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Photocatalytic water oxidation by layered Co/h-BCN

hybrids

Mingwen Zhang, Zhishan Luo, Min Zhou, Caijin Huang and Xinchen Wang®

A hexagonal boron carbon nitride (h-BCN) semiconductor was
applied to intercalate cobalt ions to catalyze oxygen evolution
reaction (OER) with light illumination, without using noble
metals. The h-BCN with high specific surface area showed a
strong chemical affinity towards metal ions due to the “lop-sid-
ed” densities characteristic of ionic B-N bonding, enabling the
creation of metal/h-BCN hybrid layered structures with unique
properties. As exemplified here by Co/h-BCN for water oxida-
tion catalysis, after intercalating cobalt ions in the h-BCN host,
the photocatalytic activity of the resultant layered hybrid is
optimized due to their synergic catalysis that promotes charge
separation and lowers reaction barriers. This finding promises
a new nobel-metal-free nanocompsite using cost-acceptable and
earth-abundant sustances for photocatalytic OER, and enables
the facile design of duel catalytic cascades by merging transiti-
on metal catalysis with h-BCN (photo)catalysis for energy and
sustainability.

INTRODUCTION

Solar irradiation provides a clean and unlimited energy re-
source to address energy and environmental issues [1-4].
Photocatalytic water splitting achieved on semiconductor
diodes is facile and sustainable to capture, convert and
store solar photons in a chemical fashion. Since the dis-
covery of the Honda-Fujishima effect in 1972, one of the
central challenges is still related to the search for stable,
efficient, and earth-abundant photocatalysts, in particular
the ones with robust water oxidation activity [5,6]. The wa-
ter oxidation half reaction is the crucial step towards solar
fuel conversion using water as feedstock [7,8], which not
only requires an efficient pathway to bridge the one-elec-
tron photon capture process with the four-electron oxygen
evolution reaction (OER), but also suffers from large kinet-
ic barriers. The development of new semiconductors and
kinetic promoters is therefore actively pursued nowadays,
to liberate oxygen from water while releasing electrons and
protons for fuel generations such as H, production and
CO, reduction [9,10].

The search for new materials has progressed from
metal-based photocatalysts to elemental semiconductors
(G, Si, B'S, B) [11-15] and recently to metal-free binary
materials and polymers, such as carbon nitride [16], bo-
ron carbide [17] and conjugated semiconductors [18-20].
These researches indicate that photon absorbing materials
can be constituted by using lightweight elements such as
carbon, nitrogen, and boron, opening up new opportuni-
ties for the selection of innovative and intriguing materials
for artificial photosynthesis. It is of particular interest that
some of these elements themselves (graphene [21], silicone
[22]) or their combinations (h-BN, g-C,N,) [23] can form
layered structures with reduced thickness comparable to
charge-diffusion distance, and thus if a semiconducting
electronic structure was imparted in these materials, the
fast separation of light-induced charge carrier would sig-
nificantly benefit surface photoredox process that relied
on the excitation and separation of electron-hole pairs and
their subsequent participation in surface chemical reac-
tions [24-26]. An interesting case of such a layered mate-
rial is ternary h-BCN with tuneable band gap energies be-
tween graphene (zero bandgap) and h-BN (bandgap = 5.6
eV) [27], which have the same atomic structure and share
many similar properties. The hybridized phases of the two
two-dimensional (2D) materials by atomic mixture of B,
N, and C with broad composition ranges to create various
layered semiconducting structures would produce new
material functions complementary to graphene and h-BN,
enabling a wide variety of electronic structures, applica-
tions and properties [28-30]. Such an emerging family of
chemically inert and mechanically strong 2D materials
practically allows the bandgap-engineered applications in
heterogeneous photocatalysis by creating a medium-gap
ternary semiconductor, in which the band gap, redox ener-
gy levels, p/n-type properties and surface acid-base chem-
istry can in principle be modulated by rational design and
synthesis [31,32].
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Especially, theoretical and experimental investigations
have indicated that visible light absorption and emission
with tuneable wavelength can be achieved by controlling
the carbon content in (B, N) rich BCN nanostructures,
which then can be considered as metal-free light energy
converters [33-35]. However, the study on this family of
ternary photocatalysts is rather rare, although such mate-
rials fulfil basic requirements of photocatalysts, including
being stable, visible-light responsive, and inexpensive. Im-
portantly, it permits an ample choice of chemical/physical
protocols to engineer surface and bulk structure of i-BCN
to strengthen material functions and even to produce new
properties distinct from graphene and h-BN.

