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ARTICLE INFO ABSTRACT

Keywords: The 2D semiconductors are important players in environmental and energy fields due to their unique catalytic
Cobalt thifC‘Xide and physical properties defined by their dimensionality. Versatile functionalities on one 2D matrix will enlarge
Cobalt oxide its application scopes but require dedicated engineering paths. In this work, we present a cross-dimensional
Photocatalysis

strategy by decorating OD Co304 onto 2D Co(OH); to form a multifunctional photocatalyst. The one-pot hy-
drothermally synthesized Co304@Co(OH), composite is capable of degrading polystyrene microplastics with an
efficiency of 40% under 0.495 W white LED illumination. In a separated experiment, Hy evolution reaction from
water splitting was evaluated in absence of sacrificial agents leading to 43 pmol g~ and to an apparent quantum
efficiency of 3.48% at 420 nm. The study of the energy band diagrams by UV-Visible and ambient photoemission
spectroscopy and the analysis of the radicals involved in the reaction of photocatalytic degradation allow to
unveil the mechanisms for both the processes herein studied. Finally, we could confirm that the heterostructure
benefits the redox potentials of 2D and 0D counterparts and facile electron transfers when crossing two different
dimensions. These results provide guidelines and inspiration for cross-dimensional activations of low-
dimensional materials for versatile functionalities.

Microplastic degradation
Hydrogen evolution reaction

1. Introduction than 5 pm [3], are some of the most worrying water contaminants [4].

The accumulation of these particles in oceans represents a great threat

Two of the biggest issues hampering human’s development are
pollution and energy crisis. Despite numerous efforts, tackling the pol-
lutants in wastewater associated with industrialization and urbanization
also consumes energies, within which a large portion exist in unsus-
tainable forms. Photocatalysis, utilizing light and photocatalysts, have
been considered as a key alternative that may result in simultaneous
remediations of pollution and clean solar fuel production [1]. Apart
from “infinite” solar energy for human’s proposal, photocatalysis
heavily relies on the catalytic media, the photocatalysts [2]. In addition,
differently from hydrogen evolution with the hydrogen as the targeted
product, the pollutants surrounding human varying in species and
chemical forms yet require specifications of their occurrence and
hazardousness.

Microplastics (MPs), defined as plastic particles with a size lower
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for the marine life ecosystem, due to their possible accumulation in fish
organs and the consequent introduction in the food chain with scary but
not yet clear consequences [5,6]. For these reasons, different methods
have been applied for the degradation of these tiny but dangerous spe-
cies. One of the possible approaches for avoiding the increase of these
entities in natural environment is the photocatalytic degradation [7]. Up
to now, the photocatalytic degradation of MPs has been reported on
wide bandgap semiconductor matrices, e.g., TiOy and ZnO [8-11].
Despite the bandgap configurations are not in favour of visible light
absorption, these oxide matrices require dedicated modifications to
reach efficient MPs removals [12,13]. The new era of discoveries is
pushing to explore narrow bandgap materials, in the visible range, to
enable a wider solar irradiance activity in the urgent MPs remediation.

The uniqueness of 2D semiconductor materials, such as graphene,
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MoS; or BN, and their different chemical-physical properties compared
to their 3D counterparts are well-known. One of their most studied
features has been the bandgap and the possibility of engineering it by
changing the number of layers composing the materials [14]. Since 40%
of sunlight is visible light, 2D materials might represent the new class of
visible-light active photocatalysts, by tuning their optical properties.
Furthermore, 2D materials will be endowed with higher surface areas
compared to the bulk and this will allow to design the right catalyst and
increase its applicability in photocatalysis [15,16]. The latter can be
ensured also by the synthesis of composites of different photocatalysts,
as a solution to the undesired electron-hole (e -h™) recombination [17].

