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ABSTRACT: Splitting of water to hydrogen and oxygen on colloidal catalysts is a

promising method for future energy and chemistry cycles. The currently used high- &
performance oxides containing expensive elements (Ru, Ir) are progressively being
replaced by more sustainable ones, such as Co;0,. Although the size of the nanoparticles
determines their catalytic performance, the control over the particles’ diameter is often
synthetically difficult to achieve. An additional obstacle is the presence of stabilizing agent,
an organic molecule that blocks accessible surface-active centers. Herein, we present how
precise control over size of the cobalt oxide nanoparticles (Co;O, NPs), their colloidal
stability, and the ligand-free surface affect overall performance of the photocatalytic
oxygen evolution. We accordingly correlated the photochemical results with the
electrochemical studies, concluding that accessibility of the active species on the particles’
surface is crucial parameter in water oxidation.
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1. INTRODUCTION transition from homogeneous to heterogeneous catalyst leads
to poor control over the size of newly formed particles, which
often result in precipitation and inhibition of the desired
chemical pathway. Therefore, ex situ synthesis of a colloidal
catalyst with well-controllable size and surface properties allows
tuning the catalytic performance. However, to exclude
undesired combustion of the ligands under the oxidative
conditions, heterogeneous catalysts require a ligand-free surface
with maximal surface area that from the synthetic point of view
remains a challenging task.

Among a variety of catalysts, spinel-type cobalt oxide has
received considerable attention in both electrochemical'>™'®
and photochemical® ™' studies on catalytic water oxidation.
Consistently, in both approaches the catalytic performance of
the Co;0, was associated with the presence of Co®" species and
oxygen vacancies on the surface. Thus, minimization of the
particles’ size enhances surface activity of the catalyst. The small
diameter of the nanoparticles (NPs) additionally augments the

Water is poised to become the fuel of tomorrow’s world if it can
be split into molecular oxygen and hydrogen in a sustainable
manner, for example, by using abundant solar radiation to drive
the reaction.'™” As a thermodynamically stable molecule, water
requires strong energy input to accomplish overall water
splitting, even without considering kinetic barriers for water
oxidation and reduction. Currently, the water oxidation process
is considered a key bottleneck in actual research development.®
The difficulty of the water oxidation reaction lies in the
relatively high overpotential for the transfer of at least one of
four electrons (1.23 eV on average each) accompanied by
formation of the oxygen—oxygen bond, which can be
minimized by applying a catalyst. The catalyst should exhibit
higher chemical stability than water molecules and promote the
extraction of 4e” in a concerted manner, thus avoiding charge
built up in the strongly oxidizing conditions.

While there is agreement in the classification between

homogeneous and heterogeneous catalysts, the chemical number of the surface defects, which improve the binding
stability under photocatalytic action of the former class remains ability of water molecules. Recently, we have reported sub-5 nm
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spinel-type Co;0, NPs that are suitable building blocks for
organic/inorganic heterogeneous photocatalysts.”> The combi-
nation of oxide particles with a conjugated polymer (graphitic
carbon nitride) allowed considerable improvement of the water
oxidation under visible light. To the best of our knowledge, no
effort has been made toward photocatalytic water oxidation in
the presence of differently sized NPs.

Here we show that the size of ex situ synthesized Co;0, NPs
dramatically affects the yield of photochemical water oxidation.
Moreover, our ligand-free Co;O, NPs resulted in an advanta-
geous catalyst in the front of other organometallic complexes
containing cobalt ions. In addition, we evaluated electro- and
photochemical water oxidation as a function of particles size.

2. EXPERIMENTAL METHODS

2.1. Materials. Cobalt(II) acetate tetrahydrate (Co-
(CH,;C0O0),-4H,0), Cobalt(Il) nitrate hexahydrate (Co-
(NO,),:6H,0), sodium hydroxide (NaOH), sodium nitrate
(NaNO;), and ammonia (NH;) 33 wt % were purchased from
Sigma-Aldrich. Powdered cobalt oxide (Co;0,) and cobalt(II)
phtalocyanine were purchased from Alfa Aesar. Mesoporous
silica (SBA-15, 550 m* g™')** and cubane-like Co,0,>* were
synthesized according to previous reports. All solvents used,
were of analytic grade.

