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Photochemically synthesized cobalt oxide hydroxide (PCOH) under UV light has been successfully
achieved without the addition of surfactants, templates, or organic solvents at ambient temperatures.
PCOH samples can be converted to spinel cobalt oxide (PCO) after the calcination at 500 °C. The in-situ
growth of hierarchical nanostructures was demonstrated with a three-stage mechanism in the
photochemical preparation. The development of nanostructures and elemental condensation under
different irradiation time governs the bifunctional-sensing performance of the cobalt oxide products. The
formation of nanostructured cobalt oxides involves a free-radical oxidation mechanism in the acidic
condition. We further demonstrate that the preparation of sensor-active cobalt oxides under nature
sunlight (Solar-2H) is feasible. Compared to the multi-component bifunctional electrocatalysts
comprised of enzymes and noble metals, our greenly prepared electrocatalysts, as the single-species
sensor, achieve bifunctional hydrogen peroxide detection effectively. The as-produced electrocatalysts
utilize electro-oxidative and electro-reductive signals together as bifunctional sensor, maximizing the
wide detection range of 0.005-35mM, a low detection limit of 0.7 wM, selective H,0, detection, and
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~3000-time higher sensitivity than commercial cobalt oxides.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Solar energy is one of the major resources of clean energy [1,2].
Approaches that harvest sunlight to synthesize useful products, or
to convert different forms of energy, are generally considered as
green technologies [3-9]. Light-induced preparation has been used
in molecular and polymer synthesis for decades, but few examples
for generating semiconductor materials (e.g. metal oxides and
selenides) are reported [10-13]. The environment of photochemi-
cal synthesis is free of high temperature and pressure, advanta-
geous to accomplish controlled synthesis of metastable phases of
materials, which provides valuable opportunity for in-situ
investigation on material growth mechanisms coupled with the
characteristic properties [14]. Photochemically generated nano-
materials can be produced with ultrafine sizes, however, they were
rarely used in practical applications. This may be attributed to the
low productionyields and difficulty in product collection caused by
fine particle sizes.

Cobalt oxide hydroxide (CoOOH) is a versatile metastable phase
and precursor for catalysts, battery, and sensors. In our previous
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study, the development of nanostructures in CoOOH precursors
governs the electrochemical performance of the derived Co304
[15]. Selective synthesis of COOOH with controllable nanostruc-
tures remains challenging using conventional preparation (e.g.
hydrothermal, precipitation, etc.) [14,16-20]. Photochemical route
as green, clean, and selective approach can be the promising
alternative to address the synthetic difficulty.

Hydrogen peroxide is an essential molecule for regulating
diverse biological processes, also a side product generated from
various enzymatic reactions [21]. Abnormal release of H,0, in
human bodies is closely related to the diseases of cancers, diabetes,
and Alzheimer [21-23]. Besides, many reported biosensors for
glucose, cholesterol, lactate, and others are commonly designed on
the basis of H,0, detection [24,25]. Achievement of highly
sensitive and selective detection of H,0, is therefore in great
demand for general bio-sensing technologies. Bifunctional sensing,
by switching modes between H,0; electro-oxidation and electro-
reduction of one electrocatalyst, creates favorable conditions to
maximize linear range of sensors. With one specific mode showing
higher sensitivity and/or selectivity than the other one, bifunc-
tional sensing enables the advantage of optimal sensitivity and
minimized interference compared to single-mode sensors [26,27].
Bifunctional H,0, sensors based on electro-oxidation catalyzed by
noble-metals, while electro-reduction is carried out by enzymatic
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oxidases, have been reported [27]. Other sensors comprised of
transition metal molecules (e.g. ferrocene and vanadium hex-
acyanoferrate) are capable in mediating both the electro oxidation
and reduction of hydrogen peroxide [28,29]. Studies have shown
that graphene and metal-nanoparticle composites hybridizing
with polymers are also successful transducers for hydrogen
peroxide reduction [30,31]. Due to complicated assemblies of
composites, and instability of molecules and metals compared to
metal oxides, the development of easy-preparation, single-species,
low-cost metal oxide catalysts capable of performing bifunctional
sensing is desired.

