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Monitoring the hydrothermal growth of cobalt spinel water 

oxidation catalysts - From preparative history to catalytic activity 

Lukas Reith,[a] Karla Lienau,[a] Daniel S. Cook,[b] René Moré,[a] Richard I. Walton,[b]  

and Greta R. Patzke*[a] 

 

Abstract: The hydrothermal growth of cobalt oxide spinel (Co3O4) 

nanocrystals from cobalt acetate precursors was monitored with in 

situ powder X-ray diffraction (PXRD) in combination with ex situ 

electron microscopy and vibrational spectroscopy. Kinetic data from 

in situ PXRD monitoring were analyzed using Sharp-Hancock and 

Gualtieri approaches, which both clearly indicate a change of the 

growth mechanism for reaction temperatures above 185°C. This 

mechanistic transition goes hand in hand with morphology changes 

that notably influence the photocatalytic oxygen evolution activity. 

Complementary quenching investigations of conventional 

hydrothermal Co3O4 growth demonstrate that these insights derived 

from in situ PXRD data provide valuable synthetic guidelines for water 

oxidation catalyst production. Furthermore, the ex situ analyses of 

hydrothermal quenching experiments were essential to assess the 

influence of amorphous cobalt-containing phases arising from the 

acetate precursor on the catalytic activity. Thereby, we illustrate how 

the efficient combination of a single in situ technique with ex situ 

analyses paves the way to optimize parameter-sensitive hydrothermal 

production processes of key energy materials.  

Introduction 

Artificial photosynthesis is a central strategy for the conversion of 
solar energy into chemical fuels.[1] The main challenge of the 
water splitting reaction is the four electron transfer process 
required for the oxidation half reaction of water to oxygen. The 
development of efficient, stable, and economic water oxidation 
catalysts (WOCs) has thus become a forefront current research 
field.[2,3] Spinel-type Co3O4 attracts strong research interest as a 
low-cost and robust alternative to expensive Ru, Ir, and Pt-
containing WOCs.[4] Moreover, Co3O4 is a key material with a 
broad range of applications, such as in sensors,[5,6] battery 
electrodes,[7] data storage,[8] general heterogeneous catalysis,[9,10] 
and many other areas. However, exerting full control over the 
various performance parameters of cobalt oxides, namely 
particle/crystallite size,[11] crystallinity,[12] oxidation states,[13] 

crystal structure,[14] defects,[15] morphology,[16,17] and surface 
area[18] remains a preparative and analytical challenge. Therefore, 
a wide range of synthetic routes to nanostructured spinel-type 
cobalt oxide has been investigated.[19] 
Among them, hydro/solvothermal methods offer particularly 
attractive access to tunable nanosized Co3O4 materials[20] due to 
their widely adjustable parameter space. In principle, optimization 
of hydro/solvothermal precursors, oxidants, solvents, surfactants, 
additives, temperatures, or reaction times, holds the key to 
controlling all of the above-mentioned performance parameters of 
nanoscale oxide WOCs.[21,22,23] However, to fully explore this 
design potential, further mechanistic studies are now required to 
enlighten the mainly empirical “black box” nature of 
hydro/solvothermal methods.  
To this end, time-resolved XRD experiments can provide direct 
insight into the mechanism of hydrothermal reactions.[24–27] Such 
synchrotron-based techniques have been applied to study growth 
and crystallization of different material types, such as zeolites,[28] 
metal organic frameworks (MOFs),[29–31] polyoxometalates 
(POMs),[32] and metal oxides.[25,26] The elucidation of growth 
mechanisms through time-dependent XRD measurements paves 
the way to targeted hydrothermal parameter optimization for 
accessing selective materials’ properties. This strategy is 
applicable for nanostructured materials in principle and now 
remains to be explored to track the growth of key WOC types.[26,33] 
We here present new insights into the growth process of 
nanoscale Co3O4 WOCs using the Oxford-Diamond in situ cell 
(ODISC) as a powerful tool for performing time-resolved XRD 
experiments.[34] This setup on beamline I12 at the Diamond Light 
Source, UK,[35] provides sufficient X-ray energy to study 
hydrothermal reactions in a realistic lab-scale setup using a 
PTFE-lined steel autoclave. Our previous work involving the 
ODISC, for example, revealed the presence of intermediate 
layered double hydroxides phase during the solvothermal growth 
of CoGa2O4.[25]  
The proven strong dependence of the catalytic activity of Co3O4 
WOCs on the materials´ parameters[10,17,23,36] renders it an ideal 
target to control them by synthesis through insight into the 
underlying growth mechanisms. We thus compare results from 
time-resolved XRD monitoring of hydrothermal Co3O4 growth 
using the ODISC setup with trends of analogous quenching 
experiments. Furthermore, the photocatalytic performance of 
Co3O4 samples prepared during the in situ experiments and those 
synthesized conventionally is compared. This comprehensive 
study connects the growth kinetics of Co3O4 with the resulting 
materials properties to bring forward essential correlations 
between the preparative history of Co3O4 and its catalytic 
performance.  
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Figure 1. (a-c) Visualization of time-resolved XRD patterns in a contour-plot for different temperatures (λ = 0.18893 Å, intensity increases in the order blue-green-
yellow-red); (d) Bragg reflections of Co3O4 for different reaction times (* = reflection of the partial crystalline PTFE liner, blue bars = positions of the (311), (333), 
and (511) reflections, respectively). 
 