2.2. Synthesis of 3 nm Cobalt Oxide. Cobalt(II) acetate
tetrahydrate (Co(CH;C0OO0),-4H,0) (0.5 g) was dissolved in
water (2 mL) followed by addition of ethanol (23 mL) under
magnetic stirring at 45 °C. After ~10 min, ammonia was
dropwise added (2.5 mL, 33%) under magnetic stirring at 45
°C. Formation of the cobalt oxide NPs takes place at 80 °C,
during 3 h. To wash NPs, acetone (100 mL) was added into 27
mL of cobalt oxide crude product, and the solution immediately
became turbid. After centrifugation at 4500 rpm for 20 min, the
precipitate of Co;O, NPs was obtained, and reddish super-
natant containing unreacted cobalt salt was discarded. In the
second step of washing, acetone (120 mL) was added into a
Co;0, NPs’ solution (12 mL in methanol), followed by
centrifugation (4500 rpm, 20 min). The remaining NPs were
redispersed in methanol (20 mL). The final product of cobalt
oxide NPs (120 mg) was obtained by complete evaporation of
methanol.

2.3. Synthesis of 10 nm Cobalt Oxide. Cobalt oxide
particles with 10 nm diameter were prepared according to the
previously reported receipt.** Cobalt(Il) acetate tetrahydrate
(Co(CH;C0O0),-4H,0) (0.5 g) was dissolved in water (2 mL)
followed by addition of ethanol (23 mL) under magnetic
stirring at 45 °C. After ~10 min, ammonia was dropwise added
(2.5 mL, 33%) under magnetic stirring at 45 °C. Suspension
(24 mL) was transferred into Teflon autoclave (48 mlL).
Formation of the cobalt oxide NPs took place at 150 °C, during
3 h. To wash NPs, acetone (100 mL) was added into 24 mL of
crude product, and the solution immediately became turbid.
After centrifugation at 4000 rpm for 20 min, the precipitate of
Co;0, NPs was obtained. In the second step of washing,
acetone (120 mL) was added into Co;0, NPs solution (12 mL
in methanol), followed by centrifugation (4000 rpm, 20 min).
Remaining NPs were redispersed in methanol (20 mL). Final
product of cobalt oxide NPs was obtained by complete
evaporation of methanol.

2.4. Synthesis of 40 nm Cobalt Oxide. Cobalt oxide
particles with 40 nm of diameter were prepared according to
the previously reported recipe.”® In a typical synthesis, sodium
hydroxide (NaOH, 1.2 g) was dissolved in deionized water
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(100 mL) followed by addition of sodium nitrate (NaNO3) (90
g). The resulting mixture was heated at 105 °C. After 30 min of
constant magnetic stirring, cobalt(I) nitrate hexahydrate
(Co(NOs),-6H,0) (20.0 mL of 1.0 M) was added dropwise
within 1 min. The flask with the blue slurry was kept stirring at
105 °C for 43 h. Particles were washed by centrifugation: three
times in HCI (50 mL, 2M, 4000 rpm, 20 min); twice in EtOH
(100 mL, 4000 rpm, 20 min); twice in tetrahydrofuran (THF,
100 mL, 4000 rpm, 20 min). After the last washing, particles
were redispersed in EtOH (200 mL). The final product of
cobalt oxide NPs was obtained by complete evaporation of the
solvent.

2.5. Impregnation of Mesoporous Silica (SBA-15) with
Cocatalysts. SBA-15-cocatalyst composites were prepared by
the wet impregnation method. A typical SBA-15/Co;0, with
1.25 wt % Co30, synthesis is described as follows: Co;O4 NPs
(5 mg) were dispersed in 15 mL of methanol, followed by
addition of as-prepared SBA-15 (550 m* g~') powder (400
mg). After 30 min of ultrasonic treatment, the mixture was
transferred to an oil bath (60 °C) to remove the solvent. The
resulting powder was further treated at 60 °C in a vacuum oven
overnight. This procedure was applied for the impregnation of
SBA-15 with another catalyst but using different solvents:
Co(II)-water, CoPc-methanol, CoCp, and Co,O,-acetonitrile.
The amount of cobalt species was kept constant (S mg).

