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pinel oxides are an important family of materials studied for composition of CoGa,0,.”"** To understand the formation

their electronic and magnetic properties and find use in mechanism of this spinel, time-resolved XRD experiments were
many functional applications,’ in particular catalysis” and carried out using the Oxford-Diamond In Situ Cell (ODISC)**
photocatalysis.”* The metal deficient spinel y-Ga,Oj has been on beamline 112 at the Diamond Light Source, UK,** that
applied for the photocatalytic degradation of volatile aromatics’ makes use of a large image plate detector to allow powder
and mixed-metal gallium oxide spinels, such as ZnGa,O,, have diffraction patterns to be taken in a few seconds with excellent
been employed for the photocatalytic degradation of organic d-spacing resolution. The use of high energy X-rays (~65.6
pollutants.® The high temperatures required for the synthesis of keV) allows penetration of the steel autoclave and polytetra-
many oxides usually prohibit the study of the mechanisms and fluoroethylene (PTFE) liner. The advantage of this setup is the
reaction pathways of their formation. Such knowledge would be large volume (25 mL) reactor that mimics real laboratory
highly desirable to predict the outcome of future synthesis so to synthesis conditions, and while data quality is limited by
tailor materials with useful properties. Moorhouse et al. recently background scatter, the measured patterns do provide
reported a time-resolved in situ powder X-ray diffraction (XRD) quantitative information, such as lattice parameters of materials
study of BisTisFe;CrysO;s crystallization from a molten salt present. Two experiments are presented herein: the spinel
reaction using high energy X-rays.” The high-quality data formation in a water-monoethanolamine (MEA) mixture and
obtained from the synchrotron experiment allowed for full the formation in only MEA. The photocatalytic properties of
structural refinements to be undertaken on a host of metastable the spinels synthesized from both reaction conditions are then
materials observed during the reaction. Developments in in situ presented.
methodologies for following crystallization have been the focus In the reaction of gallium metal and cobalt(II) nitrate
of extensive review articles and with state-of-the-art method- hexahydrate (2:1 ratio) in monoethanolamine (MEA) and
ologies temporal evolution of crystalline structure, including water mixture (1:1 by volume) at 210 °C, transient phases with
phase fraction, lattice parameters and, in favorable cases, complex growth and decay profiles precede the formation of
atomic-scale crystal structure can be tracked.®”'' In general, the expected cobalt gallium oxide (Figure 1a). The first period
however, there are fewer reports on the in situ study of of growth and decay of the transients can be seen to occur
crystallization of dense oxide materials,"*”"® compared to the within the first 45 min of reaction (Figure 1b) with a decreased
growing body of data on the formation of open-framework d-spacing of its Bragg reflections (ie, a shift to higher
zeolites and metal—organic frameworks.'®'” We herein report diffraction angle). The Bragg reflections of a transient phase
the use of in situ X-ray diffraction to study the solvothermal increase in intensity again, and reach a second maximum
crystallization of a gallium oxide spinel material. intensity at around 120 min. A second decay period occurs

The solvothermal synthesis of y-Ga,O; can be effected without reaching a plateau and almost immediately with the

directly from gallium metal in an aminoalcohol solvent.'®"” onset of spinel growth, suggesting that the onset of spinel
Mixed-metal spinels can be prepared by the same route if a growth and decay of the transient phase are closely related. At
transition metal salt (e.g,, of Co, Ni, Fe or Zn) is introduced 450 min, the intensity of the spinel oxide phase begins to
into the solution.?® The material Cop973()Gay 767(8)O3.752(8) p?ateau whereas. the transient’ Rhase intensity has e'almo§t
produced by this method was shown to be a largely inverse disappeared, which together indicate that the reaction is
spinel (i.e., a mixture of both Co®" and Ga®" on both tetrahedral
and octahedral sites) with a composition and inversion Received: May 2, 2017
parameter different to cobalt gallium oxides synthesized at Revised:  June 6, 2017
high temperature, although typically having a similar Published: June 6, 2017
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Figure 1. (a) Contour map of the higher angle peaks of the in situ
experiment (4 = 0.18893 A) with MEA:H,O as solvent with Miller
indices of spinel product labeled, (b) close-up of the contour map
showing the emergence of the transient phase after around 15 min
with rapid decay before a slower secondary period of growth occurs,
(c) contour map of the higher angle peaks when MEA only is used as
solvent with Miller indices of spinel product labeled and (d)
comparison of crystallization curves.

