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Gamma-radiolysis-assisted cobalt oxide
nanoparticle formation

L. M. Alrehaily,® J. M. Joseph,® M. C. Biesinger,® D. A. Guzonas® and J. C. Wren*®

The formation of Co304 nano-scale colloid particles by gamma irradiation of CoSO4 solutions was
investigated. Solutions of 0.2-0.3 mM CoSO,4 at pH 6.0 and 10.6 (air-saturated and Ar-purged) were
irradiated at an absorbed dose rate of 5.5 kGy h™". The resulting concentrations of H, H,0,, Co" and
Co"" species in solution and the chemical composition and sizes of particles that were formed were
measured as a function of irradiation time. Particle formation was observed only for initially air-
saturated CoSO, solutions at pH 10.6. Analysis of the particle formation as a function of irradiation
time shows that the particles evolve from Co(OH), to CoOOH and then to Co304. The radiolytic
oxidation of Co" to Co" was completed in 100 min and the chemical composition of the final particles
was identified as Coz04 by XPS, Raman and UV-Vis spectroscopy. Transmission electron microscopy
(TEM) images show the final particles are approximately uniform in size, ranging from 8 to 20 nm. A
mechanism is proposed to explain the particle formation. A key factor is the low solubility of Co(OH), in
air-saturated solutions at high pH. This mechanism for particle formation is compared with the
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1. Introduction

Recently synthesis of nano-scale structured transition metal
oxides has been an area of active research due to the many
technological applications of such oxide particles. The
magnetic, catalytic, optical, and electronic properties of these
metal oxides are determined by the size, structure and shape of
the particles that they form.“? Nanoparticles containing
magnetic materials (such as iron, nickel and cobalt oxides)
have potential applications in medical biotechnology, drug
delivery and hyperthermic cancer treatment. They can also be
used as contrast agents for magnetic resonance imaging
(MRI).>” This type of oxide is a magnetic p-type semiconductor
with a cubic spinel crystal structure in which Co™ occupies the
tetrahedral sites and the octrahedral sites are occupied by
Co™.® The properties of Co;O, nanoparticles make them
promising materials for electronic devices,” gas sensors,'°
magnetic materials,"" electrochromic devices,"” electrochemical
anodes for sensors,'® high temperature selective absorbers of
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mechanism previously reported for the radiolytic formation of y-FeOOH nanoparticles.

solar radiation'* and anode materials for rechargeable Li ion
batteries." Cobalt nanoparticles have also been proposed for use
as an alternative to iron oxide nanoparticles as the contrast agent
for MRI due to their greater impact on proton relaxation
times.""”

Cobalt oxide nanoparticles have been synthesized by different
techniques including spray pyrolysis,'® chemical vapour deposi-
tion,'” sol-gel techniques,'® pulsed laser deposition,"® thermal
decomposition of solid cobalt nitrate,® and hydrothermal synth-
esis." These methods are either complex or require chemically
harsh conditions and/or high processing temperatures for the
synthesis of nano-scale crystalline CozO, particles. Radiolytic
particle formation is a promising new technique for the synthesis
of Co;0, nanoparticles that avoids the need for chemically and
thermally extreme conditions.

The potential formation of insoluble cobalt particles is also
a particular concern for water-cooled nuclear reactors. Corro-
sion of metal alloys (and particularly Co-based alloys such as
Stellites) can release dissolved Co ions into the reactor coolant
water. Dissolved Co species can deposit in the reactor core
where neutron activation can convert *°Co to radioactive *°Co.
Subsequent resuspension/dissolution of the ®°Co and its trans-
port by the coolant to out-of-core piping where it can redeposit
can give rise to high radiation fields around system piping.
Radiolytic conversion of dissolved ®°Co to colloidal particles
will affect the transport and deposition of this radioactive isotope.
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Understanding the mechanisms for the formation of cobalt
particulates is particularly important because of the radio-
logical hazard posed by the formation of °°Co.”™*> On-line
purification systems are used to control the concentrations of
dissolved ions (using ion exchange resins) and particulates
(using mechanical filters) in the coolant; the efficacy of filters
for particle removal depends on the size of the particles
present. Therefore, it is important to understand the various
mechanisms that can convert dissolved Co species to particles.