2.6. Characterization. Powder X-ray diffraction (XRD)
measurements were performed on a Bruker D8 Advance
diffractometer with Cu Kal radiation (A = 1.5406 A). The
UV—vis absorption spectra were obtained on a Uvikon 931
with 1 cm optical length. Nitrogen adsorption—desorption
isotherms were collected at 77 K using a Micromeritics ASAP
2020 Surface Area and Porosity Analyzer. Transmission
electron microscopy (TEM) images were obtained with a
ZEISS EM 912Q instrument at the accelerating voltage of 120
kv.

2.7. Electrochemical Measurements. Electrochemical
data were recorded on a Gamry Instruments model Reference
3000 computer controlled potentiostat. All measurements were
performed in a one compartment cell using a standard three
electrode configuration. Catalytic runs were collected in 0.1 M
KPi (measured as pH 7.0) and referenced to a Ag/AgCl
reference electrode (Pine Research Instrumentation). Platinum
wire served as the auxiliary electrode. Working electrodes
composed of a rotating glassy carbon electrode (0.2 cm?)
loaded with Co;0, NPs completed the standard three-
electrode configuration. Loadings of Co;0, NPs on the
working electrode (0.02 mg/cm?) were achieved by redispers-
ing 2 mg/mL of Co;0, in MeOH followed by deposition of 10
uL of this solution on the electrode.

2.8. Photocatalytic Measurements. Photocatalytic O,
production was carried out in a Pyrex top-irradiation reaction
vessel connected to a glass closed gas circulation system. For
each reaction, the desired amount of cobalt catalyst was
dispersed in a 100 mL buffered solution (Na,SiFc—NaHCOj;,
0.022—0.028 M) with pH held at 5.8. Then 0.975 g of Na,SO,,
0.357 g of Na,$,04, and 40 mg of [Ru(bpy);]Cl,-6H,0 were
added to the reaction solution. The reactant solution was
evacuated several times to remove air completely prior to
irradiation under a 300 W Xe lamp and a water-cooling filter.
The wavelength of the incident light was controlled by using a
455 nm cutoff filter with intensity of 78.2 mW/cm?® (ILT 950
spectroradiometer). The temperature of the reactant solution
was maintained at room temperature by a flow of cooling water
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during the reaction. The evolved gases were analyzed by gas
chromatography equipped with a thermal conductive detector
(TCD) and 5 A molecular sieve column.**

3. RESULTS AND DISCUSSION

We commenced our study with ligand-free cobalt oxide NPs
that were synthesized according to recently reported recipes
and applying minor modifications.””***® Diameters of the
particles were 3.0 & 0.6 nm, 9.2 + 2.6 nm, and 41.7 + 5.7 nm
(Figure la—c, d). For simplicity, hereinafter the sizes are
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Figure 1. Size evolution of the Co;0, NPs (a—c) TEM images of
Co;0, NPs with diameter of 3, 10, and 40 nm and (d) corresponding
size distributions. The average diameter was obtained by analysis of
over 100 NPs. (e) XRD patterns for particles from images (a—c) with
most prominent (311) peaks at 36.7°. All XRD patterns correspond to
spinel-like cobalt oxide (card 96-900-5888). (f) Plot of particle
diameter versus surface area. Commercial, powdered cobalt oxide
(~300 nm) is included for better comparison. Inset: NPs in the form
of powder or dispersed in water. (g) UV—vis spectra of colloidal
dispersion of Co;0,. Characteristic transition bands redshift with
increasing particles size. For better comparison, all spectra were
normalized at the maximum.