Among several catalysts, cobalt compounds have been known for
their exceptional magnetic and electrical properties, which led to a wide
use of this metal in supercapacitors and batteries [18-26]. Moreover,
cobalt has drawn the attention as main metal in different catalytic sys-
tems, especially for catalyzing organic reactions [27-33], oxidation re-
actions [34-43], and water splitting reaction [44]. The high electron-
capture efficiency of cobalt makes its compounds active in several
electrocatalytic [41-43,45-49] and photocatalytic reactions [50-54].
Belonging to one of the representative 2D families [55], Co(OH), has
been widely used for electrocatalysis [56-58] and identified active also
in photocatalytic OER [59], theoretically accomplishing only half of the
water splitting. The use of suitable counterparts to construct a hetero-
structure system allows to decrease the e -h" recombination by
improved charge-carrier separation. Co304 is a possible counterpart for
its previously reported activity in hydrogen evolution [60,61]. The
possibility to combine it with the 2D hydroxide counterpart has been
demonstrated through one-pot hydrothermal synthesis and super-
capacitor electrodes were constructed [62]. Furthermore, both Co304
and Co(OH), possess bandgaps in visible light, 2.2 eV [63] and 2.3 eV
[64], respectively. Proper engineering them into one composite may
lead to new openings of photocatalytic MPs removal along with
hydrogen evolution.

Herein, we present the combination of Co304 nanoparticles with 2D
Co(OH); slabs to form a dual-functional Co304@Co(OH); photocatalyst
for MPs removal and hydrogen evolution under visible light. Two cobalt
components of the composite can be varied and combined by modu-
lating the synthetic conditions in the facile one-pot hydrothermal syn-
thesis. The synthesized Co304@Co(OH), represents the first example of
composite active in the photocatalytic degradation of polystyrene (PS)
MPs in water, meanwhile the hydroxide Co(OH); and the oxide Co304
had no activity in the above-mentioned reaction. A MPs weight loss of
40% was achieved upon 9 days of white-light LED irradiation. Moreover,
the composite also showed activity in the photocatalytic hydrogen
evolution in a separate experiment with an apparent quantum efficiency
(AQE) of 3.48% at 420 nm without involvements of any scavenger or co-
catalyst. The superior activity of the 0D@2D Co304@Co(OH) is due to
improved charge separation upon type-II heterostructure composite
formation, which was demonstrated by measurements of photocurrent
in constructed films, work function by Kelvin probe, and energy bands
by ambient photoemission spectroscopy (APS) and UV-visible (UV-Vis)
spectroscopy, confirmed by density functional theory.

2. Experimental
2.1. Preparation of catalysts

All chemicals were purchased with analytical grade from Sigma-
Aldrich and used without further purification. Co(NO3),-6H;0 (0.5
mmol) and polyethylene glycol-6000 (PEG-6000) (0.5 g) were stirred in
H20 (20 mL) for 30 min. Afterwards, aqueous NaOH (10 w/v%) was
added dropwise to reach the desired pH values in order to yield the
oxide, hydroxide or combination of them in the heterostructure form
(pH = 9 for Co304, pH = 12 for Co304@Co(OH); and Co(OH)3). Then,
the solution was stirred for 10 min. Next, the mixture at the correct pH
value was introduced in a Teflon-lined stainless-steel autoclave and

Chemical Engineering Journal 471 (2023) 144569

underwent hydrothermal treatment for 24 h at different temperatures:
140 °C for Co304@Co(OH); (pH = 12) or 180 °C for Co304 (pH = 9) and
Co(OH); (pH = 12). Subsequently, the autoclave was naturally cooled
down to room temperature. The dispersion was centrifuged at 3000 rpm
for 40 min and then washed with water and ethanol (twice) and each
time centrifuged at 3000 rpm for 40 min. Finally, the obtained solid was
dried under vacuum overnight and characterized by different techniques
(see SI Section 1.1).

2.2. Microplastic photodegradation

The PS MPs suspension was purchased from microParticles GmbH,
with a concentration of 5 mg/mL and an average diameter of 0.9 pm. In
a typical reaction, the catalyst (4 mg) was added to an aqueous sus-
pension of PS MPs at a concentration of 2.5 x 10~2 w/v%. Then, it was
irradiated under stirring for 9 days with a white-light LED (0.495 W) in a
photoreactor Perfect Light PCX50B. The MPs photocatalytic degradation
was evaluated by scanning electron microscopy (SEM). The formation of
products from the degradation of the plastics was evaluated by liquid
chromatography-mass spectrometry (LC-MS). The latter was performed
using a Waters Synapt G2 HDMS Q-Tof system equipped with an ACQ-
UITY UPLC® BEH C18 1.7 pm column (2.1 mm x 100 mm).
CH3COONH4 (10 mM) and CH3CN were used as mobile phase with a
flow of 0.2 mL/min and composition of 50% of CH3COONH, for 5 min,
decreased to 5% for the following 5 min.