Indeed, surface/interface engineering with metal ions
are encouraged since BCN-based materials feature the
“lop-sided” densities characteristic of ionic B-N bonding,
and the polyelectronic nitride can transfer more electron
density to metal ions [36,37]. They are thus effective for
the adsorption of metal ions, chemically, as highlighted
here by surface engineering via cobalt ions (Scheme 1).
Such strong chemical interaction between Co ions and the
h-BCN matrix provides the possibility of the migration
of photo-induced holes from h-BCN to surface-bonded
cobalt species. Thus, the holes with a measured oxidative
potential of 1.59 V (vs. NHE at pH 7) at the top of the va-
lance band can react with water on the cobalt active sites to
produce oxygen, instead of the accumulation of the holes

on h-BCN. The later always causes charge buildup that
leads to the oxidization of #-BCN by the holes [16].

As our continuous effort to develop sustainable photo-
chemical systems for OER, herein we have applied layered
h-BCN semiconductor to cooperate with cobalt catalysts to
achieve water oxidation reaction with light irradiation. The
h-BCN samples were synthesized by a pyrolysis method
coupled with a gas-phase nitridation under flowing ammo-
nia gas at high temperatures. The obtained yellow h-BCN
materials feature high specific surface area (284 m*g™)
and porous structure even when the thermal treatment is
as high as 1200°C, being valuable host materials for surface
modification and engineering with catalytically, magneti-
cally, and optically active species, for example cobalt cata-
lysts as proposed here. The surface cobalt/h-BCN junctions
thus fabricated can photocatalyze water oxidation reaction,
without the requirement of noble metal catalysts, like RuO,
or Ir,0,.

RESULTS AND DISCUSSION

First, we synthesized the h-BCN sample and performed
characterizations on its crystal, chemical and surface
structures (see Experimental Section). The crystal structure
was examined by X-ray diffraction (XRD) and high-
resolution transmission electron microscopy (HRTEM).
The XRD pattern in Fig. 1a shows two main peaks at 25.8°
and 42.7°, attributable to the (002) and (100) lattice planes

Scheme 1 The synthetic process of Co/h-BCN via chemical adsorption.
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Figure 1 The powder XRD pattern (a), EELS spectrum (b) of 2-BCN sample. HRTEM images of the edge (c) and the center (d) region of #-BCN. The

insets are the fast Fourier transform pattern of the corresponding image.

in the graphite-like crystal structure, respectively [29]. The
HRTEM image in Fig. 1c focusing on the edge region of
h-BCN highlights the interlayer lattice fringes of 0.34 nm
within the layered h-BCN, whereas Fig. 1d displays the
atomic arrangements of unit cells in h-BCN. Fast Fourier
transform (FFT) patterns in the inset revealed the (002)
and (100) crystal planes for Figs 1c and 1d, respectively.
Electron energy loss spectroscopy (EELS) in Fig. 1b reveals
that the K-edge absorptions of B, C, and N atoms exhibit
the sharp peaks followed by wider bands corresponding to
the 1s-p* and 1s-s* transitions, respectively [29]. This is
a clear sp*-hybridization characteristic, indicating that the
carbon atoms are in the same sp?-hybridized state as their
BN hosts.