referred to as 3, 10, and 40 nm. Structurally, all particles were
exclusively spinel-type cobalt oxide. The XRD patterns
consistently showed dominance of the (311) plane for all
particles sizes (Figure le). Surface area measurements
(Brunauer—Emmet—Teller, BET) of the NPs showed a
tendency of increasing surface area with decreasing diameter
(Figure 1f). The surface area of 3 nm NPs was ~7 times higher
than that of 40 nm particles, speaking also for minor
aggregation with decreasing particle size. Optical character-
ization of the Co;0, colloidal dispersion in methanol also
confirmed the size-dependent features (Figure lg). The
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absorption bands located at 380 and 675 nm for the 3 nm
particles correspond to O*” — Co** and 0> — Co¥,
respectively.”’ With increasing particles size, the bands
progressively shifted toward higher wavelengths. Thus, the
correlation between the size of nanocrystals and the position of
absorption bands reminds us of the semiconductor nature of
the Co;0, in a similar fashion as do the quantum dots.*®
Excellent colloidal stability of the Co;0, NPs in water
(Figure 1f, inset) stimulated us to study photocatalytic water
oxidation directly in the standard homogeneous assay
containing ruthenium bipyridine (Ru[bpy];**) as a sensitizer,
and persulfate as sacrificial agent.”™ For a constant amount of
catalyst (S mg), the amount of evolved oxygen increased with
decreasing particle size (Figure 2a). Accordingly, the estimated
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Figure 2. Size-dependent oxygen evolution in aqueous suspension of
Co;0, NPs using a Ru(bpy);** visible light sensitization system
(1>450 nm). (a) Time dependent oxygen evolution on Co;0, NPs
with different sizes and deposited on the SBA-1S support (green dots).
(b) Repetitive use of 3 nm Co;0, on the SBA-1S support.

turnover number (TON) per mole of cobalt progressively
increased with decreasing particles sizes; from 0.1 (bulk Co;0,)
to 2.3 (3 nm Co;0,). Thus, this difference leads us to conclude
that the surface accessibility of the catalyst is a main factor
ruling the catalytic performance.

It is worth noting that after the first 20 min of the reaction,
the amount of the evolved oxygen abruptly leveled off to reach
a plateau (Figure 2a, red, orange, and blue dots). It is
reasonable to assume that constant chemical changes in the
reacting solution (e.g.,, gas evolution, proton gradient) disturb
colloid dispersion resulting in gradual flocculation. Thus, the
transition from colloidal to suspension phase causes progressive
deactivation of the catalyst. TEM analysis of the sample after
catalytic reaction confirmed the formation of the aggregates
over several micrometers in size (see Supporting Information,
Figure S1).

To further prevent aggregation of the colloids during
photolysis we anchored 3 nm Co;0, NPs to the surface of
mesoporous silica (SBA-1S) (hereinafter referred to as 3 nm@
SBA), facilitating homogeneous distribution of the reactive
centers. The SBA-15 has been recently proposed as a successful
template for metal oxide nanocrystals that efficiently catalyzed
water oxidation.”**” Similar, in the present study, the oxygen
evolution was significantly improved for 3 nm@SBA, as
compared to freely dispersed 3 nm Co;0, NPs (Figure 2a,
green dots). It is worth stressing, that mesoporous silica, apart
from preventing particle aggregation, scatters incoming light,
thus enhancing light absorbance by the photosensitizer. In
addition, tight heterogeneous junctions between the silica
template and the nanocrystals can also alter electronic structure
of the cobalt. The XPS analysis revealed a shift of the Coyy/3
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peak by ~1 eV toward higher binding energy in 3 nm@SBA
composites as compared to bulk Co;O, (see Supporting
Information, Figure S2). As the shift indicates an increase of
cobalt oxidation state, it could similarly affect the overpotential
in water oxidation reactions. Our observations, indeed, are in
good agreement with the previous studies. The yield of catalytic
oxidations of the organic compounds on Co;0,/SBA
composites has been considerably higher than on the cobalt
oxide alone.***'

Depositing particles on the solid substrate allowed us to
recover the 3 nm@SBA once the reaction was finished. After
the first run, 3 nm@SBA was recovered and reused with
another fresh solution for subsequent photocatalytic reaction
(Figure 2b). The amount of evolved oxygen during the second
run was 50% of initial activity, while the third run resulted in
36% of the initial activity. The lower O, yield in the second and
third run was due to recovery loss of catalytic particles. Note
that the addition of a new portion of Ru[bpy],** into the
reactor, after reaching the plateau during first run, failed to
recover the initial rate of oxygen evolution. The XRD analysis
of the precipitate after the first run revealed a considerable
amount of insoluble buffer (Na,SiF4) (see Supporting
Information, Figures S3 and S4). We speculate that activity
loss is due to the temporal passivation of cocatalyst surface by
poorly soluble buffer molecules, which are well-known to have
short lifetime in a water oxidation reaction. Therefore, a
thorough washing process and resuspension in fresh assay
solution was mandatory to recover, at least partially, the initial
catalytic activity. These experiments showed that 3 nm@SBA
can be recycled for further reactions, especially when coupled
to a highly oxidation-stable photosensitizer.