2.3. Hydrogen evolution reaction experiments

In a typical reaction, HoO (10 mL) was placed in a quartz reactor with
the catalyst (8 mg). The solution was kept stirring in dark conditions for
1 h while purging with argon. Then, it was irradiated under stirring for 6
h with a white-light LED with a power of 0.495 W in the Perfect Light
PCX50B. The H;, production was evaluated by gas-chromatography (GC)
using an Agilent 8860 GC System, equipped with a split/splitless inlet, a
TCD detector and a capillary column CP-Molsieve 5 A25m x 0.53 mm
x 50 pm.

3. Results and discussion

This section includes detailed results and investigations of prepared
samples and their photocatalytic functionalities. The characterization
results are presented in Section 3.1 to have a comprehensive under-
standing of sample properties, such as morphology, crystal structure,
chemical compositions, and band energy diagram. To probe the possible
photocatalytic capability, the optical and photoelectrical responses are
studied and detailed in subsection 3.2. The photocatalytic activities and
mechanistic studies are shown in the last subsection 3.3. First, results for
MPs degradations and hydrogen evolution are quantitatively given.
Then the density functional theory calculation was performed and
elucidated to probe composite’s electronic structures which are crucial
for mechanistic studies. Finally, based on experimental determinations
and DFT results, the photocatalytic mechanisms are elucidated for the
MPs degradation, hydrogen evolution, and the connections between
these two processes.

3.1. Characterization of Co304@Co(OH)2

The Co304@Co(OH), composite was synthesized by a hydrothermal
method and the structural and chemical-physical properties were
characterized by high resolution-transmission electron microscopy (HR-
TEM), powder X-Ray diffraction (PXRD), and X-ray photoelectron
spectroscopy (XPS). Fig. 1a and S1 show the TEM and SEM images,
respectively. The obtained material exhibits form of cubic nanoparticles
of Co304 supported on hexagonal nanoplates composed by Co(OH),.
The selected area diffraction (SAED) pattern shown in Fig. 1b confirms
the presence of both compounds in the composite. Co(OH); is oriented
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Fig. 1. (a) TEM micrograph of Co30,4@Co(OH), and (b) SAED pattern, in red for Co(OH), and in blue for Co304 and (c) HR-TEM micrograph of Co304@Co(OH)»
(yellow lines represent the interfacial region). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

on the (001) plane and Co304 on the (111) plane, showing a hexagonal
phase too. The presence of double spots in the SAED is related to the
continuous growth of Co304 under the electron beam, when using high
resolution. Consequently, the SAED pattern suggests that the nano-
particles are keeping the same phase of the hydroxide, due to the
oxidation process of Co(OH), [65], which is expected to be enhanced
under the electron beam. This is also confirmed by the analysis of the
lattice fringes of the two components by HR-TEM. Fig. 1c¢ shows that in
both cases the distances are ~ 4.7 A, This value agrees with one for the
(001) plane of p-Co(OH);, [66]. On the other hand, it differs from the
previously reported value of 2.8 A for (220) plane of Co304 [67], but
related to (111) plane of the oxide. Not only does the HR-TEM image
confirm a different crystallization orientation for Co3O4, directly
connectable to the diffraction pattern of the pristine Co(OH),, but also
the presence of a strict relation between the two components of the
composite. Indeed, an interphase is present between the two bonded
cobalt-based compounds as marked between two dashed yellow lines in
Fig. 1c, acknowledging the presence of a phase boundary between the
hydroxide and the oxide [68]. It is noted that a higher resolution TEM
image than the current one is not feasible in the current setup due to
radiation damage of the hydroxide by the electron beam at a high
voltage and long exposure time as shown in Fig. S1b.

