of temperature and applied magnetic field. The spheres contain at least two phases, the
majority phase displays Curie like paramagnetism for all measured temperatures (T>2K) with a
small second phase that is ferromagnetic (FM) illustrated in Figure 7a. The FM component is
more clearly observable in the inset of Figure 7a which shows M(H) for isotherms at 5K, 30K,
and 150K where a linear correction has been applied to each trace to remove a small diamagnetic
contribution.. The 5K data illustrates that the paramagnetic contribution dominates at low

temperatures and high magnetic fields. Consistent with the small ferromagnetic signal, a



hysteresis loop with a coercive field of ~100 Oe is observed at all measured temperatures
indicative of bulk Co. Given the constituent materials, the only magnetic atoms are Co and thus
both behaviors are expected to arise from Co atoms, with the FM signal from small particles of
metallic Co and the Curie behavior from isolated Co ions or sub-nanometer clusters of Co. The
zero temperature saturation moment for ferromagnetic Co is My=1.44x10° A/m (Coey 2010.) and
the effective moment for the paramagnetic Co ions is pesr = 4.8up, so this implies that the
ferromagnetic component accounts for less than ten percent of the Co atoms.

The nano-rings are far more interesting magnetically. Figure 7b shows zero-field cooled
(ZFC) and field cooled (FC) measurements in a 10 Oe applied field. The ZFC curve shows a
distinct peak at 6K, while the FC curve saturates at low temperature. These curves are consistent
with FM behavior below 6K, which may be attributed to superparamagnetic Co particles.
Superparamagnetism occurs when the magnetic energy (KV, where K is the magnetocrystalline
anisotropy and V is the particle volume) of tiny ferromagnetic particles is comparable to the
thermal energy of the system. The individual particles remain ferromagnetic with the spins

locked together, but the orientation of the total moment fluctuates with a time constant given by:

1 KV
T=—exp|l —
o (kBTj

where f; is the attempt frequency, typically assumed to be ~10'° Hz. From a measurement
perspective, particles will appear magnetically stable for scales where 1 is large relative to the
measurement time. For typical magnetization measurements this corresponds to a few seconds,
making KV ~ 25kgT. The magnetic anisotropy energy (at 0K) of FCC Co is K=6.8x10* J/m’.
Using 6K as a blocking temperature results in a typical particle diameter of 3 nm for spherical
particles. While the rings are not spherical, this result indicates that the individual rings are made
up of aggregates of much smaller particles which are not magnetically coupled to each other.
The inset of Figure 7b shows the isothermal magnetization curves for temperatures below, at,
and above the blocking temperature. The 2K measurement shows a coercivity of ~500 Oe, while
the curves at 6K and 10 K show no indication of hysteresis as expected for particles above the
blocking temperature. This superparamagnetic behavior is intrinsic to the small size of the
fundamental cobalt nanoparticles which are chemically self-assembled to produce ring

structures. The nano-flowers and nanowires will be magnetically investigated in future work.



Conclusion

, We have successfully synthesized CoO NPs under UV photo-irradiation with a one-step
process. Distinct shapes including nanospheres, nano-rings, nano-flowers, and nanowires were
obtained by controlling the concentration of CTAB and alkaline 2,7-DHN and changing the other
reaction parameters. The magnetic measurements indicate that the nano-rings are
superparamagnetic with a 6K blocking temperature while the nanospheres remain paramagnetic.
XPS results indicate the paramagnetic high-spin Co(Il) electronic configuration. The shape-
selective CoO NPs could be used for applications like sensors, catalytic fields, information

storage, and electrode materials, among many others.

Supporting Information Available: Synthesis details, chemicals used, instruments used for the

shape-controlled synthesis of CoO NPs are provided.
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Figure Captions:

Figure 1. The UV-vis spectrum of the reaction mixture at different stages of the synthesis
process. (A) is the absorption band for only Co(Il) ions in aqueous solution; (B) is the
absorption spectra of aqueous CTAB solution; (C) is the absorption spectra of aqueous 2,7-DHN
solution; (D) is the absorption spectra of the mixture of Co(II) with CTAB; (E) is the absorption
band of the mixture containing Co(Il), CTAB and 2,7-DHN; (F) is the absorption spectra of the
mixture Co(Il), CTAB, 2,7-DHN,and NaOH; (G) is the absorption band of pure CoO NPs. The

inset shows the image of a CoO NPs solution in water.

Figure 2. Curve A to E shows the different absorption bands of shape-selective CoO NPs; (A)
for spherical NPs; (B) for nano-rings; (C) for nano-flowers; (D) and (E) for the needle shaped

short and long nanowires.