Fig. S1 is the Fourier transform infrared (FTIR) spec-
trum of the sample, showing two strong peaks at 1400 and
790 cm™ that are assigned to characteristic absorption
bands of B-N bond [35]. The vibrations of the C-related
group were all overlapped by that of B-N. The existence
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of C-related bonds was observed in the C 1s X-ray pho-
toelectron spectroscopy (XPS) spectrum (Fig. S2). Raman
signal for the h-BCN sample is not observed (Fig. S3), due
to the structural distortion induced by the C substitution in
layered h-BN, instead of a phase-separated structure made
of C domains and BN [28]. This however indicates the dop-
ing of carbon in the h-BN crystal narrows the band gap by
substitution of B with C, by which the hybridization of B
2p with C 2p orbitals also widens the density states of the
conduction band that facilitates electron migration, being
promising for photoredox catalysis. These are supported
by the characterizations on the band structure and Nyquist
plots of electrochemical impedance spectroscopy of the
h-BCN electrodes (Figs 2 and S10a).

The first test of pristine h-BCN for water oxidation
revealed a moderate photocatalytic activity with an
oxygen evolution rate of 1.2 mmol h™ only. The selectiv-
ity of light-induced holes (~17%) for converting water to
O, is much lower than that toward the self-oxidation of
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Figure 2 The band structure of #-BCN. (a) UV-vis DRS spectrum. (b) The determination of the conduction band minimum (CBM) of 2-BCN by Mott-
Schottky method. (c) The determined band structure with respect to normal hydrogen electrode (NHE).

h-BCN. This speaks for the fact that the pristine h-BCN is
photocorroded due to the surface charge built-up without
kinetic controls, because the N3~ anions in the nanostruc-
tured h-BCN are more susceptible to be oxidized than
water by the light-generated holes. It is therefore necessary
to make additional surface kinetic controls by rational dec-
oration of oxidative co-factors on the h-BCN surface, which
results in quick separation and migration of light-generated
holes from the bulk to the active sites to oxidize water while
still stabilizing the surface defective nitrogen sites by bind-
ing with the metal ions as the oxidative co-factors [38,39].
Here we first select cobalt ions because cobalt species have
re-emerged as efficient redox co-catalysts in photocataly-
sis and photoelectrocatalysis [38-40], albeit the detailed
physical insights on the working mechanism in terms of
reactive structure of cobalt in molecular level are still under
investigations. Considering this, together with the unique
adsorption capacity of h-BCN towards metal ions, it is
desired to construct surface metal/semiconductor junction
between cobalt and h-BCN.

The chemical affinity of the h-BCN sample for binding
Co* in water was therefore analyzed. Results show that the

870

sample adsorbs cobalt ions at a maximum adsorption capa-
bility of ca. 22 mg g* with respect to h-BCN, correspond-
ing to 2.2 wt.% Co. After a multiple washing the Co/h-BCN
sample with water, the inductively coupled plasma (ICP)
analysis results suggest that 99.8 % cobalt elements are re-
mained in the sample, which indicates that cobalt ions are
uniformly distributed and firmly anchored on the surface
of h-BCN. This can be reflected in part by the elemental
mapping analysis of the hybrid, which records the uniform
distribution of the B, C, N and Co elements on the Co/h-
BCN sample (Fig. 3), revealing the uniform dispersion of
Co ions on the 4-BCN host, same as the pristine counter-
parts (Fig. S4). However, we cannot find any solid-state co-
balt species in the magnified TEM image in Fig. S5 [38].
This reveals that the cobalt species do not exist in the form
of particles, but atomically dispersing on the N-rich matrix.
XPS studies provide detailed information on the chemical
state of Co species. As seen in Fig. S6, the Co 2p spectra
consists of two high-resolution peaks at 782.0 and 797.4 eV,
respectively, corresponding to Co(II) and Co(III) [41]. The
satellite peak at 788.1 eV is a characteristic feature of Co**
ions. The binding energy of Co(II) is less in value than that
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Figure 3 Typical TEM image of 0.7 wt.% Co/h-BCN with the elemental mapping of B, C, N and Co of the enlargement of the selected area.

of 782.8 eV present in the pure Co(NO,),, indicative of a
strong chemical interaction (electron coupling) between
the Co and the h-BCN matrix [42]. This result confirms
that the Co ions are stabilized by the h-BCN matrix and
charges are able to transfer between them. The XRD pat-
terns and FTIR spectra (Figs S7 and S8) of Co/h-BCN are
identical to those for h-BCN. These observations indicate
that the loading of Co species does not change the bulk
structure of h-BCN and its core chemical skeleton, which
promises the combination of cobalt catalysis with h-BCN
photocatalysis to establish dual catalysis for targeted appli-
cations.