Electrochemical analysis confirmed the size dependent
catalytic activity of Co;O, NPs. Because of chemical instability
in acid medium, spinel-type cobalt oxide NPs have been mostly
studied at high pH.'® We extend the electrochemical properties
of Co;0, NPs to neutral pH. Size dependent electrochemical
studies were carried out on the 3, 10, and 40 nm Co;0, NPs
(no SBA-15). As a control, we used bulk Co;O, with an
approximately 300 nm diameter. Cyclic voltammetry of the
glassy carbon anode with bulk Co;0, in the 0.1 M potassium
phosphate (pH 7) showed low catalytic activity (Figure 3a, gray
line). In the presence of the Co;O, NPs the magnitude of the
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Figure 3. Electrochemical characterization of the Co;0, NPs. (a) Size-
dependent cycling voltammograms and (b) polarization activity of
NPs in 0.1 M KPi electrolyte at pH 7. Potential recorded using 0.2 cm?
glassy carbon working electrode with catalyst loading of 0.02 mg/cm’.
All potential were measured against a Ag/AgCl reference at 2 mV/s
and converted to NHE potential by using E(NHE) = E(Ag/AgCl) +
0.198 V.
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current density at constant particle loading (0.02 mg/cm?®)
progressively increases with decreasing particles size, as the
number of the available active species increases. All CV scans
reveal features typical for cobalt oxide located at potentials
lower than the catalytic waves, which correlates to the Co** —
Co* and Co* — Co*" redox steps.””** Recently, other groups
have suggested that spinel-type cobalt oxide under oxidative
conditions is reversibly remodeled into oxide layers containing
Co(IV).>7% Following this argument, it is reasonable to
expect that particles presented here follow a similar reversible
chemical transition at potentials lower than the catalytic wave.
However, above the catalytic wave there is an abrupt onset of
the catalytic current at 1.45 V that is due to water oxidation
(Figure 3). For the smallest Co;0, NPs (3 nm), we estimated
the overpotential for water oxidation, that is, 660 mV at 1 mA/
cm?. In the context of available cobalt catalysts, our spinel-type
cobalt oxide exhibits overpotential of ~250 mV higher than the
CoPi catalyst proposed by Kanan and Nocera.*® Beside lower
catalytic performance of Co;0, it facile manipulation and
storage allows for fast implementation into a desired catalytic
environment. In fact, we have recently showed that Co;0, NPs
could be easily combined with the polymeric photocatalyst.”*

Although, cobalt-based compounds have attracted much
attention for water oxidation reaction, their comparison in
terms of their catalytic activity, based on literature data, is rather
difficult. Thus, to highlight the importance of ligand-free
nanoclusters in water oxidation, we compared Co;0, with a
series of cobalt-based molecular compounds. To maximize
structural diversity between the compounds we choose
mononuclear cobalt complex (cobalt(Il) phthalocyanine
(CoPc) and cobaltocene (CoCp,)), tetranuclear complex (di-
pyridyldiolato-acetato coordinated cubane-like cluster cation,
{Co,[(CsH,N),C(OH)O0]4(0,CMe);(H,0)} (Co,0,)), and
finally Co(NOs), possessing no organic ligand. (Figure 4).*
To optimize the photocatalytic reactions for each compound,
we used a standard homogeneous assay containing ruthenium
complex as photocatalyst. In addition, the issues with partial
insolubility/aggregation were overcome by impregnation of all
samples onto SBA-1S (see experimental part).