 

Results and Discussion 

Time resolved PXRD monitoring of Co3O4 formation. In all 
time-resolved experiments, the PXRD patterns show Bragg 
reflections prior to heating, which arise from the stainless steel 
autoclave and from the partially crystalline PTFE liner. After an 
induction time (t0), the emerging new Bragg reflections were all 
assigned to the Co3O4 phase and no evidence for any crystalline 
intermediate was found. Within the measurement window, the 
intensities of the most pronounced (311) reflection (see Figure 1) 
were determined by peak fitting.  
The extent of reaction α was determined from the relative intensity 
of the (311) reflection after background subtraction. The temporal 
evolution of α shows a very slight sigmoidal growth at 170°C and 
185 °C, on the verge of monoexponential. In contrast, the growth 
behavior at 200 °C is clearly sigmoidal (Figure S3). Table S1 
summarizes the mathematical expressions for different growth 
models[37,38] which are divided into four groups, namely diffusion 
controlled growth (D1-D4), phase-boundary controlled growth (R2 
and R3), first order growth model (F1), and nucleation & growth 

model (A2-A4). A plot of the extent of reaction α vs. t-t0/t1/2 is 
compared to these different growth models in Figure 2. At 170 °C, 
the reaction fits well with the phase boundary model R3. The 
formation of Co3O4 at 185 °C can best be described with the first-
order model F1. Finally, the comparison of the experimental data 
recorded at 200 °C with different growth models suggests a clear 
change towards Johnson Mehl Avrami Kolmogorov (JMAK) 
growth kinetics A2. 
The experimental data was further analyzed on the basis of the 
JMAK model according to eq.1.[39] 

ିሺ௞ሺ௧ି௧బሻሻ೙ (eq. 1) 

Here, the JMAK model was used in its linearized form, also known 
as a Sharp-Hancock plot, where the Avrami parameter n can be 
determined from the slope of a plot of ln(-ln(1-)) vs lnk (eq. 2).[37] 

଴  (eq. 2) 

The Sharp-Hancock plots for the experimental data recorded at 
170 °C and 185 °C, respectively, display very closely related 
slopes (n) of 1.20±0.01 and 1.07±0.01. 
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Figure 2. Plot of the extent of the reaction α vs t-t0/t1/2 compared with different 

growth models (cf. Table S1 for details). 

 
Therefore, it is safe to assume that a similar growth mechanism 
takes place at these reaction temperatures. In sharp contrast, the 
Sharp-Hancock plot for Co3O4 formation at 200 °C results in a 
higher slope of 2.37±0.07. This clearly points to a change in the 
reaction mechanism when the reaction temperature is raised 
above 185 °C (see Figure 3). 

 
Figure 3. Sharp-Hancock plots for the growth of the (311) Bragg reflection of 
Co3O4 at different temperatures over the range 0.15 < α < 0.85. Inset: 
Temperature dependence of the Avrami coefficient n (black squares) and 
correlation with the specific surface area of samples obtained after the in situ 
experiments (blue bars). 

The temperature dependence of the rate of Co3O4 formation does 
not show a typical linear behavior in the Arrhenius plot (Figure S1). 
This is in line with the change of growth mechanism between 
185 °C and 200 °C. However, keeping in mind that the widely 
applied JMAK approach was originally developed as a model for 
solid-state reactions in alloys, we next applied the alternative 
Gualtieri approach for the analysis of hydrothermal 
crystallizations that was implemented for zeolites, MOFs or 
POMs.[28–30,32] This approach describes solution mediated 
reactions with separate nucleation and crystallization steps (eq. 
3). 

૚

૚ାࢋషሺ࢚షࢇሻ/࢈
ିሺ࢚ࢍ࢑ሻ࢔   (eq. 3) 

The first term of this equation describes the nucleation (a = 
maximum nucleation rate, b = distribution of the nucleation 
probability). The parameters a and b define the probability of 
nucleation PN (eq. 4). 

ࡺ

ିሺ࢚ିࢇሻ૛

૛࢈
൘   (eq. 4) 

The rate constant of the nucleation kn is the reciprocal value of a 
(kn = 1/a). The second term of eq. 3 describes the crystallization 
(kg = growth rate constant, n = integer number (1, 2, 3) 
representing the growth dimension). We set n to 3 for consistency 
with the observed growth of cuboidal Co3O4 nanocrystals (see 
Figure S6). The resulting fits and the corresponding calculated 
probability of nucleation PN are shown in Figures 4a and 4b, the 
latter becoming sharper with increasing temperature. For all 
temperatures, kn remains smaller than kg, i.e. nucleation is the 
rate-limiting step throughout. In line with the Sharp-Hancock plot 
trends, the rate constants derived from the Gualtieri model do not 
show a linear behavior in the Arrhenius plot either (Table 1 and 
Figure S2), and the values for kn and kg decrease at 200 °C.  