Ionizing radiation includes high energy charged particles
(such as a-particles and fast electrons) and electromagnetic
radiation (x- and y-rays). Due to its high energy (typically greater
than 10 keV), when passing through matter, individual radia-
tion particles or photons lose their energy continuously
through a large number of collisions, mostly with electrons in
the matter. The initial interaction of ionizing radiation with
matter is thus to ionize the molecules or atoms on its track.
Since the interaction is indiscriminant, radiolysis is considered
as a non-selective, solvent-oriented process.>*** This contrasts
with the selective, solute-oriented process that occurs in photo-
lysis, where the energy of photons is on the order of a few eVs
and can be tuned to the excitation energy of a target solute
molecule. One important implication of this difference is that
the reactions of dilute chemical species in water exposed to
ionizing radiation occur primarily via reactions with radiolytic
decomposition products of the solvent water.>® Their direct
interaction with incident radiation is negligible.

The initial consequence of each collision between a radiation
particle and a water molecule is to form ion pairs (H,0*" and
€ hot) OF excited species (H,O*) along the radiation track where
€ hot represents an energetic electron.”*** These hot electrons
may themselves have sufficient energy to produce secondary ion
pairs (H,0*" and e ) and excited species before they are therma-
lized. Any secondary ionization they produce will be situated
close to the original ionization (within a few nm or a few atom
lengths) in a small cluster, or spur, of excited and ionized
species. For water molecules, typically 2-3 ion pairs or excited
species are formed in a spur. These energetic species undergo a
range of chemical reactions as the spur expands. The distribu-
tion of radiolytic decomposition products of water becomes
homogeneous along the radiation track on a time scale on the
order of 1077 s. The water decomposition products at this stage
are referred to as the primary radiolysis products; while they are
not the first species formed upon absorption of radiation energy,
they are the first set of relatively stable, longer-lived species.

For a given type of radiation, the chemical yields of the
primary radiolysis products at this stage depend mainly on the
net absorption energy and, hence, the primary yields are
expressed in G-values or the number of molecules produced
per absorbed energy. The primary yields depend on the type of
radiation and solvent properties. For the y-radiolysis at room
temperature, the primary products and their yields (in bracket
in units of pmol J ') are:*

H,O — MW
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These chemical yields per unit energy input are very high.
Such high yields, particularly for the radicals, cannot be
obtained by thermal processes. Gamma-radiolysis is the most
effective way of producing these reactive species. Due to the
long penetration depth of a typical y-ray in water (~20 cm for a
half reduction in intensity), these species are also produced
uniformly over a large volume of water. The high yields and the
uniform production of the chemically reactive species at room
temperature can provide ideal conditions for certain chemical
reactions.

The primary radiolysis products continue to react with each
other to form secondary products such as *HO,, O, and *O,~
and eventually the stable products H,, O, and H,0,. Under
continuous irradiation, in pure water, the concentrations of
radiolysis products quickly reach a pseudo-equilibrium state
where the steady-state concentrations of the radiolysis products
depend on radiation energy absorption rate, the solution pH,
and temperature.”**® The radiolysis products are highly redox
active and include both oxidizing (e.g., *OH, H,0, and O,) and
reducing (e.g., *H, *e,q and *O, ) species. These species can
readily interact with dissolved transition metal ions to change
their oxidation states. Since the solubility of a transition metal
ion can vary by several orders of magnitude depending on its
oxidation state, reactions that can alter the oxidation state can
control the concentrations of metal ions in solution. Conver-
sion of dissolved metal species to oxidation states with low
solubilities can lead to condensation and the formation of
colloidal particles.

We have previously studied the formation of y-FeOOH
nanoparticles using steady-state radiolysis.>® This study has
shown that radiolytic oxidation of Fe'(aq) to less soluble
Fe(OH); provides nucleation sites for particle growth and that
this oxidation is very fast. Subsequently ferrous ions are con-
tinuously oxidized and adsorbed on the nucleates, growing into
nano-scale y-FeOOH particles. The final size and morphology of
the particles is regulated by the radiolytically induced steady-
state redox conditions at the water-solid particle interface and
the phase of the oxide.

This work reports on the behaviour of Co-containing solu-
tions when exposed to y-radiation and the formation of Co;0,
nanoparticles. The effects of pH and dissolved oxygen are
investigated. Similarities and differences in particle formation
and growth in the iron and cobalt systems are discussed.

2. Experimental

Cobalt solutions (0.2 and 0.3 mM) were prepared by dissolving
high-purity cobalt(u) sulfate obtained from Sigma-Aldrich
(purity > 99%). All solutions were freshly prepared with water
purified using a NANOpure Diamond UV ultrapure water system
with a resistivity of 18.2 MQ cm. The pH was adjusted to 6.0 and
10.6 using a concentrated NaOH solution. These pH values were
chosen based on the solubilities of Co™ and Co™ species.?”