In the next set of experiments, we performed optical,
electron paramagnetic resonance (EPR) and electrochem-
ical characterizations of the Co/h-BCN layered hybrids.
As shown in the UV-vis diffuse reflectance spectra (DRS)
(Fig. 4a), the optical features of the h-BCN before and after
loading with the Co species were analyzed. All samples
display the long absorption tails, which again indicates the
presence of intra-band impurity transitions potentially lo-
cated at the surface. As we know, the 400-800 nm spectrum
of Co(NO,),-6H,0 in the solid state exhibits one main band
at ~524 nm, which is assigned to the 4T1g — 4T1g (P)
d-d transition [43]. This transition band is also present in
Co/h-BCN, as indicated by the increase of the absorbance
in DRS spectra of Co/h-BCN over h-BCN. In Fig. 4b, the
strong photoluminescence (PL) emission peak is observed
for the h-BCN sample, due to the radiative recombination
of light-stimulated charge carriers, however the remarkable
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quenching of the PL peak was observed after the modifica-
tion of the cobalt due to the localization of electrons in con-
duction band side (B 2p and C 2p) and holes in the valance
band side (N 2p-x-y) linked to cobalt species via the lone
pair electron in N 2p-z. Evidently, the binding of the cobalt
promotes charge separation, particularly by the fast trans-
fer of hole to material interface/surface via the Co-N link-
ages. In this regards, the fast charge release was achieved,
which was beneficial for oxidation reaction. Such a spatial
redistribution of charge carriers was also reflected by EPR
analysis of the #-BCN and Co/h-BCN samples. In Fig. 4c,
an asymmetric signal line centering at g = 2.0034 is ob-
served for h-BCN and Co/h-BCN samples, indicating the
generation of unpaired electrons on the conduction band
containing C 2p orbitals [44]. The Lorentzian line can be
enhanced after loading the Co species on h-BCN, due to
the redistribution and the stabilization of the conjugated
electron system (Fig. S9). This once again illustrates the
tight interaction between Co ions and h-BCN, which
optimizes the surface structure of the layered hybrids for
charge separation.

The electrochemical measurements were performed to
assess the effect of Co species on current-potential charac-
teristics. As shown in Fig. 4d, the polarization curve (I-V)
of h-BCN shows catalytically inert characteristics for water
oxidation reaction even at large bias of ~1.7 V vs. RHE. By
contrast, when the ITO electrode was coated with Co/h-
BCN, a much greater current and earlier onset of catalytic
current as compared to #-BCN was observed. This result
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Figure 4 UV-vis DRS spectra (a), PL emission spectra (excitation wavelength is 380 nm) (b), EPR spectra in dark (c) and polarization curves in dark

(d).

indicates that the chemical coupling and concomitant
electron’s redistribution between Co species and h-BCN
can provide a resistance-less path for fast charge transfer
through Co/h-BCN interface (Fig. S10). In addition, the
Co species own an appropriate co-catalytic activity to low-
er overpotentials for water oxidation and consequently ac-
celerate the electrocatalytic kinetics on the surface of the
ternary h-BCN.