The CoPc has been recently reported to be a good catalyst
for water oxidation in the presence of an n-type organic
semiconductor, but it required an external bias of 0.4 V.*’
Under conditions presented here, the activity of CoPc is rather
negligible (Figure 4), which indicates inhibition of Co—OH,
formation by the strong Co-ligand interactions. Next, we used
cobaltocene that structurally contains less rigidly coordinated
cobalt ions as compared to the CoPc (Figure 4). Although
CoCp, exhibit better catalytic behavior than phthalocyanine, its
performance is much lower than observed for 3 nm@SBA
(Figure 4). It has been shown that the Cp ligand in the
mononuclear complexes containing cobalt'' or iridium®® can
undergo oxidation to form acetic and formic acids. The metal
center, however, dissociates to nanoparticulate aggregates
consisting of Co(OH), with diameter above 100 nm. Thus, a
similar ligand oxidation may occur in the present study, leading
to the growth of hydroxide, which facilitates formation of
chemical bonds between cobalt and water. A tetranuclear
cubane-like Co,O, cluster cation with dipyridyldiolato and
acetate ligands was investigated as a further example,*”*
showing improvement of oxygen evolution that is in good
agreement with the previous reports.' Notwithstanding, the
yield of O, evolution for Co4O, is almost half the yield
observed for 3 nm@SBA. The limited accessibility of water
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Figure 4. Visible light-induced oxygen evolution from a variety of cobalt compounds deposited on SBA-15. Ligand-free Co;0, NPs showed superior

activity toward water oxidation than molecular based cocatalysts.

molecules that is due to the dipyridyldiolato and acetate ligands
can alter the redox chemistry of Co ions. Finally, we tested
Co(NOs;),, which also showed lower O, evolution than in 3
nm@SBA. The activity of the cobalt nitrate toward water
oxidation has been associated with a ghotoactive binuclear
complex® and a Co(IV) intermediate,* whose formation is
promoted by the absence of the competing ligand. Again, it has
been shown that Co(NO;), forms cobalt-containing particles
that precipitate out of the solution, leading to a gradual
decrease of the activity.**** Hong et al. have shown that at
longer irradiation time, the size of the particles derived from
cobalt nitrate can reach 500 nm.!' Our results, then, indicate
that cobalt complexes, especially CoCp, and Co(NO;),, can act
as efficient precatalysts, which are oxidized during the
photocatalytic water oxidation to produce a reactive catalyst
in the form NPs.*

As shown above, decreasing the size of Co;04 NPs increases
the catalytic performance of water oxidation. One could expect
a similar tendency for in situ formed NPs during photocatalytic
reaction from molecular compounds. Spiccia and co-workers
have shown that a bioinspired molecular catalyst based on Mn
clusters reversibly transforms to manganese oxide NPs with a
diameter of 1—2 nm,”*” while Grotjahn et al. reported that a
number of iridium complexes form iridium oxide NPs with
diameter below 10 nm.*® Thus, the control over the
composition and the size of in situ formed particles remains
a difficult task. The ex situ synthesis, however, allows for better
control over surface accessibility and dimensionality of the
catalyst NPs.

4. CONCLUSIONS

In summary, we have shown that the efficiency of electro- and
photochemical O, evolution depends on available surface area,
which increases with decreasing particle size. We are aware that
a direct comparison of both processes is rather difficult, since
the mechanism ruling both reactions follows different chemical
pathways. Especially difficult to analyze is the photochemical
water oxidation, in which a ruthenium complex and persulfate
can additionally react with water molecules. Notwithstanding,
the tendency of increased activity with decreasing particle size,
reported in this article, clearly indicates—within the exper-
imental framework—that availability of the surface cobalt
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atoms is a primary factor ruling water oxidation, independently
of the chemical pathway. An additional factor of great
importance is the accessibility of the oxide surface to the
reacting molecules. We have shown, in comparative water
photolysis on the Co;0, and cobalt-based molecular
compounds, that a ligand-free surface is crucial for good
catalytic efficiency.
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TEM characterization of the particles after photolysis. XPS
spectra of the Co;0, and Co;0,@SBA. TEM characterization
of the Co;0,@SBA before and after photolysis. XRD spectra of
the Co;0, before and after photolysis. This material is available
free of charge via the Internet at http://pubs.acs.org.
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