The occurrence of the two compounds in the material was confirmed
by PXRD, as shown in Fig. S2a, by comparing them with the simulated
results. A total absence of amorphous phase is detected and the typical
peaks associated to the pure compounds, i.e., the brucite-like Co(OH),
and the spinel Co304, are visible. Indeed, the peaks at 22.3°, 37.8°,
44.2°, 45.2°, 60.2°, 68.4°, 72.9°, 81.2° and 83.0° can be indexed to the
(001), (100), (101), (002), (102), (110), (003), (200) and (103)
planes of Co(OH),, respectively [69]. On the other hand, the 36.2°,
42.9°, 65.6° and 77.5° are indexed to the (220), (311), (400) and
(440) planes of Co304, respectively [67]. Furthermore, by using the RIR
(reference intensity ratio) method it was possible to preliminarily
quantify the ratio between Co304:Co(OH),, which was found to be
1.5:8.5.

The 0D@2D feature of the Co304@Co(OH); composite was
confirmed in microstructural and morphological characterizations. It
was noticed that the XRD peaks are broadened in the Co304@Co(OH),
composite, compared with the simulated results in Fig. S2. The broad-
ening is a typical feature of the nanocrystalized materials. The average
nominal size for the Co304 nanoparticles was calculated from Fig. S3 to
15.01 nm through the TEM image of Fig. 1a, denoting a rather small size
of the oxide enabling its categorization as 0D nanoparticles [70]. It is
noteworthy that the nominal size of the nanomaterials is generally
larger than the mean crystalized size [71], despite the latter is hardly

obtained here due to the XRD peaks low intensity and the partial over-
lapping with these from hydroxides. By HR-TEM in Fig. S4, the thickness
was calculated as ~ 9 nm, corresponding to around 20 layers. In fact, the
thickness proves the 2D feature of hydroxide whose nanosheets are
consisted of few layers.

Moreover, we demonstrate that it was possible to obtain pure oxide
and hydroxide by modulating the reaction conditions. The samples
prepared at the temperature of 180° but at different pH values of 9 or 12
exhibit pure oxide or hydroxide structures, as confirmed by the PXRD
analysis in Fig. S2b and Fig. S2c. As in the composite, the pure Co(OH),
presents a hexagonal symmetry in form of nanoplates with a similar size
distribution to the plates in the heterostructure (Fig. S5 and S6). In
addition, Co304 could be synthesized in form of nanocubes (Fig. S7) by
changing the pH to 9.

Fig. 2a—c and Fig. S8 display the XPS spectra of the samples in the Co
2p region and as total surveys, respectively. As described in the litera-
ture, the spectrum of cobalt presents two sets of signals related to the
spin-orbit splitting into 2p; 2 and 2ps,2, which are also accompanied by
satellite peaks [72]. The Co 2p3/, binding energies are summarized in
Table S1. It is noticed that the as-synthesized Co304@Co(OH); presents
features closer to Co(OH),. However, in Fig. 2a—c it is evident that the
ratio between the signal at 780.0 eV and the one at 782.0 has decreased.
Indeed, the peak at 780.0 eV is related in Co304 to the Co®* and the
enhanced feature of this peak might indicate the presence of Co>*.
Additionally, synchrotron radiation-based X-ray absorption spectros-
copy (XAS) was used to further demonstrate the presence of the heter-
ostructure. Fig. S9 shows that the pure Co(OH); was converted into
Co304 by the intensive X-ray radiation. However, a shoulder at 778 eV
was recorded for the Co203@Co(OH), composite, and can be assigned to
the XAS feature of the octahedral Co®' in Co(OH), [73]. This demon-
strates the beneficial role of the composite, where Co(OH), is more ra-
diation resistant, making the analysis possible by this technique. This is
differently from the pure Co(OH),, where the typical feature at 778 eV
was extremely diminished and the compound was almost totally trans-
formed to Co304.