Herein, we demonstrate the photochemical preparation of
cobalt oxides with 3D hierarchical nanostructures highly active for
bifunctional H,0, detection, under both sunlight and ultraviolet.
As the green approach in water, there is no need of organic
solvents, templates, surfactants, or electricity (sunlight case) in the
preparation. The selection of potassium persulfate, owing to its
direct photochemical decomposition without any side or interme-
diate reactions, is for the increase of production yield [32,33]. Both
the H,0, oxidation and reduction signals of the as-obtained
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materials can be utilized for quantitative sensing, while these
bifunctional signals contribute together for a wide detection range
(0.005-35mM) and low detection limit (0.7 uM).

2. Experimental Section
2.1. Preparation of photochemically synthesized cobalt oxides

The photochemical procedure was modified from the previous
work [13]. Cobalt sulfate heptahydrate (3.6 mmol) and potassium
persulfate (3.6 mmol) were mixed in 50 mL of deionized (D.lL.)
water to produce a pink precursor solution with pH=5, and then
transferred into a quartz tube irradiated with UV light of 256 nm
wavelength under stirring in a photoreactor (Panchum PR-200) for
8 hours. The resulting brown precipitates were washed by D.I.
water and dried at 60°C for 12 hours to obtain photochemically
synthesized cobalt oxide hydroxides (PCOH-8H). PCOH-8H was
subsequently calcined at 500 °C for 6 hours to yield the resultants
of Co30,4, denoted as PCO. The time-dependent experiments were
conducted with different reaction time for 1 min, 5min, 15 min,
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Fig.1. Material characterization of photochemically synthesized cobalt oxide materials. (a) The XRD patterns of PCO-8H (the upper pattern; Co304, JCPDS-9-418) and PCOH-
8H (the lower one; CoOOH phase, JCPDS 7-169). (b) The TGA profiles of PCOH-8H. The first 7.2% weight loss ranging from room temperature to 210 °C is due to the desorption of
water and physisorbed gas molecules. The SEM (c) and TEM (d) images of PCOH-8H with the corresponding high-magnification insets. (e) The HR-TEM images of nanoflakes in
PCOH-8H. The SEM (f) and TEM (g) images of calcined PCO-8H with the corresponding high-magnification insets. (h) The HR-TEM images of PCO-8H.
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45 min, 2 hours and 8 hours. Samples prepared by 2-hr and 8-hr UV
irradiation are denoted as PCOH-2H and PCOH-8H, respectively.
For the samples prepared by sunlight, the pink precursor solution
was irradiated by sunlight from 11:00 to 13:00 in days of July at
location of 22°30'N 120°14’E. The products after 500 °C calcination
were denoted as Solar-2H. For the radical trap experiments,
2,2,6,6-(tetramethylpiperidin-1-yl)-oxy (TEMPO) of 8.12 mmol
was added into the precursor solutions of cobalt sulfate
heptahydrate and potassium persulfate, which turned the color
into orange.

2.2. Characterization

Transmission emission microscopy (TEM) images and selected
area electron diffraction (SAED) patterns were obtained with a
Philliphs CM~200 at 200kV. The morphology of materials was
monitored using a Zeiss Supra 55 Gemini field emission scanning
electron microscope (FE-SEM) with an acceleration voltage of 1 kV.
Thermogravimetry analysis (TGA) was acquired by a PerkinElmer
TGA4000 thermal analyzer in N, from room temperature to 600 °C.
The crystalline structure of samples was characterized by using a
Bruker D8 advanced X-ray diffraction. The X-ray photoelectron
spectroscopy (XPS) data were obtained using a Kratos Axis Ultra
DLD with a Mg/Al achromatic source. Cobalt contents of materials

were measured with inductively coupled plasma-mass spectros-
copy (ICP-MS) analysis on a PE-SCIEX ELAN 6100 DRC. We
dissolved 3mg of samples in a mixture (9 mL) of sulfuric acid
and hydrogen peroxide with a ratio of 10 to 1.