 
Figure 4. (a) Extent of reaction at 170°C vs. reaction time (black squares) fitted 

with the Gualtieri model (eq. 3), (b) extent of reaction at 185°C (red circles) and 

200°C (black squares); solid line: fit, dashed line: nucleation probability PN
.. 

 

Table 1. Kinetic parameters obtained from Sharp-Hancock plots and from 
fits with the Gualtieri model. 

 T / °C 170 185 200 

 t0 / min [a] 58.5 29.2 39.8 

 t1/2 / min [a] 192.8 27.2 28.8 

 growth 
model[b] 

R3 F1 A2 

Sharp- 
Hancock 

ln(k) -5.57±0.05 -3.71±0.04 -3.5±0.2 

n 1.20±0.01 1.07±0.01 2.37±0.07 

Gualtieri 
model 

a / min 258±1 52±3 66±6 

b / min 132±2 29±2 9.2±0.2 

kg / 10-3 min-1 8.0±0.1 21.0±0.7 18±5 

kn / 10-3 min-1 3.87±0.02 19±1 15±1 

[a] these values were determined by inspection of experimental data 
[b] see Table S1 

As this alternative data evaluation also substantiates a different 
growth mechanism taking over at 200 °C, isolated samples of 
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Co3O4 obtained in situ at different temperatures were subjected to 
ex situ analytical investigations in order to evaluate the impact of 
the mechanistic change on the materials properties.  
The ex situ XRD patterns of these post-synthetic samples further 
prove their phase purity (see Figure S4), and their Raman spectra 
exhibit the characteristic transitions of Co3O4 (see Figure S5 and 
Table S3).[40] Particle size distribution analysis of the TEM images 
of the cuboidal Co3O4 nanoparticles emerging from the in situ 
experiments (see Figure S6) resulted in mean particle sizes of 
20.4 ± 3.7 nm and 19.5 ± 3.7 nm for the reactions at 170 °C and 
185 °C, respectively (see Figure S7).[41] Co3O4 nanoparticles 
formed at 200 °C exhibit a slightly higher mean particle size of 
27.8 ± 5.7 nm. These TEM results are in line with the Scherrer-
equation analysis of ex situ XRD data affording crystallite domain 
sizes of 14.3 ± 0.9 nm and 14.6 ± 1.0 nm for Co3O4 nanocrystals 
obtained at 170 °C and 185 °C, respectively, and a slightly higher 
crystallite size of 17.6 ± 1.5 nm at 200 °C (see Table S2). 
BET measurements (Figure 3, inset) show a more significant 
difference between the samples emerging from both growth 
mechanism types (see Figure 3, inset). While the samples 
obtained at 170 °C and 185 °C show similar surface areas of 64 
m2/g and 63 m2/g, respectively, Co3O4 obtained at 200 °C displays 
a significantly lower surface area of 38 m2/g. All in all, ex situ 
analyses (XRD, TEM and BET) show a correlation of Co3O4 
nanoparticle properties and their underlying formation 
mechanisms, inducing a change towards slightly larger particles 
with significantly lower surface areas within the rather narrow 
preparative temperature window between 185 °C and 200 °C.  
 
Quenching experiments on hydrothermal Co3O4 formation. 
The most widespread approach towards optimization of 
hydrothermally synthesized materials is to change the synthesis 
parameters and to investigate the products post 
synthesis.[21,23,42,43] Beyond this empirical approach, the above 
results illustrate that time-resolved PXRD measurements are a 
powerful tool to unravel growth mechanisms of such “black box” 
type synthetic methods.[26,27] When applying these insights on 
conventional, non-monitored hydrothermal lab setups, their 
frequent sensitivity towards experimental parameter adjustments 
and scale-up should be taken into account.[44] However, it is safe 
to assume that (a) the high-energy X-rays used in the above time-
resolved PXRD measurements (65.6 keV) do not affect the time-
scale of the crystallization and that (b) heating effects are 
negligible for the large solvent amounts used in the present study. 
Transferability of results from in situ energy dispersive XRD to 
home laboratory setups has been demonstrated in an earlier 
study by one of the authors on the hydrothermal crystallization of 
zeolite A.[45] Likewise, kinetic information on MOF crystallization 
obtained with the same setup as in the present study were 
confirmed with lab-scale quenching experiments.[31] Therefore, 
analogous hydrothermal quenching experiments were performed 
for temperatures and reagent volumes as applied during in situ 
monitoring, and the emerging cobalt oxide products were 
characterized ex situ with a wide range of analytical methods. The 
reaction times mentioned in the following correspond to the time 
after the autoclave reached the given holding temperature 
(170 °C, 185 °C, 200 °C).  

Ex situ powder X-ray diffraction. Figure 5 compares the PXRD 
patterns of samples quenched from 170 °C and 185 °C after 
increasing reaction time to those of the corresponding in situ 
samples vs a reference Co3O4 pattern. Co3O4 adopts the normal 
spinel type structure, where the O2- anions form a cubic closed-
packed lattice with Co3+ cations occupying the octahedral sites 
and Co2+ cations located on the tetrahedral sites.[42] Concerning 
hydrothermal Co3O4 synthesis at 170 °C and 185 °C, the first 
characteristic cobalt oxide spinel reflections appear after 20 min 
and 10 min of reaction time, respectively. When a reaction 
temperature of 200 °C is applied (see Figure S9), these reflections 
already occur at an effective reaction time of ca. 0 min (i.e. after 
immediate quenching when the holding temperature was 
reached), so that cobalt oxide spinel is already formed during the 
heating period. After 120 min of reaction time, characteristic 
peaks of Co(OH)2 peaks are present, indicating the formation of 
impurities at 185 °C and 200 °C.  
 