coming to completion. A similar reaction conducted using
solely MEA as the solvent also formed a cobalt gallium oxide
spinel with onset of crystallization after around 150—17S min.
However, in this case there was no formation of any crystalline
intermediate (Figure 1c). Though the onset of spinel growth
occurs at a similar time, the rate at which the spinel grows in
MEA only is much slower than in the reaction containing a
mixture of MEA and water (Figure 1d). The difference in the
rate of spinel growth could be attributed to the greater viscosity
of the organic solvent,” which might affect either (or both)
diffusion of reagents in solution or stirring rate, rather than
necessarily being directly related to the formation of the
intermediate seen when water is present.

Off-line experiments with ODISC were used to attempt to
isolate the transient phase(s). The powder X-ray diffraction
(PXRD) pattern of the isolated solid after approximately 80
min is in good agreement with the in situ data after the same
reaction time (the second transient phase, Figure 2a). Indexing
and Pawley refinement yielded a rhombohedral cell, (space
group R3m), with lattice parameters (hexagonal setting) of a =
3.111(2) A, ¢ = 22.65(3) A, which are characteristic of a layered
double hydroxide (LDH). Indeed, the refined parameters are
very similar to those reported for Co—Ga LDHs in the
literature.”®”” A further, shorter offline experiment aimed at
isolating the first transient phase gave an LDH (present among
other unidentified material(s)) that has a larger unit cell than
the second LDH (see Figure S4), in agreement with the shift in
d-spacing of the diffraction data observed in situ. Electron
microscopy showed that the morphology of the first isolated
phase consists of thin hexagonal plates (Figure 2b,c), typical of
an LDH,”**” whereas EELS (TEM) and EDX (SEM) suggests
the presence of Co and Ga in a ratio of 1:1.
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Figure 2. (a) PXRD patterns of a simulated Co-Ga-LDH (black),
isolated second transient Co-Ga-LDH (red) and from the formation of
Co-Ga-LDH in situ (blue). Faded peaks are steel autoclave and PTFE;
background was subtracted using the rolling-ball method. (b) ADF-
STEM image of isolated Co-Ga-LDH showing large hexagonal plate
morphology. (c) SEM image showing similar hexagonal plate
morphology.

This ratio is different from that of the final product,
suggesting that the LDH does not directly convert into the
spinel through a solid—solid transformation. TGA-DSC
coupled with mass spectrometry proved the presence of
occluded water and nitrate in the LDH interlayer gallery.
Therefore, a possible empirical formula of the isolated LDH is
[(CopsGags)(OH),](NO;)o5-H,O, assuming the presence of
only Co". It has been established that synthetic LDHs can be
formed with a higher M>* content than in natural minerals,* ™
and although this composition has not previously been
reported for a Co-Ga-LDH, it is not chemically unreasonable.
While the powder XRD shows the presence of no crystalline
impurities, and no obvious impurity phase was seen by TEM,
we cannot rule out the presence of small amounts of
amorphous M(III) hydroxides or Ga metal, although the
uniform color of the isolated LDH would suggest that levels of
impurities are small. With an identification of the second
transient phase, and the similarity of its diffraction pattern to
that of the first transient phase also suggesting a layered
hydroxide, the integrated intensities of the most intense peaks
of each phase were determined to provide a graphical
representation of the extent of reaction, plotted as a, the
peak intensity normalized to its maximum value (Figure 3a).

The growth of the first LDH commences around 15 min,
after the autoclave stabilized at 210 °C (Figure 3b) so the
subsequent events are under isothermal conditions. The decay
of the second LDH and spinel growth do not cross at & = 0.5
(Figure 3a), which provides evidence that the LDH is not
evolving directly into the spinel, but most likely dissolves to
give a solution that contains the correct ratio of metals from
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Figure 3. (a) Reaction overview from integrated intensities of LDH
and spinel Bragg peaks, (b) plot of temperature of reactor, (c)
evolution of the LDH c lattice parameter as a function of time with
(inset) blue squares representing the 1st LDH, mauve circles the 2nd
LDH coexisting with the 1st LDH, and maroon triangles the 2nd LDH
after disappearance of the 1st LDH together with a schematic structure
of the LDH.

which the spinel crystallizes. Given the difference in structures
of the LDH (edge-shared hydroxide octahedra) and the spinel
(close-packed oxide with octahedral and tetrahedral metals) a
direct solid transformation is not expected. Indeed, the thermal
transformation of LDHs into spinels, even when the metal
ratios are maintained, usually occur via phase separation into
binary oxides or amorphous materials.”