2.3. Electrochemical measurement

Glassy carbon electrode (GCE) of 3mm in diameter was
polished via 0.3 mm Al,03 powders followed by rinsing with D.I.
water. For electrochemical experiments, the electrodes were
prepared by the following steps. First, the catalyst powder
(2mg) and 1 mL of ethanol were mixed by sonication for 30 min
to form a homogeneous suspension. Then 10 L of the homoge-
neous suspension was dropped on a GCE and dried at room
temperature. Next, 10 pL of Nafion (0.1%) was loaded on top of the
dried samples to get the modified electrodes for electrochemical
measurements. Electrochemical measurements were all con-
ducted under non-deoxygenated conditions (unless specific
description) with a three-electrode configuration using Ag/AgCl
(saturate NaCl) and Pt as the reference and counter electrodes,
respectively. The material-modified electrodes as working electro-
des were used in a CHI614D electrochemical analyzer. Cyclic
voltammograms were recorded in potential ranged from -1.0V to
1.0V with a scan rate of 50mV s~ L. The bifunctional detection was

Fig. 2. The TEM images and SAED (the insets) of PCOH. A series of PCOH samples with different reaction time before the calcination: (a) 1 min, (b) 5min, (c) 15 min, (d) 45 min,

(e) 2 hr (PCOH-2H), and (f) 8 hr (PCOH-8H).
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conducted with a certain volume of hydrogen peroxide solution
with various concentrations injected into a 0.1 M phosphate buffer
solutions (PBS, pH=7.2) at potentials of 0.5V and -0.7 V. For the
interference study, the concentration of H,0, is 2 mM with the
interfering species of 0.1 mM dopamine (DA), acetaminophenol
(AP), uric acid (UA), ascorbic acid (AA), and 5mM glucose. The
concentrations of these interfering species were prepared based on
the physiological levels [21,34].

3. Results and discussion

The photochemically synthesized cobalt oxide hydroxides
prepared by 8-hour UV irradiation (PCOH-8H) show the XRD
patterns corresponding to layered-structure phase of CoOOH (the
lower pattern in Fig. 1a) [13,16]. No impure peaks that belong to
phases of spinel Co304 or Co(OH), were observed, showing the
high selectivity toward CoOOH phase by the photochemical
synthesis. As strong oxidants and multi-step procedures are
commonly required to selectively produce CoOOH in conventional
methods [14-18], our photochemical route with no need of these
chemicals rapidly produces pure CoOOH in one step. After the
calcination at 500°C, spinel cobalt oxide (PCO-8H) was obtained
using PCOH-8H as the precursor (the upper pattern in Fig. 1a). The
second TGA weight loss of 9.2% (210°C to 280°C) in Fig. 1b
corresponds well to the crystal structure transformation from
CoOOH to cubic spinel Co304 [35].

The SEM images (Fig. 1c) of PCOH-8H show the spherical
aggregation of flake-like nanoparticles (as shown in the inset) with
a diameter of 200-250 nm, much smaller than the similar products
prepared by other methods [15]. To describe different levels of the
hierarchical structures, material crystal phase is defined as the
primary structure, the nanoscaled features/morphologies of
particles as the secondary structure, and the assembly behaviors
of the particles for the tertiary one. The TEM images of PCOH-8H
(Fig.1d) show the morphology of ultrafine nanoflakes (thickness of
2-3nm) as the secondary structure [36], different from typical
hexagonal morphologies of COOOH reported in the literature[17].
The lattice fringes (Fig. 1e) of the nanoflakes display a spacing of
0.44 nm, corresponding to d go3 in the primary structure of COOOH
phase. After the calcination, the nanoflakes were transformed to
round shape particles in PCO-8H with the similar aggregation
diameters to that before the calcination (Fig. 1f and 1g). The lattice
images in PCO (Fig. 1h) reveal a spacing of 0.24 nm, corresponding
to d 317 in the Co304 structure. The XPS spectra confirm the
trivalent state of cobalt in PCOH-8H (Fig. S-1). The vanish of
satellite peak at 790.8 eV after the calcination demonstrates the
mixed-valence states of Co?* and Co>" in PCO-8H[17,37].