3.2. Optical and photoelectric properties of Co304@Co(OH)2

The optical and energetic properties of the materials were deter-
mined by UV-Vis spectrophotometry and APS. Fig. 2d underlines the
presence of the d-d transitions of Co?" around 500 nm [54] and a band
around 800 nm [74]. In addition, the Tauc plots (Fig. S10) allow to
calculate the bandgaps of the materials as 1.70 eV for Co304 and 1.93 eV
for Co(OH),. The valence band edge (E,) values were determined by
APS, and the Fermi levels (Ep) were taken from the equilibrium dark
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Fig. 2. High-resolution XPS spectra in the Co 2p region of (a) Co304@Co(OH),, (b) Co304 and (c) Co(OH),. d) UV-Vis spectra of Co304@Co(OH),, Co304 and Co
(OH), in water suspensions. €) APS of Co304@Co(OH),, Co304 and Co(OH),. f) Fermi levels of Co304@Co(OH),, Co304 and Co(OH), obtained by Kelvin probe

measurements.

work function values measured by Kelvin probe [75]. Consequently, the
conduction band edge (E.) values of the materials were calculated from
the E, values and the optical bandgaps of the semiconductors. As showed
in Fig. 2e, the E, for Co304 and Co(OH), were measured at —5.12 eV and
—5.46 eV, respectively, in good agreement with previous reports
[76,77]. Taking into account the Fermi levels, Co304 is almost an
intrinsic semiconductor, while Co(OH), is a n-type semiconductor (see
Fig. 2f and Table S2). The deeper Eg of Co304 (—4.15 eV) compared to
the Er of Co(OH), (—3.86 eV) will result in the formation of a downward
(towards Co(OH)») interfacial band bending, i.e., electric field, after
Fermi level alignment. Such interfacial band bending is expected to help
charge separation in the composite by driving the photogenerated e~
towards Co(OH), and h™ towards Co30y4.

The (photo)electrochemical properties of the materials were studied
by transient photocurrent measurements and electrochemical imped-
ance spectroscopy (EIS) (Fig. 3a,b). The photocurrent curves in Fig. 3a
give insights into the charge separation ability of the materials. Upon
illumination the Co304@Co(OH); reaches a photocurrent density of
0.09 pA/cmz, higher than those of Co304 and Co(OH),, 0.07 and 0.03
pA/cm?, respectively. Overall, the decay in the photocurrent curve is
definitely diminished in the case of the composite, showing the
enhanced charge separation of the e "-h™ pairs in the case of Co30;,@Co
(OH),. In addition, EIS in Fig. 3b allows to visualize another relevant
feature of the composite, i.e., the resistance of the material. The fitted
curve radius of Co304@Co(OH); is the smallest among all the three
cobalt compounds which means that Co304@Co(OH); has the lowest
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Fig. 3. (a) Chopped-light photocurrent responses and (b) EIS of Co304@Co(OH),, Co304 and Co(OH)s.

resistance for charge transfer, referred as R in the inset equivalent
electric circuit model shown in Fig. 3b. R.; was calculated to 3.2 x 10°Q/
cm? for the heterostructure while the values for the oxide or hydroxide
could not be obtained for the rather large radius. Furthermore, the
semicircles are not available in the current EIS measurements, as
commonly observer in other impedance spectroscopic studies of pho-
tocatalysts [78,79]. Taking into account all the above-mentioned char-
acterization of the composite, the synthesized Co304@Co(OH), presents
superior properties for photocatalytic activity compared to its pure
Co304 and Co(OH); components.

3.3. Photocatalytic activity of Co304@Co(OH)2 and mechanism

3.3.1. Photocatalytic activity

The photocatalytic degradation of MPs in water under white-light
LED using the heterostructure Co304@Co(OH), was evaluated and
compared with those of the pure components, Co304 and Co(OH),. The
weight loss (WL) of the MPs collected in a microporous membrane (see
SI) was first considered. Co304@Co(OH), achieved a MPs WL% of 40%,
higher than previous reports with different photocatalysts such as TiOy
[80,81] and pure Co304 and Co(OH); with WL% of 25% and 12%,
respectively.