Sequential Pawley refinements show that the ¢ lattice
parameter rapidly shrinks during the first growth and decay
period of the LDH.*® The ¢ parameter continues to shrink in
size albeit at a slower rate during both the secondary growth
and decay. After 325 min, only a small amount of LDH remains
and further refinements were not possible (Figure 3c). A likely
explanation of the continuous contraction of the ¢ parameter is
loss of interlayer water molecules (Figure 3c inset), whereas
reorientation of the interlayer nitrate or water might also be a
possible reason.”” Further confirmation of the anisotropic
structure is provided by the much smaller evolution of (hk0)
reflection positions compared to (00!) reflection positions (see
Figure S6).

PXRD of spinels from both reactions (Figure 4) reveals that
the reaction in ethanolamine and water formed a spinel that
was much more crystalline than that made in ethanolamine
alone.

Lattice parameters for the spinel formed in H,O:MEA
mixture and ethanolamine were refined to a = 8.3257(3) A, and
a = 8.3302(1S5) A, respectively. The larger cell for the less
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Figure 4. Pawley fits to PXRD data (Cu Ka,) for (a) spinel made in
MEA only (b) for spinel made in 1:1 H,O:MEA.

crystalline sample is consistent with an expansion of the unit
cell due to nanosized crystal domains.

Despite the smaller crystallite domains in the sample made in
strictly solvothermal conditions, the BET surface areas of the
two materials are virtually the same; this is explained by the fact
that the sample prepared in MEA alone consists of highly
agglomerated nanodomains, as shown by high resolution TEM
(see Figure S12).

We studied the photocatalytic properties of the cobalt
gallium oxide spinels by investigating their use as water
oxidation catalysts by the well-established tris(bipyridine)-
ruthenium (II) —sodium persulfate system.”®*” Labeling experi-
ments proved water to be the source of the produced oxygen
and PXRD after catalysis revealed the stability of the material
(see Figure S15). ICP-MS analyses indicated only minor
leaching of Co and Ga during catalysis from the photocatalyst
synthesized in 1:1 H,O:MEA, while more significant leaching
of 2.85% Ga was observed in the catalyst synthesized in MEA,
pointing to its lower stability. Table 1 summarizes the results,

Table 1. Characterisation and Photocatalysis Results from
Co0Ga,0, Spinels, along with a Co;0, Reference Material

BET % Yield O,
surface area relative to
Material (m*g™") O, (umol) Na,S,04 umol O, (m?)
C0Ga,0, 30 47402 233408 943 + 126
(MEA)
C0Ga,0, 2 60+11 301 +4 77.8 + 2.8
(MEA:H,0)
Co;0, 36 2.5 +03 12.7 + 1.6 347 £ 4.5
(commercial)
Cos0, 26 61+ 11  306+53 1351 +99
(microwave)

along with surface normalization. The new CoGa,O, materials
have similar activities to each other, but the surface-normalized
activity is apparently lower than the microwave-synthesized
Co30, reference (also a spinel of similar surface area). This
difference in activity might arise from the presence of a lower
concentration of surface cobalt in the mixed-metal materials
than in the Co;0, reference. Furthermore, Co;0, contains a
mixture of Co** and catalytically active Co®*,**" unlike the

gallate spinels that contain mainly Co®', which may also

DOI: 10.1021/acs.chemmater.7b01761
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account for the differences observed. The catalysis is clearly
very sensitive to the surface chemistry, because upon annealing
the activity is completely removed.

It is relevant to note that spinels are often prepared by firing
layered double hydroxides at high temperatures (300—500
°C).*~* Our work shows that these layered hydroxides can
form in situ in solution as metastable phases followed by
redissolution into the solvent, or amorphization, before
formation of the spinel oxide. The fast acquisition time of the
in situ XRD uniquely allowed for observation of two transient
phases including one in particular which is very short-lived and
unlikely to have been quenched and seen by conventional
laboratory techniques. This work shows the complexity of
solvothermal reactions, with the transient presence of kineti-
cally stable products meaning that predicting the outcome of
exploratory synthesis for the discovery of new functional
materials remains extremely challenging.
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