*OH (0.26), *e,4 (0.26), *H(0.06), H,(0.045), H,0,(0.075), H'(0.26) (1)
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The solubility of Co" is at a minimum (~10~° M) at pH 10.6
whereas it is several orders of magnitude higher (~1 M) at
pH 6.0, see further discussion in Section 3.3. The solutions
were either aerated by purging with high purity air (Praxair)
or de-aerated by purging with Ar for one hour. Using a syringe,
the test solution was transferred to a pre-sealed 20 ml vial
leaving no headspace. The sample vials were irradiated in a
®Co gamma cell (MDS Nordion) as described in a previous
paper.”® The gamma source provided a uniform absorption
dose rate of 5.5 kGy h™" in the water samples at the time of
this study.

Following irradiation for the desired period, a series of
chemical analyses of solution species were first performed.
Colloid particles were then collected for various particle analyses.
For the analysis of dissolved H, and O,, one half (10 ml) of the
irradiated test solution was transferred to a new 20 ml vacuum-
sealed vial using a gas-tight syringe. Equilibration of the gas
concentrations in the headspace above the solution with the
gases in the aqueous phase was quickly established. A gas sample
was extracted from the headspace using a gas-tight syringe with a
Luer lock (Agilent Technologies) and was analyzed using gas
chromatography with a thermal conductivity detector (GC-TCD,
6580 Agilent Technologies) as discussed elsewhere in detail.”
The solutions were first analyzed for Co™ species by direct UV-VIS
absorption (BioLogic Science Instruments). The solution cobalt
species and H,0, were subsequently quantified by colorimetric
analysis.

The total concentration of Co™ present in the sample
(dissolved or dispersed as a colloidal solid) was determined
by reacting the sample with 4-(2-pyridylazo) resorcinol (PAR) to
form a coloured complex that absorbs light at 510 nm with a
molar extinction coefficient of 5.6 x 10° M™' em '.?® To

111

determine the concentration of Co" present, the Co" in the
sample was first oxidized to Co™ using a 3% hydrogen peroxide
solution and then the solution was heated to 100 °C in a boiling
water bath to boil off any unreacted hydrogen peroxide. The
Co™ concentration of this solution was then determined by the
PAR method. The calibration curve for Co™ in the concentration
range of 5 uM to 1 mM obtained by this method is shown in
Fig. 1. The difference between the total cobalt concentration
(after oxidation) and the concentration of Co™ determined

1.0
0.8
06
0.4+

0.2

[Co(ll)] Determined (mM)

0.0

00 02 04 06 08 10
[Co(ID)] Prepared (mM)

Fig. 1 Calibration curve obtained for [Co"] using the method used in the study.

1016 | Phys. Chem. Chem. Phys., 2013, 15,1014-1024

prior to the hydrogen peroxide treatment was taken to be the
concentration of Co" in the solution phase. Using this method,
the detection limits for both [Co™] and [Co™] were 1 uM.>® Note
that although we started our tests with 0.2 to 0.3 mM CoSO,
solutions, the total amount of Co found in solution at pH 10.6
was actually less due to the loss of some Co through precipita-
tion. The concentrations determined by the PAR method
including the initial Co™ concentration, [Co"(sol)], are used
throughout this paper.

The concentration of hydrogen peroxide in the test solution
was determined by the Ghormley tri-iodide method> in which
I' is oxidized to I3~ by H,O, in the presence of ammonium
molybdate as a catalyst, followed by spectrophotometric
measurement of the I3~ concentration; I3~ has a maximum
absorption at 350 nm with a molar extinction coefficient of
25500 M~ ' em™*.*>° We tested for and observed no oxidation of
I" to I3~ by Co(m) in our test solutions.

Particles were collected from the sample vials for analyses by
transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy. For TEM the
particles were collected by dipping a carbon-coated copper grid
into the irradiated test solution and drying the sample grid in
air. Samples for the XPS and Raman analyses were collected by
centrifuging the solution and then drying the precipitate on a
glass plate in an Ar-purged glove box. The sizes and shapes of
the particles were measured using TEM with the microscope
operating at 80 keV. X-ray photoelectron spectra were acquired
on a Kratos AXIS Nova spectrometer using monochromatic Al
K(alpha) radiation and operating at 210 W, with a base pressure
of 10~% Pa. Raman scattering measurements to determine the
particle chemical composition were performed using a
Renishaw model 2000 Raman Spectrometer with a laser excita-
tion wavelength of 633 nm.

