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between XRD intensity and phase concentration (Norrish and
Taylor, 1962).

Electron Microscopy

Transmission electron microscopy (TEM) was carried out to
ascertain the morphology and particle sizes of the cobalt oxide
nanoparticles before and after calcination. A Hitachi H-8000
TEM operated at 200 kV was used to take standard micrographs
and an aberration corrected JEM2100F-200kV FEG-STEM/TEM
was used to achieve atomic resolution images of selected samples.

Catalytic Activity Tests in High-Throughput

Reactor

Tests of catalyst reactivity were carried out in a 16-channel high
throughput reactor with a parallel Fourier transform infrared
spectroscopy (FTIR) imaging system, which is described in detail
elsewhere (Snively et al., 1999, 2000, 2001a,b, 2002; Hendershot
et al, 2005; Sasmaz et al, 2015). CO oxidation activity tests
for the Co304 nanoparticles were completed using 50 mg of
catalyst per channel under a 2% CO/8% O,/N, gas stream at
a space velocity of 60,000 mL-~'- g_.!. Each channel had flow
rates within 6% of the flowrate setpoint measured at the reactor
outlets post FTIR analysis and identical inlet gas compositions.
The temperatures of each catalyst bed, measured individually,
could be tuned to equivalent set points +1.6°C. Typically, the
experiments included the measurement of CO conversion at
25°C intervals using FTIR images of the effluent gas stream
and gas phase calibrations for the CO stretch at 2,150 cm™!
and the CO, asymmetric stretch at 2,350 cm~!. Calibration R?
values were 0.99 or above for all 16 channels and the carbon
mass balance error was closed with an average error of 0.5%
over all reaction and validation data. Light off temperatures
(the temperature required to achieve 50% CO conversion-herein
referred to as T50) and reaction rate data were collected for 50
unique samples and replicates totaling more than 100 catalysts.
No pretreatment was carried out onstream prior to catalytic
testing, but samples were ensured to be fully oxidized by the
ex-situ calcination, as described previously. No deactivation was
observed for the duration of catalyst testing, which typically
lasted around 5 h.

RESULTS AND DISCUSSION
Catalyst Synthesis

Colloidal synthesis factors studied were selected based
on experience and literature review. They included the
concentrations of a cobalt acetate metal precursor, the type of
protecting agent (PVP or oleic acid), and a diol reducing agent,
as well as the synthesis temperature and heating ramp employed
(Wu et al,, 2004; Wen et al., 2013). A description of the variables
and levels explored via a 6-factor, 2-level factorial design and
a 2-factor central composite response surface design (CCD)
are outlined in Tables 1, 2, respectively. Standard methodology
for experimental design, term selection, model development,
and Analysis of Variance Analysis (ANOVA) were followed
(Montgomery, 1991; Khuri and Cornell, 1996). It should be
noted that in the factorial design outlined in Table 1, center

FIGURE 2 | TEM image showing grain boundary consolidation in f-CoO
nanoparticles.

point runs were also completed. Prior to catalytic testing, all
samples were dried at 110°C and calcined at 550°C for 14 h in air
to ensure complete oxidation to the spinel structure, Co3Oy.

Control of Structure and Morphology

X-ray diffraction and TEM studies were carried out to resolve the
influence of the synthesis factors on the bulk crystal structure,
morphology, grain size, and particle size of the catalysts prior to
calcination. Crystalline phase was determined for each sample
based on the relationship between lattice parameters, miller
indices, and d-spacing for cobalt, and Scherrer’s equation was
applied to approximate crystallite size from peak broadening
(Azaroft and Buerger, 1958; Henry et al., 1960). Size distribution
and morphology was studied using TEM as well as STEM for
selected samples. It was found that CoO particles in the 1-100 nm
size range were synthesized with both cubic and hexagonal close
packed crystal structure (herein referred to as f-CoO and h-
CoO, respectively). Additional phases observed in the factorial
design were alkoxide type and layered-hydroxy structure type
precursors.

Figure 1 contains TEM micrographs of selected samples
synthesized according to the levels selected for the CCD (Table 2)
and illustrates the variability in the size and morphology
of particles obtained as a function of just cobalt acetate
concentration and aging temperature. A clear correlation
where increasing cobalt acetate concentration increases particle
size and polydispersity is visually evident, but a more
refined understanding of how metal concentration and aging
temperature affect particle sizes and dispersions requires
statistical analysis. By carrying out a least-squares regression and
pareto analysis of our design variables and corresponding terms,
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FIGURE 3 | (A) XRD and (B) FTIR of Co alkoxy and hydxroxy acetate structures formed at low temperature.

we can learn how much the population mean of particle size
and dispersion changes with respect to each term when scaled
by standard error. In doing this, we can see which terms have the
greatest effect on the particle size and dispersion when error is
accounted for and be confident that these terms are important
when control over particle size and dispersion are desired. This
analysis confirms that cobalt acetate concentration is the most
important factor studied in the control of particle size and
dispersion. However, it also suggests that the effect of increasing
cobalt acetate concentration is sensitive to the aging temperature
employed. At aging temperatures below 250°C, increasing cobalt
acetate concentration has the effect of changing the crystal
structure from f-CoO to h-CoO and layered cobalt hydroxy and
alkoxy acetates whilst at 250°C and above, increasing cobalt
acetate concentration increases size and polydispersity of the
particles while maintaining a f-CoO phase.