The photocatalytic degradation of the polymer was also evaluated by
SEM, i.e., by analyzing the changes in morphology and size of the MPs.
As shown in Fig. 4, the morphology of the MPs changes quite drastically
from spherical shapes to irregular ones upon photocatalytic degradation
in presence of Co304@Co(OH),, but the spherical shape is kept upon
using Co304 and Co(OH),. The changes in morphology are also reflected
in the measured diameters. The MPs diameter distribution gets smaller
and broader upon using Co304@Co(OH)s: its center decreases from 0.91
to 0.81 pm and the full width at half-maximum increases from 0.05 to
0.46 pm (Fig. 4). However, Co304 and Co(OH), do not affect much the
MPs diameter distribution, only Co304 slightly decreases it to 0.83 pm.
Comparing the distribution of the MPs on silicon wafer at small
magnification (Fig. S11), the lower amount of particles is noticeable in
the case of Co304@Co(OH)a, in great accordance with the higher weight
loss obtained in this case. By comparing the samples obtained after 3
days and 9 days of reaction, Fig. S11 also shows a decreased amount of
MPs upon photocatalytic process, especially pronounced in the case of
Co304@Co(OH),. Control experiments were conducted in order to
confirm the relevance of both the photocatalyst and the light source.
Indeed, the morphology and size of the MPs were not changed in the
controlled experiment where the suspension of Co304@Co(OH), and
MPs was kept in dark (Fig. S12). Additionally, they were not affected by
photolysis in absence of the heterostructure (Fig. S12).

Samples obtained at shorter reaction times allow to understand the
higher activity of the composite, compared to the pure components.
After 3 days the catalyst Co304@Co(OH), covers almost completely the
MPs, while Co304 and Co(OH), are more dispersed (Fig. S13), which
might be related to the higher activity of the composite in the degra-
dation. In addition, energy dispersive X-ray (EDX) mapping and point
analysis show the increase of oxygen in the MPs after degradation, as
shown in Fig. S14. The presence of O cannot only be explained by the
proximity of Co-oxygenated species, but indicates the formation of new
oxygenated groups on the surface of the MPs, demonstrating the success
of the oxidative processes at the MPs [9,82]. The morphological de-
terminations of the MPs infers that the photocatalytic removal of MPs
undergoes several stages. First, Co304@Co(OH); was attached to the
MPs, as visibly seen in the SEM images in Fig. S13. Under the light
irradiation and in presence of the heterostructure, the MPs were pho-
todegraded, leading to a coarse surface as seen in Fig. 4. The attachment
of the composite on the MPs is in favor of a continuous degradation
process, as the incident light absorbed by the composite will create
radicals [83]. Over the photocatalysis time, part of MPs is removed,
leading to a smaller average size but with a broader distribution
(Fig. 4d). The change of the morphology is in line with the degradation
rates. A larger morphologic difference between MPs before and after
photocatalysis refers to a higher degradation rate, with the Coz04@Co
(OH), topping at 40 wt%. To further confirm the degradation of the MPs,
LC-MS analysis was performed and, despite the very low concentration,
a molecule with m/z = 167 was identified, as shown in Fig. S15. This
small fragment might come from the degradation of the 1,4-diphenyl-2-
butanol, which represents a common product obtained from the
degradation of PS [84]. To prove that also solar light could degrade the
MPs, we also performed an experiment with a solar simulator, which
brought to the degradation of MPs as shown in Fig. S16.

By preparing a suspension of Co304@Co(OH), (8 mg) in water, it was
possible to observe hydrogen evolution upon white-light LED irradiation
(Fig. 517), with a H, production of 43 pmol g 1. An AQE of 3.48% for H,
evolution was calculated at a wavelength of 420 nm, and this decreased
for larger wavelengths following the light absorbance of the composite
(Fig. 5). On the other hand, the isolated compounds Co304 and Co(OH),
did not show any activity towards generation of Hy. Photocatalytic test
of simultaneous MPs degradation and hydrogen evolution was also
performed. Despite observation of MPs degradation, no Hy could be
detected.

Recyclability tests were also performed. Due to the attachment onto
the MPs as shown in Fig. S11, the cobalt composite cannot be recycled
after photocatalysis. Thus, the recyclability was only tested for hydrogen
evolution (Fig. S18), showing similar activity in the second cycle and
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only a decrease of activity in the third cycle (Fig. S19). We further
performed leaching test of Co via inductively coupled plasma optical
emission spectroscopy (ICP-OES). A value of 4 mg L™! was obtained,
which represents the 1.25% of the Co in the reaction. The rather small
leaching amount is in accordance with Co-based catalysts used in
aqueous conditions [85], and might be attributed to the error of the
centrifugation procedure for the removal of the solid catalyst after
reaction.