The water oxidation performance of Co/h-BCN
samples under light irradiation was examined in a powder
photocatalytic system. The loading of cobalt ion as an
oxygen evolution cocatalyst can significantly increase
the oxygen evolution rate to 10 mmol h™. In addition,
the self-oxidation of nitride ions in the h-BCN matrix is
suppressed. This result strongly suggests that the adsorbed
Co species exhibit the functionality as effective O, evolu-
tion sites that capture photogenerated holes migrated from
h-BCN matrix. A volcano-type curve of O, evolution activ-
ity depending on the amount of Co ions was observed, and
the maximum oxygen evolution rate appeared for 0.7 wt.%
Co/h-BCN (Fig. S11). An excessive amount of Co modifier
leads to a decrease in the water oxidation activity, which
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could be ascribed to the light shielding effect [45-47]. Fig.
5 shows the detailed time course of O, evolution on the
Co/h-BCN samples under both UV-vis and visible (A > 420
nm) light irradiation. No gas evolution took place in the
dark, and the reaction began with the onset of irradiation.
The gradual decrease in the O, evolution rates was due to
the reduced Ag* concentration and the photodeposition
of Ag, which blocked the surface of the photocatalyst and
shielded the incident light (Fig. S12).

The cocatalytic properties of the other Co complexes
were also evaluated, and the results are shown in Table 1.
A high oxygen evolution rate could be achieved by loading
simple cobalt salts, such as Co(NO,), and Co(COOH),. As
references, the Co species with electro-neutrality (cobal-
tocene, (n5-C;H;),Co) and electro-negativity (Co-bearing
polyoxometalate, [Co,(H,0),(PW,0,,),]'"") show a rela-
tively minor effect on the water oxidation reaction. Com-
pared with the electro-positive Co ions, these electro-neu-
tral and electro-negative Co species are incompatible to
charge with h-BCN matrix, resulting in sluggish reaction
kinetics.

To underline the importance of the Co ions for water
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Figure 5 Time course of O, production for #-BCN and 0.7 wt.% Co/h-
BCN under visible (I > 420 nm, a) and UV-vis irradiation (/ > 300 nm,
°).

oxidation, we also investigated the behaviors of the other
transition-metal ions (Cu?', Fe**, Mn?**, Ni**, Cr**) as wa-
ter oxidation cocatalysts. As shown in Table SI, the addi-
tion of Cu?** and Fe** slightly enhanced the water oxidation
performance, while Mn?*, Ni** and Cr*" had no effect on
water oxidation rate. This reveals the unique properties of
cobalt species in accelerating the water oxidation reaction.
Nevertheless, these transition-metal ions can improve the
selectivity of O, production, in comparison with h-BCN.
This result reveals that the adsorption of metal ions could
facilitate the holes migration from h-BCN to metal species,
indicating chemical interactions between the metal ions
and h-BCN networks. The integration of metal ions on
nanostructured h-BCN therefore promises the develop-
ment of a large number of sustainable catalysts with duel
catalytic functions by merging transition metal catalysis
with h-BCN (photo) catalysis, as also demonstrated by our
case study of Fe/h-BCN for selective oxidation of benzene
to phenol where Fenton catalysis has been promoted by
h-BCN photocatalysis.

CONCLUSIONS

In summary, noble-metal-free photocatalysts and co-cat-
alysts have been integrated for photocatalytic water ox-
idation by utilizing ternary h-BCN semiconductors and
cobalt catalysts. The binding of cobalt ions on h-BCN
matrix indeed promotes the separation and migration of
light-driven holes, decreases the overpotentials for water
oxidation, and consequently enhances the water oxidation
activity. The results put a step towards artificial photo-
synthesis where the lightweight B, C, and N elements and
inexpensive cobalt ions can be constructed as sustainable
2D semiconductor nanohybrids for addressing energy and
environmental issues by photoredox catalysis. It is the high
thermal and mechanical stabilities of h-BCN together with
its high surface area and ease surface modifications that
allow for the innovative and rational design of new hetero-
geneous (photo)catalysts for green synthesis, but also as 2D
functional semiconductors for future electronic and (opto)
electronic devices [48,49].