XRD analysis aided in elucidation of the phases formed and
the grain sizes existing within the particles. Interestingly, the
CoOx grain sizes measured were not found to change in the same
ways as the particle sizes measured with TEM. In the case of
grain size, the aging temperature, cobalt acetate concentration
and surfactant concentration were found to be important, and the
largest grain sizes were formed at low concentrations of cobalt
acetate and low aging temperatures or high concentrations of
cobalt acetate and high aging temperatures. Thus, CoO particles
with increasingly small grain sizes were obtained at intermediate

aging temperatures and cobalt salt concentrations. Incidentally,
the same region of the design space led to the fabrication of large
particles up to 80 nm in size. From this information, together
with visual inspection of TEM images such as those in Figure 1,
it is clear that a certain balance of cobalt salt concentration
and aging temperature, as well as sensitivity to other variables
studied in the screening design (Table1) can lead to grain
boundary consolidation for f-CoO structures. Consolidation was
not observed for the h-CoO or LHS structures synthesized at
lower temperatures. An example of this type of morphology is
shown in Figure 2, where small particles are coalesced into stable
aggregates in the case of f~-CoO nanoparticles synthesized at
250°C with 0.06M cobalt acetate. Intuitively, we might expect this
to happen when the f-CoO growth rate exceeds the nucleation
rate. The highest degrees of grain boundary consolidation were
found to exist close to the center point of the central composite
design (Table2) at 0.06M cobalt acetate and a 250°C aging
temperature. Moving away from this region in any direction was
found to decrease the level of grain consolidation.

Numerous schemes have been proposed to quantify the grain
boundary coalescence in nanomaterials which use a combination
of experimentally measured values of BET surface area and the
diameter of grains and/or particle aggregates measured with
TEM and XRD (Landau et al., 2014). Henceforth, the scheme
proposed by Tsybulya et al (Tsybulya, 1995) will be used to define
grain boundary consolidation as the ratio between the particle
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size, including particle aggregates, measured with TEM and the
grain size measured by applying Scherrer’s equation to the X-Ray
Diffraction (XRD) pattern (Azaroff and Buerger, 1958; Henry
et al., 1960). This relationship is shown in Equation (1).

_ Drem

Dxrp W

Based on the phases fabricated in the totality of experiments
(including both screening design and CCD), relationships
between synthesis factors and crystalline phase can be elucidated.
Specifically, for the factorial screening design (Table 1), aging
temperatures were between 240°C and 270°C, all samples were
comprised of either h-CoO, f-CoO, or a mix of the two. In this
region of the design space, it was found that the %h-CoO in
the sample was increased by increasing the aging temperature
from 240 to 270°C, provided that surfactant concentration and
cobalt salt concentrations were low (on the order of 0.05M).
Additionally, it was found that increasing the concentration
of 1,2-dodecanediol in the synthesis decreased the %h-CoO.
The finding that high temperature could induce a kinetically
controlled regime leading to h-CoO crystals which would be
diminished by increasing the level of surfactant in the synthesis,
effectively slowing the thermal decomposition rate, is comparable
to the results of others. For example, Nam et al found that
the thermal decomposition of cobalt acetylacetonate at rapid
ramp rates and high temperatures led to h-CoO while low ramp
rates, low temperatures, and long aging times led to c-CoO
(Nam et al., 2010). Additionally, they found that the addition
of dichlorobenzene to the reaction mixture had the effect of
first increasing the aspect ratio of h-CoO to yield rods and
finally yielding c-CoO at higher concentrations. In contrast, no
dependence was found in this work on heating rate or aging time.
Samples synthesized at CCD levels (Table 2), over a 179-
321°C temperature range, led to four distinct outcomes in terms
of crystalline phase. Intermediate cobalt acetate concentration
and low temperature (179°C and 0.06M) yielded a mixture
of large cubes and rods with edge lengths and diameters
of 93.6 + 10.6nm which was indexed to match a layered
cobalt hydroxy structure [Co(OH)(CH3COO), PDF#22-0582]
(Doremieux, 1967). Similar morphologies were prepared by
Poul et al in their studies of layered hydroxide metal acetates
which they describe as being structurally similar to hydrozincite
structures layered with unidentate coordinated acetate ions
(Poul et al., 2000). This type of structure is comparable with
our material as evidenced by XRD and ex-situ FTIR spectral
analysis shown with black in Figures 3A,B, respectively, which
confirms the existence of blue shifted acetate v,3 (C=0) and v;
(C=0) bands indicative of acetates with unidentate coordination
to Co** (Chakroune et al., 2005). At low aging temperature
and cobalt acetate concentration (200°C and 0.02M) spherical
particles with a TEM measured diameter of 10.3 £ 2.6nm
were synthesized. Repeat syntheses under these conditions led
to materials that were either x-ray amorphous or structurally
similar to cobalt alkoxide and alkoxyacetate phases seen by others
characterized by the intense low angle diffraction peaks of layered
structures (Poul et al., 2000; Chakroune et al., 2005). The XRD
reflections of this phase are shown in red in Figure 3A. In this
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FIGURE 4 | XRD patterns of h-CoO nanoparticles prepared at varied
synthesis conditions showing preferential growth along the c-axis (black:
200°C, 5.5°C/min, 0.1M CoAc, blue: 270°C, 1°C/min, 0.15M CoAc, green:
270°C, 10°C/min, 0.06M CoAc, orange: 270°C, 10°C/min, 0.15M CoAc,
pink: 270°C, 1°C/min, 0.05M CoAc).