 
Figure 5. Ex situ PXRD patterns (MoKα1 radiation: λ = 0.70926 Å) of Co3O4 

samples quenched from hydrothermal conditions after different reaction times 

(top: 170 °C, bottom: 185 °C; vertical bars: Bragg reflections of Co3O4 (PDF 

Card No.: 01-080-1544), •  indicates Co(OH)2 impurities (PDF-Card No.: 01-

074-1057) in situ: samples recovered from the respective in situ experiments). 

Likewise, additional CoO peaks appear for the reaction at 200 °C 
after 120 min (see Figure S10). This behavior stands in contrast 
to the in situ PXRD patterns (Figure 1), where spinel cobalt oxide 
is the only crystalline phase present at all temperatures, even 
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after notably longer reaction times (170 °C/900 min, 
185 °C/240 min, 200 °C/170 min). A possible reason for these 
impurities could be the rapid cooling rate during the quenching. 
Visual comparison of the time-dependent ex situ PXRD patterns 
already clearly reveals that with prolonged reaction times, the 
peak shapes and their full width at half maximum (FWHM) 
become narrower. This corresponds to the evolution of the 
crystallite domain sizes D during the reaction that can be 
quantified using the Scherrer equation (see Table S2).[42],[46] 
Concerning the evolution of the crystallite size over time (20 min, 
40 min and 60 min), an increase at the onset of the 170°C sample 
series from 3.9 ± 0.3 nm to 6.1 ± 0.1 nm was observed. Afterwards, 
the values remain within a range of ca. 6 nm, as observed for the 
entire series at 185 °C and 200 °C. Extended reaction times (120 
min) lead to an increase in crystallite size up to 15.6 ± 0.8 nm and 
17.3 ± 0.9 nm for 185 °C and 200 °C, respectively. These values 
are close to the final crystallite sizes of the Co3O4 samples formed 
in the in situ experiments. 
 

 

Figure 6. (a) FT-IR spectra and (b) Raman spectra (bottom) of Co3O4 samples 

synthesized under hydrothermal conditions for different reaction times at 170°C 

compared to reference spectra of Co(OAc)2 and of commercial Co3O4. 

FT-IR and Raman analysis of quenched Co3O4. Typical Co3O4 

stretching vibration modes at 654 cm-1 ν(Co2+
tetrahedral-O) and 546 

cm-1 ν(Co3+
octahedral-O) can be observed in Figure 6a after 20 min 

of reaction time, which corresponds with the timescale of Co3O4 
formation evident from the ex situ PXRD pattern at 170 °C.[47]  

For the series of samples synthesized at 185 °C and 200 °C (see 
Figure S11), these distinctive signals can already be assigned 
after effective 0 min of reaction time (i.e. immediate quenching), 
which is in good accordance with the ex situ PXRD patterns of the 
200°C sample series. 
Interestingly, the FT-IR spectra series of samples synthesized at 
185 °C show the characteristic oxide peaks approx. 10  min earlier 
compared to the onset of according reflections in the PXRD 
pattern. A possible interpretation for this delay is the formation of 
an amorphous phase that cannot be detected in the PXRD pattern, 
or crystallites that are too small to be detected by Bragg diffraction, 
while already giving rise to Co3O4 signals in the FT-IR spectrum. 
The peaks at 1541 cm-1, 1405 cm-1, 1098 cm-1, and 1040 cm-1, 
correspond to stretching vibrations of carboxylate groups 
νa(COO-) and νs(COO-), as well as to a coupled stretch vibration 
ν(C-C/C-O), respectively, which can be assigned to remnant 
acetate ions of the Co(OAc)2 precursor.[6] Regardless of the 
reaction time and the reaction temperature, these carboxylate 
peaks persist in the FT-IR spectra, and they could not be removed 
through additional washing of the samples with either water, 
ethanol, or acetone. As no absorption of the carbonyl double bond 
around 1702 cm-1 was observed, the presence of neutral –COOH 
can be excluded.  
These results raise the questions of how acetate ions participate 
in the growth process of spinel cobalt oxide, and whether they 
represent an essential part of the functional catalyst structure. In 
a previous study, Co3O4 was synthesized under “one-pot” 
conditions in the presence of the surfactant polyoxyethylene (20) 
sorbitan trioleate (Tween-85). The authors reported on an organic 
coating of absorbed alkylated oleic carboxylate anions on the 
Co3O4 nanocubes arising from hydrolysis of Tween-85.[48] Cobalt 
cations were proposed to serve as Lewis-acidic sites for the 
absorption of carboxylate and the formation of a surface complex. 
In this way, the acetate ions could act as capping molecules and 
thereby influence the shape of the nanoparticles.[49] In a more 
recent study Viljoen et al. demonstrated that the cubic shape of 
the nanoparticles is directly influenced by the acetate precursor 
type used during the synthesis.[50] 
Raman spectra of the sample series quenched from 170 °C are 
shown in Figure 6b and those of the sample series quenched at 
185 °C and 200 °C are summarized in Figure S12. Interestingly, 
all three sample series show the same trend over the entire 
temperature range, i.e. already after virtually 0 min of effective 
reaction time after heating, peaks occur which agree well with the 
predicted phonon modes A1g + F1