3.1. Growth process of hierarchical structures

One advantage of photochemical synthesis is able to study the
in-situ growth procedure of materials in a narrow time domain.
The TEM results of time-dependent growth and selected-area
electron diffraction (SAED) of a series of PCOH samples are shown
in Fig. 2 . After one minute irradiation, the 25-nm tertiary structure
assembled by fine, light-contrast particles (< 5nm of diameter,
indicated by the red arrow in Fig. 2a) can rapidly form. The absence
of ring patterns in the SAED results shows the amorphous nature
at this stage. After the UV exposure for 5 min (Fig. 2b), these fine
particles disappear and completely merge into the spherical
assembly with the enlarged diameters of 50nm but still
amorphous. Compared to the 5-min samples, the materials
obtained after 15-min irradiation exhibit the denser assembly
(the darker TEM contrast) with the diameters of tertiary structure
~75nm and the slightly improved crystallinity (Fig. 2c and the
inset). With further proceeding of the photochemical reaction to
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Fig. 3. The CVs of PCO modified electrodes with 1mM hydrogen peroxide in
phosphate buffer solution (PBS). (a) The CVs of PCO samples with different
photochemical-synthetic time of 15min (blue line), 45 min (green line), 2 hours
(PCO-2H, red dash line), and 8 hours (PCO-8H, blue dash line). (b) The CV results of
PCO-2H in the presence of H,0, over a concentration range from 0.0 to 2.0 mM at a
scan rate of 50mV s~ '. The insets represent the corresponding calibration curves
based on oxidative signals at 0.5V (black curve in the right-bottom inset) and
reductive signals ones at -0.7 V (red curve in the upper-left inset). (c) The CV results
of PCO-8H with different concentrations of H,0,. The insets show the
corresponding calibration curves based on oxidative signals at 0.5V (black curve
in the right-bottom inset) and reductive signals ones at -0.7V (red curve in the
upper-left inset).

45min, the samples show the even darker contrast and the
enlarged diameters around 200 nm (Fig. 2d). The appreciable ring
patterns can be observed (the inset of Fig. 2d), demonstrating that
the crystallization of CoOOOH phase gradually occurs after 45 min of
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Fig. 4. The electrochemical studies of PCO-8H for H,0, bifunctional detection. (a) The anodic amperometric responses with the successive injection of H,0, at 0.5 V. (b)
Comparison of the anodic calibration curves (red line) from (a) with that of commercial Co304 (black line). (c) The cathodic amperometric responses at -0.7 V. (d) The
comparison of cathodic calibration curves (red line) from (c) with that of commercial Cos04 (black line).

photochemical reaction. After 2-hour synthesis (PCOH-2H), the
flake-like features on the surface become clearly visible and
crystalline without the significant growth of diameters (Fig. 2e).
PCOH-8H shown in Fig. 2f demonstrates the further development
of the secondary structure of nanoflakes, rather than the growth of
the tertiary structure. These results may indicate that the
secondary structure of nanoflake is thermodynamic-favored
products, and the controls of nanostructures can be achieved.

3.2. Bifunctional sensing of H>0,

To study the optimal performance of the photochemically
synthesized materials for electrochemical sensors, we focused on
PCO samples due to their superior activities that come from the
mixed-valency nature [15]. The H,0, sensing activities of PCO
samples significantly depend on the reaction time of photochemi-
cal synthesis. The cyclic voltammograms (CVs) in Fig. 3a show that
all PCO-modified GCE electrodes exhibit much stronger ampero-
metric signals in both H,0, oxidation (anodic currents at 0.5 V) and
reduction (cathodic ones at -0.7V) than bare GCE, clearly
demonstrating the electrocatalytic activities of PCO. In general,
the samples prepared with the prolonged reaction time result in
the increase of both anodic and cathodic currents, capable of
performing bifunctional H,0, detection [27]. Particularly, the
superior reductive currents of PCO-8H (green line) to other PCO
materials demonstrate the greatest H,O, reduction activities. In
addition, we observed the additional reduction peak at -0.45V in
PCO-8H, corresponding to the reduction signal of molecular

oxygen (Fig. S-2). This may imply the potential applications of
PCO as catalysts for oxygen reduction reaction (ORR) in fuel cells or
metal-air battery [38].