EXPERIMENTAL SECTION

Synthesis of h-BCN solids

Typically, boron oxide (2 g), urea (4 g) and glucose (0.6 g)
were grinded fully with an agate mortar. After that, the
mixed precursor was put into a horizontal tube furnace
and heated at 1473 K for 5 h under a flow of ammonia (200
mL min™) at a heating rate of 5°C min™". Then, 250 mg
powders were dispersed and washed in water (5 mL), with
ultrasonic treatment. After rotary evaporation, the sample
was placed in an alumina crucible to dry at 573 K for 1 h in
air. The as-obtained final powder was donated as h-BCN.

Synthesis of h-BN solids

Typically, boron oxide (2 g) and urea (4 g) were grinded
fully with an agate mortar. After that, the mixed precur-
sor was put into a horizontal tube furnace and heated at
1473 K for 5 h under a flow of ammonia (200 mL min™!)

Table 1 Effects of different cobalt compounts as cocatalysts to promote O, evolution rate of 2-BCN under light irradiation (4 >300 nm)

Entry Photocatalyst Cocatalyst Amount of cocatalyst (wt.%) O, evolution rate (mmol h™")
1 h-BCN - - 1.2
2 h-BCN Co(NO,), 0.7 10.0
3 h-BCN [Co,(H,0),(PW,0,,),]! 0.7 2.6
4 h-BCN Co(COOH), 0.7 10.0
5 h-BCN Co(S0,), 0.7 6.9
6 h-BCN (n5-C;H;),Co 0.7 1.5
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at a heating rate of 5°C min™. The as-obtained powder was
donated as h-BN.

Synthesis of Co/h-BCN

The as-prepared h-BCN sample was previously dispersed
in water (5 mL). Then, different amount of Co(NO;), aque-
ous solution was added. After adsorbing for 0.5 h, the pow-
ders were washed by water for several times to remove the
unadsorbed ions and dried at 80°C for characterization.

Characterization

XRD measurements were performed on a Bruker D8 Ad-
vance diffractometer with CuKal radiation (A = 1.5406 A).
EELS investigation were carried out on a JEOL JEM-
ARM200F microscope. TEM was operated by Tecnai20
FEG microscope and Titan G2 60-300 with image correc-
tor. The FTIR spectra were obtained on a Nicolet 670 FT-
IR spectrometer with KBr as the diluents. XPS data were
obtained on Thermo ESCALAB250 instrument with a mo-
nochromatized Al Ka line source (200 W). Raman spec-
troscopic measurements were performed on a Renishaw
in Via Raman System 1000 with a 532 nm Nd:YAG exci-
tation source at room temperature. UV-vis DRS were per-
formed on Varian Cary 500 Scan UV-visible system. Pho-
toluminescence spectra were recorded on an Edinburgh
FI/ESTCSPC 920 spectrophotometer. EPR measurements
were performed using a Bruker model A300 spectrometer.
Nitrogen adsorption-desorption isotherms were perfor-
med at 77 K using Micromeritics ASAP 2010 equipment.
The concentration of Co** ions in water was recorded by
monitoring the absorbance peak at 511 nm using a Varian
Cary 50 UV-vis spectrophotometer. Photocurrent perfor-
mance was conducted with a BAS Epsilon Electrochemi-
cal System in a conventional three electrode cell, using a
Pt plate as the counter electrode and a saturated calomel
electrode as the reference electrode.

Photocatalytic test

Reactions were experimented with a Pyrex top irradiation
reactor connected to a glass closed gas-circulation system.
Water photooxidation was carried out by dispersing the
catalyst (50 mg) in 100 mL aqueous solution containing
different amount of metal compounds. After stirring for
30 min, silver nitrate (0.17 g, as the electron acceptor) and
La,0; (0.2 g, as the pH buffer agent) were added. The re-
actant solution was evacuated several times to remove air
completely before irradiation under a 300 W xenon lamp
with an appropriate cut-off filter. The temperature of the
solution was maintained at 12°C by a flow of cooling water
during the reaction. The evolved gases were analyzed by a
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SHIMADZU GC-8A gas chromatograph with the thermal
conductive detector, a 5 A molecular sieve column and us-
ing argon as the carrier gas.
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