3.3.2. DFT studies

The composite Co304@Co(OH), was constructed using a cubic
normal spinel structure Co304 crystal and a hexagonal layered hydrox-
ide p—Co(OH), crystal, as shown in Fig. 6. The conventional unit cell
parameters for pristine Co304 and Co(OH), were optimized first and
found to belong to the Fyqsn and Psy) space groups, respectively, in
agreement with the XRD patterns. The lattice constants were calculated
toa:b:c:8.3591°\,(x:[3:y:90° for the cubic Co304,anda=b =
3.187 A, ¢ = 4736 A, a = p = 90°, y = 120° for the Co(OH)s,

respectively. Estimated lattice constants are slightly larger than the
experimental results, which is typical of the generalized gradient
approximation (GGA) functional [66,86-89].

The composites formed by Co(OH); (001) and Co304 (111) planes
were built based on the results given by the HR-TEM. Both Co(OH),
(001) and Co304 (111) layers show the same hexagonal phase, making
the later alignment stages easier. Over 20 initial Co304@Co(OH)y
composites with interfaces composed of different types of atomic layers
were built for further optimization since both Co304 and Co(OH)y
crystals are composed of anisotropic structures. All atoms were fully
relaxed during the geometric optimization.

Fig. 6 illustrates the most stable structure of Co304@Co(OH), com-
posite standing out from other candidates. The whole composite con-
tains 164 atoms including 32 H atoms, 80 O atoms, and 52 Co atoms. The
xy-plane lattice constant of the heterojunction is a = b = 6.165 A. The
interface of the heterojunction is closely bonded with each other
through the O surface of Co304 and Co surface of Co(OH);,, The average
bond lengths of Co-O at the interface is 2.04 A, between the Co-O bond
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Fig. 6. Optimized crystal structures of the pristine Co(OH), and Co304, and of
the Co30,@Co(OH), heterojunction. The gray color represents the interface.

length of the pure Co304 with 1.98 A and the Co(OH), with 2.10 A. The
strong interactions at the interface obtained from DFT calculations
verify the successful experimental synthesis of the heterojunction with
XRD and SEM analysis.

Moreover, Fig. S20 suggests that the CB of Co3O4 is the original
location in the heterostructure for the electrons after irradiation. While
the negative-charged carriers will move through the interface to the CB
of Co(OH),, the h'™ will accumulate at the VB of C0304. These phe-
nomena will allow the charge separation and favor the photocatalytic
reaction, in good agreement with the experimental results (see Section
3.2), which suggested the same pathway for the photogeneration of
charge carriers.

3.3.3. Proposed mechanism

Upon irradiation, an e -h™ pair will be generated, and in the heter-
ostructure charge carriers will migrate to the hetero-sites of proper en-
ergy levels where reduction and oxidation will happen. In the system
herein studied, the energy level measurements and DFT revealed the
presence of an interfacial electric field which helps charge carrier sep-
aration, i.e., e~ at the CB of Co(OH), and h™ at the VB of Co304, as in a
type-II heterojunction [90]. These findings suggest that the reduction
will happen on the Co(OH); and the oxidation on the Co304. Herein we
propose energy band diagrams after contact between the two
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semiconductors composing the heterostructure (Fig. 7a) and mecha-
nisms for the photocatalytic MPs degradation and H; evolution (Fig. 7b
and ¢).