3. Results and discussion
3.1 Solution analyses

No conversion of dissolved Co™ to particles was observed at pH
6.0 either in the absence or presence of dissolved oxygen; see
further discussion on the effect of pH in Section 3.3. Photo-
graphs of solutions that initially contained 0.32 mM Co"(sol) at
pH 10.6, irradiated for different times, are shown in Fig. 2. Note
that for the photographs the solutions were transferred to new,
clear sample vials because the test sample vials darken when
exposed to y-radiation. The corresponding UV-Vis spectra of the
test solutions are shown in Fig. 3. The pre-irradiated CoSO,

‘ ” ~ / N7, N e ] =

75 A o “*ﬁc,:;jL”;j%;;;t‘ s e

0 min Increasing tgap 300 min

Fig. 2 Photographs of irradiated aerated solutions initially containing 0.3 mM
CoSO,4 at pH 10.6.
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Fig. 3 UV-Vis spectra of irradiated aerated solutions initially containing 0.3 mM CoSO, at pH 10.6: (a) raw spectra and (b) empty-cell background-subtracted spectra.

The reference spectrum of Cos04 is shown as the dashed curve.

solution is colorless but the sample vial contains some
precipitate at the bottom due to the conversion of some of
the CoSO, to insoluble Co(OH),. With increasing irradiation
time, trap, the solution becomes increasingly brown in colour
and more opaque. The amount of precipitate appears to
increase with trap up to ~60 min. After this time, the amount
of precipitate appears to decrease (not quantitatively deter-
mined) while the solution continued to darken.

The UV-Vis spectra of the test solutions show increases in the
intensities of absorption bands with maxima at ~280 and
400 nm, Fig. 3a. These spectra match very well with a reference
spectrum taken with a solution that was prepared with dispersed
Cos0, particles. The Co;0, used for the reference spectrum was
purchased from Alfa Aesar and TEM analysis showed that the
diameter of the particles was in the range of 8-20 nm. The
similarity indicates that the irradiated test solutions contain
Co;0, particles and that the colloidal particle density increases
with irradiation time. The good agreement between the refer-
ence spectrum and the test solution spectra also indicates that
Co;0, is the only colored species present. The other Co™ species,
CoOOH, does not absorb in the 200 to 700 nm range.

The peak intensity of the background-subtracted band
centered at ~400 nm is plotted as a function of tgrap in
Fig. 4. These results are compared in the same figure with
the concentrations of Co™ determined by the PAR method. The
two sets of data match very well except at long irradiation times
(>250 min) in deaerated solutions. Compared to the aerated
solution cases, the radiolytic conversion of Co'(sol) to Coz0, in
deaerated solutions is negligible at pH 10.6.

The change in the oxidation state of the cobalt in solution as
a function of tzap is shown in Fig. 5. The [Co™(sol)] increases
while the [Co"(sol)] decreases before they reach the near
plateau regions. (The sudden drop in log [Co"(sol)] at 200 min
is attributed to a continuous linear decrease in [Co"(sol)] with
time and not due to a change in the mechanism.) However, the
total cobalt concentration in solution at any given time is not
equal to [Co"(sol)]o. This discrepancy can be better appreciated
in Fig. 5b where the change in [Co"(sol)] (A[Co"(sol)] = [Co"(sol)], —
[Co"(sol)]) is shown as well as the curve for [Co™]. The discrepancy
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Fig. 4 Concentration of Co"(sol) as a function of irradiation time for aerated
(squares) and deaerated (circles) solutions initially containing 0.3 mM Co'(sol) at
pH 10.6. The concentrations were determined by the PAR method (solid symbols)
and UV-Vis absorbance (open symbols).

increases with irradiation time and then reaches a steady-state
value after the test solution has been irradiated for approxi-
mately 55 min. This discrepancy is attributed to the loss of
cobalt that has settled as a solid precipitate at the bottom of the
test vial (Fig. 2).

3.2 Particle analyses

The colloid particles formed by y-irradiation of the Co"
solutions were collected for various particle analyses. Solid
particles of Co(OH), formed in aerated solutions at pH 10.6
without irradiation were also collected for analysis. The TEM
images of the particles formed as a function of ¢{zrap are shown
in Fig. 6. The TEM images show the presence of two types of
particles that have very different sizes. The larger particles are
~200 nm in width and have a thin hexagonal shape. These
particles are present in non-irradiated solutions and in irra-
diated solutions at irradiation times < ~60 min. At longer
irradiation times, few of these particles are present. They are
replaced by smaller particles, 8-20 nm in size and spherical
in shape.

The particles were further examined by XPS and Raman
spectroscopy to determine their chemical and phase composition.
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Fig. 5 (a) Concentrations of Co'(sol) and Co'"(sol) as a function of irradiation time. (b) The A[Co'(sol)] and [Co"(sol)] in the irradiated solutions initially containing

0.3 mM Co'(sol) under air-saturated pH 10.6 conditions.

Fig. 6 TEM images of the particles collected at different irradiation times from aerated solutions initially containing 0.3 mM Co'(sol) at pH 10.6.