2g +F2
2g + Eg + F3

2g of spinel type 
Co3O4,[40,43] as well as with other reports for Raman spectra of 
Co3O4 nanoparticles.[51] The band at 690 cm-1 can be assigned to 
the symmetric Co3+-O stretching vibration of the octahedral sites 
of the A1g species in O7

h spectroscopic symmetry.[52] The medium 
intensity bands at 481 cm-1, 619 cm-1 and the weak intensity band 
at 520 cm-1 display Eg, F1

2g, and F2
2g symmetry, respectively. The 

band at 193 cm-1 is typical for the tetrahedral sites (CoO4) with 
F3

2g symmetry. The same tendency can be observed in Table S3 
where the FWHM of the given Raman modes (A1g, F1

2g, Eg, F3
2g) 

decreases with increasing reaction time (with a few deviations for 
40 min and 60 min at 185 °C and 200 °C, respectively). This 
decrease indicates a reduction of internal defects in the Co3O4 
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nanoparticles, resulting in a higher crystallinity, which agrees well 
with the ex situ PXRD measurements (Figures 7 and S9).[53] In 
contrast to the above discussed FT-IR spectra, acetate signals 
could not be observed in the Raman spectra.[54] This is probably 
due to the very low intensity vibrations of the small acetate 
amounts compared to the overwhelming Raman intensity of the 
main phase Co3O4.[55] 
 
Elemental and TGA analysis of the quenched Co3O4 particles. 
To obtain more information on the role of acetate precursor ions 
in spinel cobalt oxide formation, elemental analysis (EA) as well 
as thermogravimetric analysis/differential scanning calorimetry 
(TGA/DSC) were performed on selected samples covering all 
synthesis temperatures, and the results are summarized together 
with elemental analysis results in Table 2. First, significant 
amounts of carbon and hydrogen were present at a reaction time 
of approx. 0 min after heating to all three temperatures, together 
with negligible nitrogen amount for all measurements. Upon 
longer reaction times (60 min), the Co3O4 samples contain less 
carbon and hydrogen, indicating a decrease of acetate content. 
TGA measurements confirm the above trend through a 
considerable decrease in mass loss at longer reaction times for 
all synthesis temperatures, and Figure 7 compares the obtained 
DSC, DTG, and TGA curves up to the end of the exothermic 
acetate decomposition.[56]  
 

 

Figure 7. Thermoanalysis of Co3O4 synthesized under hydrothermal conditions 

over different reaction times at 170°C. 

 

All samples show a small mass loss at around 90 °C, which can 
be assigned to dehydration, followed by a substantial mass loss 
accompanied by a strong exothermic peak arising from the 
combustion of organic matter (acetate).[57] Analogous trends are 
present in the 185 °C and 200 °C sample series (see Figure S13). 
Elemental analysis after the TGA measurements showed 
negligible C/H/N amounts, thus confirming total combustion of 
organic matter in the sample. 
 

 

 

 

Table 2. Results of thermogravimetric analysis (TGA mass loss) and 
elemental analysis for Co3O4 samples after different reaction times.  

T / °C t /min C / wt% H / wt% N / wt% TGA[a] / % 

170 0 7.95 1.73 0.11 18.6 

60 2.65 0.70 0.23 3.9 

185 0 7.74 2.36 0.20 21.0 

60 2.77 0.75 0.03 5.4 

200 0 8.14 2.53 0.14 22.1 

60 1.97 0.55 0.1 2.9 

[a] Mass loss over a temperature range from 140 – 240°C. 

 

 
XPS analysis of Co3O4 nanoparticles. The persistence of the 
acetate signals after washing steps with different solvents called 
for XPS measurements  to check for the presence of acetate ions 
on the surface of the Co3O4 nanocubes as possible chemisorbed 
“capping” agents.[48]  
The O 1s spectra in Figure 8a-c show two overlapping peaks at 
529 eV and 531 eV. The peak at 529 eV can be typically assigned 
to lattice oxygen of Co3O4, whereas the peak at 531 eV can 
contain signals of absorbed surface oxygen as well as of acetate 
oxygen.[48,58] The C 1s spectra in Figure 8d-f show two peaks at 
285 eV and 288 eV, which can be assigned to the -COO- 
and -CH3 or -C-C- moieties of acetate, respectively.[59] These 
results further demonstrate that the presence of acetate ions as 
chemisorbed “capping” agents on the surface of the Co3O4 
nanocubes is a possibility. 

 

Figure 8. XPS investigation of O 1s and C 1s peaks for quenched Co3O4 

samples synthesized at 170 °C for (a)/(d) 20 min, (b)/(e) 60 min, and for (c)/(f) 

Co3O4 samples obtained after the in situ experiment at 170 °C. 