The CVs of PCO-2H show the increase of oxidative signals with
the higher H,O, concentrations (Fig. 3b). The corresponding
calibration curves of the insets demonstrate the easy saturation of
reduction currents (at 1mM of H,0,) than the oxidative ones.
Together with the results of Fig. S-2, the reductive signals at 0 mM
H,0, could be due to the oxygen reduction, as no pre-deoxygen-
ation was conducted. In contrast, for PCO-8H in Fig. 3c, the
oxidative signals quickly saturate with 0.5mM of H,0,, yet the
systematic increase of reduction currents (at -0.7 V) along with the
increased concentrations of hydrogen peroxide. The bifunctional
sensing behaviors between PCO-2H and PCO-8H show the
completely different trends. In addition, the BET surface area
measurement shows the nearly identical specific surface areas of
these PCO samples (50-54m?/g). With the minor difference of
surface areas, the bifunctional-sensing activities may closely
associate with the secondary structures. Serebrennikova and Birss
have reported the electrochemical growth of hydrous oxides (e.g.
Co and Ni) by injection/expelling of ions [39-41]. The occurrence of
this process may also involve the change of the mixed valence of
Co>*/Co®* in PCO, potentially contributing to the modulation of
sensing activates.

With the greatest amperometric responses of PCO-8H than
others, we further evaluated its bifunctional detection perfor-
mance. Both the oxidative (0.5 V) and reductive (-0.7 V) ampero-
metric responses show the stepwise current increment with the
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successive step change of H,0, concentrations (Fig. 4). The
oxidative responses exhibit the amperometric changes at begin-
ning with the addition of 5 M of H,0, (Fig. 4a), but suffering
from the current saturation with the later increase of H,0,
concentrations to around 0.35 mM. The corresponding calibration
curve in Fig. 4b reveals the linear range of 0.005 to 0.35mM
(R%?=0.995) with the high sensitivity of 6.4 wA/mM, ~3380 times
greater than commercial Co304 (black line in Fig. 4b). The
detection limit of 0.7 wM was obtained with a single-to-noise
ratio of 3, even lower than the reported binary cobalt oxides [21].
The cathodic responses at -0.7 V (Fig. 4c) also show the steadily
increase with respect to the successive addition of H;O,. The
relatively large detection limit of 6.4 wM (S/N=3) indicates that
the reduction signals are less sensitive compared to the oxidative

) —
Tee (i)
@=Co*ions

ones. Fig. 4d demonstrates the calibration curve of cathodic
responses with the linear range from 0.25 to 35 mM (R?=0.998).
The cathodic sensitivity is 0.95 wA/mM (2.7 times greater than
commercial Co304), much smaller than that of the anodic one. The
comparison of PCO-8H with the reported sensors, based on metal
nanoparticles and hybridizing electron-transfer mediators, is
summarized in Table S-1. In addition, PCO samples show the high
stability and anti-interference capability in the presence of UA,
AA, DA, AP and glucose for practical sensor applications (see
Fig. S-3).

The combination of bifunctional signals of PCO-8H greatly
extends the sensing capability. For example, the H,0, oxidation
mode has the higher sensitivity and lower detection limit than the
reduction one. When the situation is to detect highly diluted