Figure 3. The transmission electron microscopy (TEM) images of shape-selective CoO NPs.
Figure 3A shows the TEM image of spherical CoO NPs at low magnification. The inset of
Figure 3A shows the much higher magnified image of same CoO nano spheres. Figure 3B and
3C shows the low and high magnified TEM of CoO NPs having ring like structure. Figure 3D
shows the TEM image of CoO NPs having flower like shapes and inset shows a single nano
flower. Figure 3E shows the TEM image of needle shaped shorter CoO nano wires. Figure 3F
shows the TEM images of longer sizes CoO nano wires. Inset of Figure 3E and 3F shows their

corresponding higher magnified images.



Figure 4. The energy dispersive x-ray spectroscopic (EDS) analysis of shape-selective CoO NPs.

Figure 5. The powder X-ray diffraction (XRD) pattern of shape-selective CoO NPs: (A) for
spherical NPs; (B) for nano-rings; (C) for nano-flowers; (D) and (E) for the needle shaped short

and long nanowires.

Figure 6. The X-ray photoelectron spectroscopy (XPS) of shape-selective CoO NPs. Figure 6A
shows the overall XPS survey of CoO NPs. Figure 6B shows the Co 2ps», Co 2p;,» and Figure 6C
shows the Co 3s, Co 3p core-levels spectrum for the three different shaped CoO NPs

respectively.

Figure 7. Magnetization of CoO NPs. Figure 7A°  Magnetization of spherical CoO NPs
showing Curie behavior on top of a large temperature independent positive background. The
inset of Figure 7a shows M(H) illustrating the ferromagnetic contribution to the NPs. Figure 7B
shows zero field cooled and field cooled measurements on CoO nano-rings where the 6K peak
is the blocking temperature (Tg). The inset shows the isothermal magnetization curves, with

hysteresis appearing only below the Tg.

Table 1: The detailed final concentrations of all the reaction parameters, time of UV Photo-

irradiation, and particle size and shape distribution for the formation of CoO NPs.

Scheme 1. The successive change in color with time during the formation of CoO NPs using UV

photo-irradiation.

Scheme 2. Schematic presentation for the formation of shape-selective CoO NPs.
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Set No Final Conc. Final conc. of | Final conc. of | Final conc. of uv Shape of | Size of the Shape
of CTAB (M) Co(II) ions 2,7-DHN (M) NaOH (M) photo- the CoO CoO NPs distribution
™M) irradiati NPs
on (h)
100%
1 751x10* | 1.05x10° | 1.35x10° | 7.51x 107 4 Sphere | ~80+10 | spheres
nm
100%
2 1 775%x107% | 93x10* | 1.24x10° | 7.75x 107 4 Ring | ~25+5 | ringlike
like nm
3 7.40 x 107 | 1.03x10° | 1.48x10° | 7.40 x 107 4 Flower | ~350 + 95%
like 50 nm flower
like
length
4 770 x 107 | 1.05x 107 | 1.48x10° | 7.40 x 103 4 Wire | ~210+10 | 100%
(short) | nm and wires
diameter
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nm.
length
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Shape-influenced Magnetic Properties of CoO Nanoparticles
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Using a wet chemical approach, CoO nanospheres, nano-rings, nano-flowers, and nanowires of
different sizes were generated. Among those, nano-rings show ferromagnetic behavior below 6K
while the nanospheres remain paramagnetic down. X-ray photoelectron spectroscopy for Co 2p,
3p and 3s core-levels indicates the paramagnetic high-spin Co(II) electronic configuration. This
finding reveals the optical, electronic, and magnetic behavior of CoO nanoparticles (NPs) that
opens opportunities for future applications as catalysts precursors for making pigments, lithium-

ion battery materials, or as solid state sensors as anisotropy source for magnetic recording.
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Synthesis Details:
Chemical and Instruments

Cetyltrimethylammonium bromide (CTAB, 99%) was purchased from Sigma-Aldrich
and used as received. The 2,7-dihydroxynapthalene (2,7-DHN) was purchased from Sigma-
Aldrich and was re-crystallized in hot water. The hydratedcobalt (II) chloride, hexahydrate
(CoCl2 - 6H20) and sodium hydroxide (NaOH) were obtained from Sigma-Aldrich and used
asreceived. De-ionized (DI) water was used for the entire synthesis.