Typical high resolution XPS spectra of the regions containing
the O 1s, C 1s and Co 2p bands are shown in Fig. 7. The high
resolution XPS spectra of the Co 2p band were deconvoluted
using reference spectra of standard single-phase samples of
Co°, Co(OH),, CoO, Co;0,, CoOOH, and CoCr,0, (which have
binding energies of 778.1 eV, 780.4 eV, 780.0 eV, 779.6 eV, 780.1
eV and 778.8 eV, respectively).>’ Similarly, the O 1s and C 1s
bands were deconvoluted to identify the different O compo-
nents. The deconvolution of XPS bands using multiple-peak
reference spectra with a Shirley-type background subtracted
has been successfully applied for cobalt oxide analysis.*’
Commercial software (CASAXPS™) was used for the deconvolu-
tion fitting analysis. The weighting factors yield the relative
concentrations of individual species in the Co oxide particles
and the results are summarized in Fig. 8. It should be noted that
the analysis depth of the XPS instrument is 6-7 nm so that the
derived compositions strictly apply only to the outer layer of the
particles. The XPS results show that the fraction of Co(OH), in
the particle decreases with irradiation time while the fraction of
Coz0, increases. The fraction of the particle that is CoOOH
initially increases, reaching a maximum at ~50 min, and then
decreases. The particles collected from the solutions irradiated
for long times (>300 min) contain only Co;0,. The XPS analyses

1018 | Phys. Chem. Chem. Phys., 2013, 15,1014-1024

of particles collected from test solutions that were not subjected
to irradiation show that they contain ~80% Co(OH), and ~20%
CoOOH. This composition did not change with time over a
period of a few weeks.

The Raman spectra of particles formed as a function of
irradiation time are shown in Fig. 9. We could not establish the
analysis depth of Raman spectroscopy, but it is generally
considered to be deeper than the XPS technique (in the order
of the wavelength of the exciting line depending on
the absorption properties of the material).*> Comparison of
the Raman spectra of the particles from irradiated tests
with the reference spectra of different Co oxides (Fig. 9b) also
shows that the particles are composed of only Coz;0,. A broad
band centered at 3000 cm ™" (full width of the peak not shown
in Fig. 9) grows at short irradiation times and then decreases.
The origin of this band is not clear but may be attributed to
the fluorescence of Co;0y,, since the broad band also appears in
the reference spectrum of Co;O, and the Raman excitation
laser wavelength (633 nm) is on the edge of the UV-Vis absorp-
tion band. It is not clear why this band disappears at longer
irradiation times, but it could be that changes in particle size
may change the absorption cross section at the excitation
wavelength.
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Fig. 8 Composition determined by XPS of particles collected as a function of
irradiation time from aerated solutions initially containing 0.3 mM Co'(sol) at
pH 10.6.

3.3 Effects of pH and dissolved oxygen

The solution pH and dissolved oxygen concentration affect the
net radiolytic production of H,0, and H, under long-term
steady-state irradiation even in the absence of other dissolved
species.”® In the absence of any cobalt ions, the net radiolytic
production of H,0, as a function of tzp in aerated solution is
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similar at both pHs, see Fig. 10. The presence of Co"(sol) in
aerated solution does not significantly affect [H,0,] at pH 6.0,
but significantly reduces [H,O,] below 3 uM (our detection
limit) at pH 10.6 at all times (>5 min, our first measurement
time). The presence of Co"(sol) in solution also lowers [H,] in
an aerated solution but not as dramatically. In deaerated
solutions (results not shown), [H,0,] is still below the detection
limit at all irradiation times while [H,] is the same as that
observed for pure water.

The large change in [H,0,] with Co" present indicates that
H,0, (and its oxidizing radiolysis product precursors) is
involved in a reaction with Co'(sol). However, since conversion
of Co"(sol) to Co™(sol) was not observed at pH 6.0 (where equal
concentrations of radiolytic H,O, are normally present), the
oxidation of Co™ to Co™ observed at pH 10.6 must have an
additional requirement. We believe that this requirement is the
existence of a solid surface on which a heterogeneous oxidation
process can occur. The solid surface is initially created by the
nucleation and condensation of Co(OH), from the solution.
The Co(OH), is formed by hydrolysis of the Co™ initially
introduced into the solution as dissolved CoSOy,:

Co®* + OH™ s Co(OH)" (2a)
Co(OH)" + OH™ s Co(OH), (2b)
Co(OH), + OH™ & Co(OH);~ (2¢)

Phys. Chem. Chem. Phys, 2013, 15,1014-1024 | 1019
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Fig. 10 Concentrations of (a) [Co"(sol)], (b) [H20,] and (c) [H.] as a function of irradiation time at pHs 6.0 and 10.6 aerated solutions initially containing 0.3 mM
Co'(sol). The [H,05] and [H,] as a function of irradiation time in pure water are also shown for comparison.