Scheme 1. The illustration of nanostructure development of PCOH materials by the photochemical synthesis. The first stage (i) represents the rapid formation of ultrafine
particles (yellow dots) from aqueous cobalt ions (pink dots), and these ultra-fine particles merge into the spherical aggregations. The second stage (ii) shows the growth of
both fine particles and aggregations. In the final stage (iii), the structural reorganization occurs via the transformation of smooth surface into 3D nanoflake structure.
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concentrations of hydrogen peroxide (micromolar scale), one
should use oxidation signals. On the other hand, the reduction
mode is a more suitable choice if the detection concentrations are
in a range of tens of millimolar. The linear range of H,0O, oxidation
is 0.005 to 0.35mM, while that for reduction signals is 0.25-
35 mM. These two ranges overlap in 0.25-0.35 mM, suggesting that
the theoretically quantitative analysis can be extended ranging
from 0.005 to 35 mM by switching between the two modes. Such
the wide detection range of single-component PCO-8H is greater
than the reported multi-component composites [26,27,42-44].

3.3. Green synthesis of PCO by solar energy

Based on the success of UV-assisted photochemical synthesis,
we attempted to utilize sunlight as a green energy source to
produce PCO electrocatalysts. For the uniform light flux and
controlled temperatures under sunlight, the synthesis was
conducted under the sunlight irradiation for 2 hours rather than
8 hours. The mixture of precursor solution was placed under
sunlight for two hours (11:00 to 13:00 of days in July). The as-
produced samples (Solar-2H) show the spherical morphology
(Fig. 5a) with the relatively smaller diameters (~ 50 nm) compared
to that of PCO-2H. Solar-2H exhibits the similar capability for
bifunctional detection in the presence of H,O (Fig. 5b), where both
the anodic and cathodic currents are higher than the blank
conditions. Solar-2H also displays the higher activities than
commercial Co304 (Fig. 5¢). The cathodic and anodic signals of
Solar-2H are enlarged as the increased concentrations of H,0, (0-
2 mM), showing a similar sensing activity to PCO samples (Fig. 5d).
The significant increase of the anodic currents of Solar-2H with a
typical catalytic shape of the CV clearly indicates the catalytic
oxidation of H,0,. This direct synthesis of nanomaterials solely
using solar energy reveals the new concepts for green synthesis of
high-performance electrocatalysts.

3.4. Material formation of photochemical synthesis

To study the formation mechanism of this process, we added a
radical trap reagent (TEMPO) in the reaction mixture for the
photochemical synthesis. The resultant mixture exhibits the
orange color and no material formation after UV irradiation for
8 hours (Fig. S-4), indicating that PCOH formation depends on free
radical mechanism. In the presence of radical trap reagent, TEMPO
consumes the photo-generated radicals of SO,°~ and thus hinders
the formation of PCOH. This is different from the reported study
showing that photochemical synthetic CoOOH needs the presence
of Co-halide bonds [14]. The formation processes may go through
the ultraviolet photolysis of aqueous persulfate ions to yield highly
oxidative SO4°~ as the following equation [33]:

2C02%*(aq)+250,4° (aq) — 2CoO0H(s) + 25042 (aq)+6H*(aq) (1)

Although the detailed correlation between bifunctional sensing
activities and hierarchical nanostructures remains unclear, the
results indicate growth mechanism of the secondary structures
may play the key roles. As shown in Scheme 1, the material growth
begins with the first stage of generating amorphous, metastable
products without a stoichiometry for specific phases. In the second
stage, roughly ranging from 15min to 2hours, elemental
condensation and crystallization may gradually occur with the
tertiary structure enlargement. Finally, the development of the
extrusive nanoflakes may lead to the high degree of catalytic
surface exposure. Furthermore, the phase transformation of the
well-crystallized secondary structure may yield the electro-
catalytic-active defects and/or vacancies, beneficial for the
enhanced catalytic performance [45].

4. Conclusion

Photochemical synthesis has been successfully demonstrated
as an effective and green route to produce bifunctional electro-
catalysts of cobalt oxides with a wide detection range (0.005-
35 mM). The bifunctional-sensing performance highly depends on
development of the secondary structures. Controlled synthesis of
specific metastable phase, nanostructures, and complex compo-
sites by photochemical routes may be amiable for the future design
of new electrocatalysts. Further extension of this free radical-
mediated photochemical preparation for diverse nanomaterials is
actively pursuing.
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