 
Morphology of as-synthesized Co3O4 nanoparticles. TEM 
images of Co3O4 samples after 0 min and 60 min reaction reveal 
the presence of agglomerated nanoparticles for all three reaction 
temperatures (Figure 9a-f). Compared to samples obtained after 
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ca. 0 min reaction time, the particles formed after 60 min are more 
crystalline, larger and cuboidal, as observed during the in situ 
studies (Figure S6) and in previous reports.[21,23] The crystalline 
character of the sample prepared at 170 °C and 60 min reaction 
time is verified by the HRTEM images in Figure 9g. In the 
expanded region of the image (Figure 9h), the nanocube is shown 
to exhibit a lattice spacing of 0.29 nm that corresponds to the 
(220) planes of spinel-type Co3O4.The calculated values for the 
crystallite sizes (Tables S2 and S4) are in good agreement with 
particle size distributions determined from TEM images (Figure 
S8).  
 

 

Figure 9. Selection of TEM images of Co3O4 synthesized under hydrothermal 

conditions. 170°C: (a) 0 min, (b) 60 min; 185°C: (c) 0 min, (d) 60 min; 200°C: 

(e) 0 min, (f) 60 min; and HRTEM image at 170°C: (g) 60 min, (h) inset: area 

with lattice spacing of 0.29 nm. 

Likewise, BET surface areas (Tables S2 and S4) show an 
effective trend towards lower values with longer reaction time at 
the given temperatures (with only slight deviations within the 
individual series). 
 
Photocatalytic water oxidation activity. As mentioned above, 
the water oxidation activity of spinel-type oxide catalysts depends 
on a wide range of parameters, including morphology, surface 
area/particle size, valence states, crystallinity, defects/interstitials 
and site occupancies/inversion. Given that the mechanisms of 
most heterogeneous water oxidation catalysts are not yet fully 
understood, empirical control over structure-activity relationships 
through optimized synthetic parameters is highly sought-after. 
The water oxidation performance of Co3O4 nanoparticles obtained 
in this study is correlated with key materials parameters and 
synthetic conditions in Figure 10 and Table S4.  
Concerning the O2 yield as a function of quenching reaction 
temperature/time, prolonged treatment at 170 °C leads to steadily 
increasing yields, while Co3O4 catalysts synthesized at 185 °C 
and 200 °C peak after 20 min of reaction time, respectively. Most 
importantly, samples treated for significant times conventionally 
at 200 °C always afford lower O2 yields than those obtained at 
170 °C or 185 °C. This corresponds well with the notably lower O2 
yields of Co3O4 nanoparticles collected from in situ experiments 
at 200 °C compared to those grown at 170 °C or 185 °C (Figure 
10 and Table S4). 
Regarding the correlation between BET surface area and O2 
yields of catalysts from conventional hydrothermal conditions, the 
respective maximum yields after 20 min of treatment do not go 
hand in hand with the respective maximum BET surface area 
values within the series. For cobalt oxide samples synthesized at 
170 °C, the yields are even slightly increasing with lower BET 
values. In short, there is no clear trend among all three ex situ 
synthesis temperatures and the resulting BET surfaces do not 
appear to exert a systematic influence on the performance. In 
contrast, the drastic activity loss for Co3O4 nanoparticles obtained 
under in situ conditions at 200 °C goes hand in hand with a 
significantly lower BET surface area (Figure 10 and Table S4). 
The crystallite size does not undergo a significant change for the 
sample series at 185 °C and 200 °C, and the sharp increase of 
crystallite size for treatments longer than 20 min at 170 °C does 
not exert a comparable effect on the performance trend. Related 
observations were made for the Co3O4 materials isolated from in 
situ conditions.  
With respect to the absolute O2 yield values, it is striking that the 
cobalt oxide sample quenched at 170 °C after virtually 0 min of 
reaction time after heating already affords a yield that is close to 
the maximum yield within the 200 °C series. Two conclusions can 
be drawn from the above trends. First, the reaction temperature 
seems to be the most influential performance parameter, followed 
by the treatment time. Second, the high initial activity of low 
crystalline cobalt phases obtained at 170 °C (Figure 5, top) 
suggests that such quasi amorphous phases may be superior to 
crystalline cobalt oxides, in line with recent discussions in the 
field.[60]  
When comparing the absolute yields of the Co3O4 water oxidation 
catalysts summarized here to related systems using the  
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[Ru(bpy)3]2+/S2O8
2- performance assay, they are in a league with 

other highly active earth-abundant transition metal oxide WOCs 
and with heterogeneous catalysts derived from molecular 
precatalysts and homogeneous catalysts.[2] 

 
Figure 10.  Photocatalytic activity, BET surface, and crystallite size as a function 

of reaction time. 
 