The overall solubility and the contributions of the various Co"
hydrolysis species to the solubility were calculated as a function
of pH based on Baes and Mesmer”” and are shown in Fig. 11.
The overall solubility of these hydrolyzed Co" species is low at
PH 10.6 (~10~° M). The solution will be quickly supersaturated
with hydrolyzed Co™ species and excess Co" species will con-
dense as solid Co(OH), when starting with ~0.3 mM CoSO,
solution. Ionic Co™ species are easily adsorbed on the surface of
the condensation nucleus and condensed Co(OH), is more
likely to form stable nucleates or clusters of Co" species
(Cox(OH)Zy(xny) dispersed in solution. Because particles do

1020 | Phys. Chem. Chem. Phys., 2013, 15,1014-1024

not grow, we could not collect any particles when the test
solutions were initially deaerated.

The presence of an oxidizing agent (O,) in aerated solutions
allows a small fraction of the initial clusters of Cox(OH)Zy(x’y)Jr
to oxidize to Co™ and form nearly insoluble COOOH:

4Co(OH), + 0, S 4CoOOH + 2H,0

®)

The solubility of CoOOOH is negligible at all pHs.”” The for-
mation and precipitation of CoOOOH accelerates agglomeration
of the Co,(OH),,™ " clusters in solution. The result can be

This journal is © the Owner Societies 2013
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Fig. 11 Overall solubility of Co" hydroxide as a function of pH and the
concentrations of the contributing hydroxide species.

seen in the TEM image (Fig. 6) and XPS analysis (Fig. 7) of the
particles collected from aerated test solutions without irradia-
tion. The TEM image of the particles collected at tgap = 0 min
shows small particulates congregated in a hexagonal shape and
XPS analysis identifies them mostly as Co(OH), with a small
fraction as CoOOH. At pH 6.0 the solubility of Co™ is sufficiently
high (Fig. 11) that no condensation (or precipitation) was
observed.

At pH 10.6 we see a significant reduction in [H,0,] in both
aerated and deaerated irradiated solutions (Fig. 10b) although
the conversion of Co'(sol) to Co™(sol) is much slower in
deaerated solutions (Fig. 4). These observations can be
explained by the difference in the rate of reduction of CoOOOH
to Co(OH), in aerated versus deaerated solutions. Upon exposure
to y-irradiation, the Co"(sol) or Co" adsorbed on the particles
will be quickly oxidized to CoOOH by *OH and H,O,:

Co"(sol) + *OH — [Co(OH);] — CoOOH + H,0

(4)

2Co(OH), + H,0, — [2Co(OH);] — 2CoOO0H + 2H,0

(5)

The electrochemical equilibrium potential for the Co(OH), and
CoOOH redox reaction (reaction (6c¢)) is relatively high, 0.36
Vsue at pH 10.6, where Vgyg is the potential with respect to
standard hydrogen electrode potential.>> The Co"/Co™
equilibrium potential is still lower than the equilibrium potentials
for the redox reactions of OH /*OH and OH /H,0,, and hence
Co" can be oxidized by *OH and H,0,. However, H,0, can also
oxidize to O,, reaction (6b). This reaction can thus couple with the
reduction of COOOH (6a):

2Co00H + 2H' + 2e~ & 2Co(OH), (6a)
H,0, & O, + 2H' + 2e~ (6b)
Net: 2CoOOH + H,0, s 2Co(OH), + O, (6¢c)

This journal is © the Owner Societies 2013

The standard potential for equilibrium 6a is E° = 0.695 Vgyg.>®
The equilibrium (or Nernst) potential depends on pH and the
concentrations of H,0, and dissolved O,. At pH 10.6, the
equilibrium potential for the H,0, oxidation equilibirum is
~0.20 Vg when [0,]/[H,0,] = 10> and ~ 0.38 Vg when [0,]/
[H20,] = 1. Thus, at a low dissolved oxygen concentration, the
equilibrium potential for (6a) lies below that of Co(OH),/
CoOOH. That shifts the equilibrium (6¢) to the right and the
net production of CoOOH will be slow, and so will be the
subsequent irreversible conversion of CoOOH to Co3;0,4. Con-
sequently we did observe any Co;O, formation in deaerated
solutions. At a higher [O,] the equilibrium of reaction (6¢) shifts
to the left. The net production of CoOOH is increased in
aerated solutions, and we in turn see production of C030,.
The mixed Co™™ oxide, Co;0,, is thermodynamically more
stable than CoOOH. However, the oxidation of Co(OH), to COOOH
is kinetically more facile than oxidation to CozO,. Thus, CoOOOH
will be formed first. At longer times CoOOH will be converted to
the thermodynamically more stable Cos;0, by irreversible
processes such as polycondensation of COOOH and Co(OH),:

2C000H + Co(OH), & Co;0, + 2H,0 )

The conversion of COOOH to Co;0, is also accelerated by the
radiolytic reduction of CoOOH, reaction (8), coupled with
reaction (6a), resulting in the net reaction (9):

3Co00H + H + e~ & Co;0, + 2H,0. (8)
6CoOOH + H,0, s 2C03;0,4 + O, + 4H,0. 9)

The reactions of H,0, with cobalt species (reactions (5), (6)
and (8)) are similar to the Fenton reactions with iron species.**
We think the Fenton-like reaction occurs more readily under
irradiation since the semi-conducting oxide nanoparticles
become conducting due to photons with a wide range of energy.
The band gap of CoO/Co;0, has been reported to be in a range
of 1.4-2.1 eV* and electrocatalytic properties of cobalt
oxides®®?” have been reported in the literature.

3.4 Reaction of H,0, with Co™ under un-irradiated conditions

To isolate the role of H,O, from that of *OH as an oxidizing
agent, the reaction of Co™ and H,0, was studied as a function
of [H,0,] in a range of 0.1 mM to 10 mM in aerated or deaerated
solutions at pH 10.6 with no radiation present. For all test
conditions, even after a few weeks of reaction time, we could
not detect the formation of any Co;0, particles by the PAR
method, TEM or XPS. These results confirm that some
radiolysis product, and most likely the hydroxyl radical, is
necessary in the mechanism to form cobalt oxide nanoparticles.
Normally radical species are not very effective in participating in
reactions on particle surfaces due to their low concentrations
and the distances required to diffuse to a particle surface.
However, under y-irradiation, nanometersized colloid particles
will be evenly dispersed in the solution and *OH is produced
continuously and uniformly throughout the solution. Thus, *OH
does not have to diffuse far to reach the particle interface
where it can react to form Co™ species which can then adsorb
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on the particle. Hydrogen peroxide is also involved in the
oxidation of hydrated Co" in the aqueous phase or on the surface
of the Co,((OH)Zy("’J’)+ clusters (reaction (5)). However, H,0, is
also equally effective in reducing Co™ back to hydrated Co"
(reaction (6)) but the net rate of reduction is greatly reduced with
0, present. The conversion of hydrated Co" and CoOOH is fast
due to the reactions (4) and (5) under irradiation, and their
concentrations reach pseudo equilibrium. Once formed CoOOH
is irreversibly converted to Co3;0, via reactions (7) and (9).
Reaction (7) is, however, slow, whereas surface reduction of
CoOOH to Cos04 by H,O, (reaction (9)) is fast. Hydrogen
peroxide alone cannot produce enough CoOOH to form Co;0,,
and consequently no particle formation is observed in the
absence of radiation.

3.5 Kinetic behaviour of radiolysis products, H,0, and H,

Previous radiolysis kinetic studies®®***° have shown that the
concentration of H, produced by continuous y-radiolysis is
determined mainly by the primary radiolysis production rate
of H, (the primary yield for H, given in reaction (1) multiplied
by the dose rate) and the rate of its reaction with *OH:

H, + *OH —» H,O + H* k;p =23 x 10 M st
(10)

The decrease in [H,] in irradiated solutions of Co'"(sol)
(Fig. 10) thus indicates that there is an increase in [*OH] in
the solutions. This increase in [*OH] is attributed to a decrease
in [H,0,). In addition to reaction with H, (reaction (10)), *OH
reacts with Co", *0,~, and H,0,:*°

Co*" +°*0OH — Co* +OH k;; =1.6 x 10° M 15!
(11)

*OH+°0,  » O, +OH k;,=8x10°M 's?!
(12)

*OH + H,0, — HO,* + Hy,0 ky3 = 2.7 x 10’ M * s 1

(13)

The presence of Co" in solution will decrease the [H,0,] due
to reactions (5), (6) and (9). A decrease in [H,O,] leads to a
reduction in the rate of reaction (13). This compensates for the

H,0

A
“OH, H,0,

P

Co?* +2 OH~ S Co(OH),

C02+
On nucleates

"4

H,0,

rate of loss of *OH due to reaction (4) (or 11) and causes an
increase in [*OH] which then causes a decrease in [H,].