The UV-visible (UV-vis) absorption spectra were recorded in a Hitachi (model U-4100)
UV-vis-NIR spectrophotometer equipped with a 1 cm quartz cuvette holder for liquid samples. A
high resolution-transmission electron microscope (HR-TEM) (ZEOL ZEM 2010) was used at an



accelerating voltage of 200 kV. The energy dispersive X-ray spectrum (EDS) was recorded with
an Oxford Instruments, INCA energy system connected with the TEM. The XRD analysis was
done with a scanning rate of 0.020 s-1 in the 26 range 15-80° using a Bruker-AXS D8 Advanced
Bragg-Brentano X-ray Powder Diffractometer with Cu Ka radiation (4 = 0.154178 nm).The X-
ray photoelectron spectroscopy (XPS) analysis was carried out using a focused monochromatic
Al Ka X-ray (1486.7 eV) source for excitation and a spherical section analyzer. A 100 pum
diameter X-ray beam was used for analysis. The X-ray beam is incident normal to the sample
and the X-ray detector is at 45° away from the normal. The analysis area on the sample is 0.4
by 0.7 mm.The pass energy was 23.5 eV giving an energy resolution of 0.3 eV that when
combined with the 0.85 eV full width at half maximum (FWHM) Al Ka line width gives a
resolvable XPS peak width of 1.2 eV FWHM. Deconvolution of non-resolved peaks was
accomplished using Multipack 9.2 (PHI) curve fitting routines. Binding energies were referenced
to the C 1s photoelectronline arising from adventitious carbon at 284.8 eV. Low energy electrons
were used for specimen neutralization.Magnetic measurements were made in a commercial
SQUID magnetometer where a reasonable amounts of NPs in solution were deposited onto a
small piece of a chemwipe, dried,and placed in a polypropylene sample holder. The background
contribution from the sample holder, including the chemwipe was constant, weakly diamagnetic,
and accounted for less than 0.1% of the measured response in low magnetic fields. Samples
were initially zero field-cooled (ZFC) and measured from a base temperature of 2K in a
magnetic field of 10 Oe, followed by a field-cooled (FC) measurement in 10 Oe. Isothermal
magnetization measurements were performed and the hysteresis was observed only below SK.A
xenon lamp from Newport Corporation at a wavelength of 270 nm on the sample was used for
UV photo-irradiation. The approximate intensity was 18u4W and the bandwidth of irradiation was
270 £ 10 nm. The distance of the sample from the light source was ~16.6 cm. The sample was

placed over a wooden box with a stand to make the light fall directly onto it.

Synthesis of Shape-selective CoO NPs

Shape-selective CoO NPs were synthesized by altering the concentration of CTAB and

Co(II) ions in the reaction mixture containing CoCI2 - 6H20, 2,7-DHN, CTAB, and NaOH. For
a typical synthesis process, 50 mL of CTAB (0.1 M) was mixed with 7 mL of 10-2 M CoCI2 -



6H20 solution. Then 10 mL of 10-2 M 2,7-DHN solution and 500 puL of NaOH (1 M) solution
were added. The solution mixture stirred for 30 sec using magnetic stirrer. Then the mixture was
placed in front of UV light source and UV-irradiated continuously for 4 hours with constant
stirring. The process produces the CoO nanorods. For the synthesis of other shapes we varied the
concentrations of CTAB and Co(Il) ions keeping the UV photo-irradiation time fixed. The final
concentration of all the chemicals and other reaction parameters are given in Table 1. After the
addition of NaOH and stirring for 30 sec, the solution is light bluish. During UV-irradiation for
20-30 min, the solution is bluish green color, after 2 hours it became deep blue, after 3 hours it
became bluish black and finally after 4 hours it is blackish in color. The solution mixture was
centrifuged at 6000 rpm for 30 min and again at 4000 rpm for 15 min to remove excess CTAB
and other chemicals from the NPs solution. The precipitated light brown CoO NPs was re-
dispersed in DI water and stored in dark place at 4 °C in a refrigerator and found to be stable for

more than a month without changing any optical properties.

Characterization of Shape-selective CoO NPs

The CTAB stabilized CoO NPs were characterized using TEM, EDS, XRD, XPS, and
magnetization measurements. The sample for TEM analysis was prepared by placing a drop of
the corresponding CoO NPs solution onto a carbon-coated Cu TEM grid followed by slow
evaporation of the solvent at ambient condition. The EDS analysis was done from the
samesamples during the TEM measurement. The samples for the XRD and XPS analyses were
prepared on a glass substrate for making thin films. Before the NP deposition, the wafers were
cleaned thoroughly in acetone and sonicated for 30 min. Then the substrate was dried and the
clean substrate used for CoO NPs deposition. After deposition, the sample was dried in a vacuum
chamber. Final samples were prepared with 6-8 depositions, dried, and then analyzed using XRD
and XPS techniques. The samples for magnetic measurements were made by depositing a
reasonable amounts of NPs solution onto a small piece of a chemwipe, dried, and placed in a

polypropylene sample holder.