Fig. 7b shows the proposed MPs degradation mechanism. Advanced
oxidation processes (AOPs) are well-known as the basis for the degra-
dation of organic molecules by forming radical oxygen species (ROS),
such as OH* and Os°*~, which can attack the molecules and break the
covalent bonds by cascade oxidative processes [91]. In the case of the
MPs, the radicals can cause the oxidative cleavage of the long polymeric
chain forming the MPs and generate smaller molecules, identifiable by
LC-MS. When using the Co304@Co(OH)2 composite, the superoxide
radical Oy*™ can be theoretically generated from the reduction of O, at
the E. of Co(OH),. Indeed, the formation of the superoxide was verified
by electron paramagnetic resonance (EPR) experiments in Fig. S21,
which shows an increase of the DMPO- Oo*~ adduct by increasing the
irradiation time. Surprisingly, also the hydroxyl radical OH* was
detected by EPR, despite the shallow E, of Co304, which would make
thermodynamically impossible the formation of the hydroxyl radical
[92]. Consequently, the only possible pathway for the formation of this
radical is via the reaction of the superoxide with the protons in solution
[93], as shown in Fig. 7b. To further demonstrate the relevance of AOPs,
radical scavengers were added to the suspension to verify the absence of
degradation when the radicals are quenched. K>CrO4/Ar and i-PrOH
were used to quench Oy~ and OH, respectively [94]. As shown in
Fig. S22, the MPs were preserved when using both the radical scaven-
gers, suggesting that Oy*~ and OH* are both involved in the degradation,
as demonstrated by EPR measurements. Finally, Fig. 7c depicts the Hy
formation favored by the presence of the Co304@Co(OH); composite.
The photogenerated e~ migrate to the E. of Co(OH); and consequently
allow the water reduction to Ha.

The two reduction reactions O,/Oy*~ and H'/H, can happen
simultaneously in both processes studied in this work, i.e., MPs degra-
dation and Hy production. Nevertheless, the former is performed
without purging the system and this will favor the formation of Oy~ due
to a higher concentration of O, in the reaction vessel. On the other hand,
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Fig. 7. (a) Energy band diagrams of Co304 and Co(OH), before and after the
contact. (b) Proposed mechanism of the formation of radicals involved in the
MPs degradation and (c) for the hydrogen evolution reaction promoted by the
Co30,4@Co(OH), composite.
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the Hj production reaction was performed after purging the system with
argon, which led to a negligible amount O, as confirmed by GC. In this
case, the purging procedure ensures a reliable hydrogen quantification
and avoids the reduction of Oy to Oy*~. Thus, Co304@Co(OH), will
improve the formation of radicals in the case of degradation reaction
and will increase the Hy evolution by decreasing the recombination rate
compared to the pure components of the composite. Indeed, the pure
components would not benefit from the separation of charge carriers, as
confirmed by photocurrent measurement, then eventual recombination
would happen, and the reactions described in this work would be un-
likely to occur.

Functionalities and performances of the present photocatalytic het-
erostructures are compared with the recent works based on cobalt oxides
and hydroxides, as tabulated in Table S3. From the Table, the cobalt
oxides and hydroxides have been proven as active catalysts with vast
applications individually in hydrogen evolution or organic dye removals
or combinations of both. Our current result supports the reported works,
and moreover, displays two unique features under visible light irradia-
tion: the removal of persistent MPs and the hydrogen evolution without
any scavenger. These features make the Co304@Co(OH), advantageous
in practical photocatalytic applications.

4. Conclusions

This work demonstrates the suitability of one-pot synthesis of
Co304@Co(OH), semiconductor composites, following a hydrothermal
synthesis under controlled pH conditions. The characterization of the
composite demonstrated that the intimate contact between the two
components of the material positively influenced its photocatalytic
ability. Indeed, photocurrent measurement demonstrated the increase in
charge separation in the composite, compared to the pure components,
and XAS analysis demonstrated a stabilization of Co(OH); in the com-
posite rather than as a pure compound. These improved characteristics
allowed its photocatalytic activity, demonstrated in PS MPs degradation
and hydrogen evolution reaction. In both cases the pure components,
Co304 and Co(OH), did not show any activity for the reactions of in-
terest, due to photoinduced-charge recombination. This Co304@Co
(OH), photocatalyst provides new avenues for the application of semi-
conductor composites in the photocatalytic degradation of MPs, as well
as for its use in hydrogen evolution. Combining its suitability in MPs
removal and hydrogen production, it might represent a good starting
point for the photoreforming of MPs, upon modification of the catalyst.
Moreover, the materials activation routes and mechanistic studies down
to electronic structural level knowledge are hoped to inspire and ratio-
nalize facile preparations and functionalization of active photocatalysts
combining the hydroxide and oxide of the same metal.
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