4. Mechanism of radiolytic production of
Co30,4 nanoparticles

4.1 Mechanism for Co;04 nanoparticle formation

A mechanism for CozO, particle formation that is consistent
with all of the observations is summarized schematically in
Fig. 12. Radiation-induced formation of Co;0, nanoparticles
requires the presence of stable nucleates of Co™ species
(Cox(OH),,“ ). Upon exposure to y-irradiation, the Co"
adsorbed on the nucleates will be quickly oxidized to CoOOOH
by the oxidizing radiolysis products *OH and H,0,, via reactions
(4) and (5). The CoOOH then undergoes polycondensation with
Co(OH), to form Co03;0,4. The conversion of CoOOOH to Co3z0, is
accelerated in the presence of H,0, via reaction (9). The
proposed mechanism can explain the pH dependence (via its
influence on the formation of Co™ nucleates), and the dissolved
oxygen dependence of the process (via its influence on the
stability of H,0, (reaction (6b))) and the observed behaviour of
water radiolysis products of H, and H,0,.

4.2 Comparison of the mechanisms for cobalt and iron
systems

Our previous studies on the radiolytic formation of iron oxide
colloids from dissolved ferrous ions have shown that oxidation
of Fe''(aq) to less soluble Fe(OH); provides nucleation sites for
particle growth and that this oxidation is very fast.>® Compared
to the analogous cobalt reaction (11), the rate of Fe'(aq)
reaction with *OH is two order of magnitude higher with a rate
constant of 2.3 x 10* M~ ' s~ 1.° Likewise, the net oxidation of
Fe" by H,0, is faster than the similar oxidation of Co™ as
discussed earlier. Subsequently ferrous ions are continuously
adsorbed and oxidized on the nucleates, growing them into
nano-scale y-FeOOH particles. The final size and morphology of
the particles is regulated by the radiolytically induced steady-
state redox conditions at the water-solid particle interface and
the phase of the oxide.

The cobalt system behaves similarly to the iron system in the
sense that the formation of the final nanoparticles occurs via an

CoOOH(s)

Y
HZ()ZJé

Co(OH),(s) <

CoOOH(s) ————» Co30,(s)

0,

Fig. 12 Schematic of the mechanism proposed for radiation-induced cobalt oxide colloid formation.
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oxidation process, oxidation of the Co"(sol) to CoOOOH in the
case of cobalt. The differences between particle formation
process for the two transition metals lie with the particle
nucleation stage. In the case of cobalt, the presence of O, in
solution is required to drive the formation of insoluble CoOOOH.
For iron this oxidation step is not required and radiolytic
oxidation of Fe" to less soluble Fe(OH); provides nucleation
sites. The radiolytic conversion of Co"(sol) to insoluble
Co™oxides/hydroxides is also slower than the production of
insolution iron species due to the high redox potential of this
process for Co. Direct oxidation of Co™ by O, is therefore
required to supplement slow radiolytic oxidative production
of nucleates in the cobalt system. Thus, for the cobalt system,
the Co™ clusters formed at high pH act as the nucleation sites
on which further oxidation of Co"(sol) to COOOH occurs.

For the iron system, even though the initial nucleation step
is fast and the growth of dendritric y-FeOOH particles is also
fast (<60 min), the conversion of y-FeOOH to the thermo-
dynamically more stable Fe;O, is slow due to the stability of
v-FeOOH. Hence we did not observe Fe;O, formation in irra-
diation tests lasting 300 min. In contrast, for cobalt the
reduction of CoOOOH to Co;0, (reaction (8)) can be effectively
coupled with the oxidation of H,0, to O, (reaction (6b)) and we
see the conversion of CoOOH to Co;0, within 300 min of
irradiation time.

5. Conclusion

Our study demonstrates that radiolysis of dilute cobalt solutions
can produce highly uniform, nanometer-sized cobalt oxide par-
ticles. The particle formation process has implications for those
interested in controlling or removing dissolved cobalt from
water systems. The particle formation process has the potential
to be used as a practical method of production of cobalt
nanoparticles for many applications.

At high pHs, the presence of insoluble Co(OH), in an aerated
solution subjected to gamma irradiation creates nucleation
sites on which further oxidation of Co™ by the water radiolysis
products (*OH, H,0,) can occur. The resulting CoOOH then
rapidly converts to more stable Co;O, nanoparticles. The
formation of the nanoparticles is accelerated by the presence
of O, in solution as this drives an equilibrium that favours the
formation of CoOOH.

A key difference controlling the particle formation process in
the iron and cobalt systems is the electrochemical potential of
the oxidation of M*' to M’'. This influences the rate of
formation of insoluble M*" nucleation sites on which further
oxidation can occur leading to the formation of metal oxide
nanoparticles.
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