type of lamellar structure, cobalt-oxygen units are separated
by alcoholate anions originating from the polyol solvent or
reducing agent as well as the acetate anion, in some cases. At
the 200°C and 0.02M CoAc synthesis condition, splitting of
the v (CH) and v,s (CH) bands originating from the diolate
anion in ex-situ FTIR, shown in red in Figure 3B, suggests that
the Co?* is chelated by the diol as well as being coordinated
in a unidentate manner to the acetate anion (Chakroune
et al,, 2005). At low temperature and higher cobalt acetate
concentration (200°C and 0.1M), particles of 57.2 £ 20.2nm
were formed with mixed h/f-CoO structures (PDF#s 89-2803 and
78-0431). At temperatures of 240°C and above over the entire
range of cobalt acetate concentrations investigated only f-CoO
crystals were obtained with particle sizes ranging from 22.2 to
82.7 nm.

The fabrication of metastable phases is consistent with
a solution phase reduction of cobalt salt which exists in a
kinetic rather than thermodynamically controlled regime (Song
et al,, 2006; Lu et al., 2014). Additionally, aging temperatures
at 200°C or below are likely not high enough to induce
thermal decomposition of the CoO precursor meaning that
the final product obtained, a layered hydroxy acetate may
be considered an intermediate in the formation of CoO. For
these reasons, it is not completely surprising that cobalt based
nanostructures of a number of different phases were obtained
over the entirety of the designs; including h-CoO, f-CoO, h/f-
CoO mixtures, cobalt hydroxy acetate, and cobalt alkoxy acetate
based structures.

Interestingly, the collection of h-CoO and h-CoO/f-CoO
structures originating from both the screening and central
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FIGURE 5 | (A) Time-resolved synthesis at 0.06M CoAc, 250°C for f-CoO nanoparticles and (B) low-angle reflections.

TABLE 3 | Synthesis conditions and structural properties of selected catalysts.

Synthesis condition Phase n T50(°C) Ea (kJ/mol)
(pre-
calcination)
0.1M CoAc, 200°C h-CoO 1 843+ 1.6 30.2 +£5.0
0.06M CoAc, 250°C c-CoO 6 1052+ 1.5 50.8 £ 4.4
0.1M CoAc, 300°C c-CoO 1 162.3 £ 3.0 67.4+58

composite design were found to differ in their crystal faceting
evidenced by XRD. The ratio between h-CoO (002) and (100)
XRD reflections varies between samples, which is suggestive of
preferential growth along the c-axis of the wurtzite structure
(Tian et al, 2003; An et al, 2006). An example of h-CoO
nanoparticles with varying degrees of faceting are shown in
Figure 4 where the bottom (pink) XRD pattern is representative
of no faceting and the top (black) pattern represents the highest
observed degree of faceting. All samples shown in Figure 4 were
prepared at aging temperatures between 200 and 270°C, where
the degree of faceting is primarily changing as a function of
the heating rate (1-10°C/min) and cobalt acetate concentration
(0.05-0.15M). Since f-CoO was often in coexistence with h-CoO,
the volume of each phase was accounted for when considering
the effect of this variable on activity. Interestingly, the f-CoO/h-
CoO ratio alone was not found to have a correlative relationship
with CO oxidation activity. This is likely because changes in this
variable were convoluted with changes in f-CoO grain boundary
consolidation and h-CoO faceting, both of which more strongly
influenced the catalytic properties.

The degree of h-CoO faceting [measured via the (002)/(100)
XRD intensity ratio] was found, from statistical analysis, to be
very sensitive to aging temperature, heating rate, and cobalt salt
concentration. Specifically, considering an aging temperature of
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FIGURE 6 | CO oxidation light-off curves for selected catalysts.

270°C, increased growth along the c-axis could be achieved by
decreasing the heating rate whilst at high (>0.1 M) cobalt acetate
levels or increasing the cobalt acetate concentration whilst using
low (<5°C/min) heating rates. Additionally, increasing the aging
temperature when low heating rates (1°C/min) were employed
decreased growth in the c-direction while increasing aging
temperature when high heating rates (10°C/min) were employed
increased the degree of faceting. In order to maximize the
anisotropic growth in h-CoO crystals, a combination of low aging
temperature (<250°C) and low heating rates (<6°C/min) were
most effective in forming h-CoO in favor of c-CoO, and under
these conditions, increasing the cobalt acetate concentration led
to more faceted particles. While c-axis growth is an intrinsic
property of wurtzite crystal systems it is diminished when the
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