As the influence of the amorphous acetate-containing phases on 
the photocatalytic activity cannot be assessed with the help of in 
situ PXRD data, additional hydrothermal syntheses were 
performed to synthesize cobalt oxide under similar conditions 
using Co(NO3)2 as a precursor. The samples synthesized at 
180 °C and 10 min, 30 min, and 60 min reaction time were 
characterized by PXRD (Figure S15), FT-IR (Figure S16), and 
Raman analysis (Figure S17). At 10 min reaction time the sample 
is amorphous, while pure Co3O4 is present after 30 min and 
60 min. The decreasing BET surface area over time is not directly 
correlated with the activity trend (Table S4). The amorphous 
sample (obtained after 10 min) affords a rather high O2 yield of 
53.3 %. This indicates that acetate as a counteranion does not 
exert a significant influence on the oxygen evolution activity of the 
mainly amorphous cobalt oxide samples.  

 

 

Conclusions 

The present study on the hydrothermal growth processes of 
nanoscale Co3O4 water oxidation catalysts from cobalt acetate 
precursors aimed to transfer new insights from time-resolved 
PXRD monitoring on optimized lab-scale catalyst production. The 
key information derived from time-resolved PXRD data is a 
change in the hydrothermal Co3O4 growth mechanism between 
185 °C and 200 °C that clearly emerges from the analysis of the 
(311) reflection with two different models (Sharp-Hancock and 
Gualtieri). Follow-up analyses showed that the mechanistic 
change from a first-order model F1 at ≤ 185 °C to JMAK growth 
kinetics A2 at 200 °C goes hand in hand with a drastic decrease 
in surface area and a sharp drop in the photocatalytic 
performance of the Co3O4 nanomaterials. Complementary 
quenching studies demonstrated that the synthetic temperature 
threshold of 200 °C determined from in situ experiments also 
serves as a guideline for conventional Co3O4 WOC synthesis in 
the present cobalt acetate hydrothermal system. The 
photocatalytic activity trends after 60 min of conventional 
treatment correspond well with those of Co3O4 WOCs generated 
during the in situ experiment, while prolonged reaction times are 
less favorable. Furthermore, the investigation of quenched cobalt 
oxide samples with a wide range of analytical methods indicates 
that amorphous cobalt oxide materials formed in the very early 
stages of the reaction already display oxygen yields in the range 
of crystalline Co3O4 samples produced within the stable 170 – 
185 °C temperature window. However, a significant influence of 
acetate counteranions on the photocatalytic Co3O4 performance 
could be excluded through reference experiments. 
Overall, we demonstrate that complex and parameter-sensitive 
hydrothermal WOC formation processes can be controlled 
through efficient combination of mechanistic in situ studies with 
comprehensive ex situ analyses. The emerging precise 
information about optimal hydrothermal temperature windows for 
enhanced WOC performance is essential for efficient larger scale 
catalyst production. Further investigations are now in progress to 
clarify the optimal ratio of crystalline and amorphous cobalt oxide 
catalysts in the present cobalt acetate hydrothermal system for 
application-oriented recycling and scalability studies. 

Experimental Section 

Materials and instruments: All chemicals and solvents were purchased 
from commercial suppliers: [Ru(bpy)3]Cl2ꞏ6H2O (Sigma-Aldrich, 99.95%), 
Na2S2O8 (Sigma-Aldrich, ≥99.0%), Co(OAc)2ꞏ4H2O (Sigma-Aldrich, 
≥98.0%), Co3O4 (Alfa Aesar, 99%), Co(NO3)2ꞏ6H2O (Sigma-Aldrich, 
≥99.0%), H2O2 30 wt.% in H2O (Sigma-Aldrich, ACS reagent), ammonia 
solution 25% (Merck, for analysis), ethanol (VWR Chemicals, absolute). 
Raman spectra were recorded using a Renishaw inVia Qontor 
confocal Raman microscope equipped with a diode laser (785 nm). 
Nitrogen sorption isotherms were recorded after degassing at 100 °C 
for 20 h under vacuum by using a Quantachrome Quadrasorb SI 
porosimeter at 77 K. Adsorption branch points (0.05 > p/p0 < 0.3) 
were applied in the BET model to calculate the apparent surface area. 
Ex situ PXRD patterns were recorded using a STOE STADI P 
diffractometer in transmission mode (flat-plate sample holder, Ge 
monochromator, and MoKα1 radiation) using a position sensitive 
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microstrip solid-state detector (MYTHEN 1K). Attenuated total 
reflectance Fourier-transform infrared (ATR-FT-IR) spectra were recorded 
on a Bruker Vertex 70 spectrometer equipped with a Platinum ATR 
accessory containing a diamond crystal. Thermogravimetric (TG) analyses 
were performed on a Netzsch STA Jupiter 449 F3 TGA in the temperature 
range 298 to 873 K with a heating rate of 2 K min-1 in air atmosphere in an 
Al2O3 crucible. GC measurements were recorded using an Agilent 
Technologies 7820A equipped with a thermal conductivity detector and a 
30 m * 0.53 mm packed HP molecular sieve column with a 50.0 μm film 
and helium carrier gas (purity 6.0). Transmission electron microscopy 
(TEM) images were taken using a JEOL JEM-1400 Plus equipped with a 
LaB6 crystal as emitter (120 kV) and a JEOL CCD camera Ruby (8 M pixel). 
Elemental analyses were performed on a LECO TruSpec Micro. X-ray 
photoelectron spectroscopy (XPS) was conducted on selected samples 
using a Physical Electronics Quantum 2000 X-ray photoelectron 
spectrometer featuring monochromatic Al Kα radiation, generated from an 
electron beam operated at 15 kV and 32.3 W. HRTEM investigations were 
performed with a FEI Talos F200X (200kV) high-resolution transmission 
electron microscope (HRTEM). Samples were deposited on a 400 mesh 
copper grid, which is covered by ultra-thin carbon support film (3 nm 
thickness). 

Time-resolved X-ray diffraction: The time-resolved PXRD experiments 
were performed at the I12 beamline at the Diamond Light Source, UK.[35] 
The solvothermal reaction was carried out using a stainless steel autoclave 
in the Oxford-Diamond in situ cell (ODISC).[34] X-rays with an energy of 
65.6 keV (λ = 0.18893 Å) were used in order to penetrate the stainless 
steel autoclave. Hydrothermal formation of Co3O4 was carried out 
according to a previous procedure.[23] This reaction was studied at different 
temperatures from 170 °C to 200 °C. In a typical experiment 
Co(OAc)2ꞏ4H2O (747 mg, 3 mmol) was dissolved in solvent mixture 
(1.63 mL H2O, 0.37 mL NH3 35% and 0.5 mL H2O2 (30 %)). After 2 h of 
stirring in the PFTE liner at room temperature, 7.5 mL ethanol were added 
and the reaction mixture was placed in the stainless steel autoclave. The 
reaction mixture was rapidly heated up to the desired temperatures, 
controlled via a PID controller and a thermocouple mounted close to the 
cell wall using the infrared lamps of the ODISC cell. The diffraction patterns 
were recorded in 12.44 s acquisitions using a fast two-dimensional 
detector (Thales Pixium RF4343) which had been calibrated using a NIST 
CeO2 reference. Data were normalised and analyzed using the DAWN 
software.[61]  

Quenching experiments: The quenching experiments were carried out 
according to a previous procedure.[23] Co(OAc)2ꞏ4H2O (747 mg, 3 mmol) 
was dissolved in deionized H2O (1.5 mL), afterwards NH3 (0.5 mL, 25 wt%) 
and H2O2 (0.5 mL, 30 %) were added and the solution was stirred for 2 h. 
Finally, ethanol (absolute, 7.5 mL) was added and the reaction mixture 
was transferred to a 15 mL PTFE-lined stainless steel autoclave. The 
autoclave was heated to and maintained at the given temperature (170 °C, 
185 °C, 200 °C) in an oven (Binder) for the given time (start temp. 23 °C, 
heating rate 5 K min-1). After reaching the holding temperature (170 °C, 
185 °C, 200 °C; start reaction time) the autoclaves were removed from the 
oven in time intervals of 10 min between 0 min reaction time and 60 min 
reaction time as well as 120 min reaction time. The reaction was quenched 
by cooling down the autoclave rapidly under cold running water (10 °C) for 
10 min. The resulting product was isolated by centrifugation (5000 rpm for 
12 min), washed three times (once with deionized H2O, twice with acetone) 
and dried at 78 °C for 16 h in air. 

Quenching experiments with Co(NO3)2 as precursor: For the synthesis 
of Co3O4 with a different precursor, Co(NO3)2ꞏ6H2O (244 mg, 0.84 mmol) 
was dissolved in deionized H2O (7.0 mL), and afterwards NH3 (1.6 mL, 25 
wt%) and H2O2 (0.5 mL, 30 %) were added to the solution, respectively. 
Finally, more NH3 (1.4 mL, 25 wt%) was added until pH 11 was reached. 

The reaction mixture was transferred to a 15 mL PTFE-lined stainless steel 
autoclave. From this point onward the experiments were handled like 
previously described in the quenching experiments part, except that the 
reaction temperature was 180 °C for reaction times of 10 min, 30 min, and 
60 min. 

Photocatalytic tests: For evaluating the water oxidation activity of 
the synthesized samples a standard [Ru(bpy)3]2+/S2O8

2- protocol was 
used.[62] Photocatalytic reaction suspensions were prepared under 
exclusion of light in a dark environment. Following the protocol, oxide 
photocatalyst (2.00 mg, 8.3 μmol), [Ru(bpy)3]Cl2ꞏ6H2O  
photosensitizer (6.0 mg, 1 mM) and Na2S2O8 sacrificial electron 
acceptor (9.5 mg, 5 mM) were mixed with borate buffer (8 mL, 
85 mM, pH 8.5) in a 10 mL glass vial. Afterwards, glass vials 
containing the suspension were sealed gastight with a rubber septum 
(PTFE) and an aluminum crimp cap, sonicated for 3 min and 
degassed trough purging with helium (purity 5.0) for 10 min to 
remove oxygen from the solution and the head space of the vial. 
Catalytic reactions were initiated by illuminating the catalytic 
suspension with a 460 nm high flux LED light (26.1 mW/cm2, Rhopoint 
Components LTD) under a constant stirring rate of 1200 rpm. After 25 min 
illumination time, a 100 μl gas sample of the headspace was taken with a 
gastight microliter syringe (Hamilton-1825RN) and injected into the gas 
chromatograph. To quantify the oxygen evolution a previously determined 
linear GC calibration curve was used and air contamination was corrected. 
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