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A simple one-step procedure for the preparation of cobalt oxide—carbon nitride composites by carrying out
the thermal condensation reaction of carbon nitride precursors in cobalt(i) chloride-containing salt melts is
developed. This method enables us to control the structure of the polymer constituent by the proper
selection of the second eutectic component. In this respect, alkali metal chlorides and zinc chloride give
rise to poly(triazine imides), while tin(i) chloride delivers melon-based polymers. The crystallinity of the
carbon nitride polymer phase can be influenced by varying the concentration of the precursor in the
melt. On the other hand, cobalt oxide loading in the final products can be increased by decreasing the
precursor concentration in the melt. The products are highly active photocatalysts for Rhodamine B
degradation as exemplified by SnCl,/CoCl,-derived solids, and the water oxidation reaction (WOR). The
activity of the products in the WOR is comparable with that of the bench composite photocatalyst
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Introduction

Photocatalytic water splitting into hydrogen and oxygen over a
semiconductor photocatalyst using solar energy is a promising
way of converting light energy into chemical energy of
hydrogen' that is inspired by natural photosynthesis. Water
oxidation is a crucial step of the overall process since it requires
4-electron and 4-proton transfers as well as O-O bond forma-
tion, and is regarded as a critical bottleneck for creating tech-
nical photosynthetic devices, since this reaction completes the
solar fuel cycle.”?

Graphitic carbon nitride materials (CN-polymers) with the
stoichiometry of C,NyH, (x = 3, y = 4.2-5.2, z = 1-1.5) are
processable*® organic polymeric semiconductors absorbing the
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separate step, thus illustrating the advantages of the developed salt melt assisted approach.

high energy fraction of the visible light and having suitable
band positions to perform water splitting® which makes them
promising candidates for full artificial photosynthesis. These
polymers additionally offer the advantages of high thermal and
chemical stability against oxidation.” However, some carbon
nitrides are known to undergo photocorrosion due to the
limited mobility of the photogenerated holes and resulting self-
oxidation while releasing nitrogen gas. The photocorrosion of
the polymers can be minimized by the use of an efficient
co-catalyst.*®

Metal oxides as water oxidation catalysts are attractive
because of their robustness, and oxides of noble metals, in
particular Ir*** and Ru,">™ are among the most efficient known
oxygen evolving catalytic materials. However, their scarcity and
the resulting high cost caused the need for exploring robust
oxides of earth-abundant metals as efficient multi-electron
catalysts for water oxidation, in particular first row transition
metal oxides. Among these, cobalt oxides offer a suitable
balance between reactivity, structural stability and resistance in
the highly oxidative chemical environment of the oxygen
evolution reaction.*

Recently, cobalt oxide and cobalt(u) hydroxide containing
carbon nitride composites were reported to be promising for
water oxidation.*'® However, so far they were mostly prepared
by using multistep procedures. A single-step synthesis proce-
dure by mixing CoCl, with dicyandiamide (DCDA) resulted in
only a slight increase of the photocatalytic activity compared to
the bulk CN-polymer."” Thus, there is still a need for simple
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preparation methods of highly active composite photocatalysts
comprising carbon nitride and catalytically active cobalt
species.

Salt melt assisted synthesis of carbon nitrides can be used
for the preparation of functional CN-polymers by using one-step
procedures.'®*' Bivalent metals remain in the final composites,
partially as oxides resulting from the aqueous work-up of the
reaction mixtures or the presence of oxygen during the
synthesis.>*** Making use of this observation, we here present a
one-step procedure for the preparation of cobalt-containing
carbon nitride-based photocatalysts by using the condensation
reaction of dicyandiamide in CoCl,-containing eutectic salt
mixtures.

Experimental section

Materials

Sodium chloride (99.5%), potassium chloride (99.0%), Rhoda-
mine B (95.0%) and trithiocyanuric acid (95.0) were purchased
from Sigma-Aldrich. Zinc chloride (98.0%), tin(u) chloride
(98.0%), cobalt(u) chloride (99.0%), and silver nitrate (99.9%)
were purchased from Alfa Aesar, and dicyandiamide (DCDA,
98%) from Merck. Lanthanum(m) oxide (99.9%) was purchased
from Fluka analytics. All the chemicals were used without
further purification.

Synthesis procedure

Salts and dicyandiamide were ground together in a glovebox
(mBraun Unilab, O, < 0.1 ppm, H,O < 0.1 ppm) under an argon
atmosphere according to eutectic compositions (Table S17).
Reaction mixtures (~5-10 g) were transferred into porcelain
crucibles and covered with lids. Crucibles were placed in the
oven under a constant nitrogen flow (15 L min~") and heated
with a ramp of 10 K min~* up to 550 °C. The temperature was
maintained for 6 hours, and then the samples were cooled
down. The crude products were washed first with deionized
water (50-100 mL) and then with 1 M HCI solution (50-100 mL)
in order to remove the salts and the products of their hydrolysis.
Each step was carried out for 24 hours. The final products were
isolated by filtration, then thoroughly washed with deionized
water (500 mL) and dried in a vacuum oven (10 mbar) at 50 °C
for 15 h. Reference CN was prepared by heating DCDA with the
ramp of 2.3 °C min~' up to 550 °C and subsequently main-
taining at this temperature for 4 h under a constant nitrogen
flow (15 mL min~") in a covered crucible. CNS/3% Co0;0, was
prepared according to the described procedure.®

Rhodamine B degradation experiments

5 mg of the photocatalyst were dispersed in 5 mL of RhB solu-
tion in deionized water (10 mg L™'). The suspension was
agitated in the dark for 0.5-2 h in order to reach a dark-
adsorption equilibrium and then illuminated with an LED
module emitting white light (1 > 420 nm, 50 W, Bridgelux) from
the fixed distance of 5 cm. The RhB degradation was monitored
as the decrease of the dye concentration over irradiation time.
At specific time intervals (¢), 300 pL aliquots of the reaction
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mixture were taken, diluted with 1.7 mL of deionized water,
maintained for 30 minutes in the dark to enable catalyst
precipitation, and then analyzed spectrophotometrically
(T70 UV/VIS spectrophotometer of PG instruments Ltd). The
reaction rate constants k were calculated as the slopes of the
linear fits of [—In(4/4,)] dependences on the irradiation time.
Here, 4, and A are absorbance of the dye in the solution after
dark equilibration and after irradiation time ¢ respectively,
measured at 554 nm, which are proportional to the dye
concentrations in the solution (C, and C).

Photocatalytic oxygen evolution experiments

Set up 1. Reactions were carried out in a Pyrex top-irradiation
reaction vessel connected to a glass closed gas system. For each
reaction, 50 mg catalyst powder was well dispersed in an
aqueous solution (100 mL) containing AgNO; (0.01 M) as an
electron acceptor and La,0; (0.2 g) as a pH buffering agent. The
reaction solution was evacuated several times and then filled
with argon, to remove air completely prior to irradiation with a
300 W Xenon lamp. The temperature of the reaction solution
was maintained constant by using a flow of cooling water
during the reaction. The evolved gases were analyzed by a gas
chromatograph equipped with a thermal conductivity detector
and a 5 A molecular sieve column, using argon as a carrier gas.

Set up 2. Reactions were carried out in a closed three-neck
side irradiation reaction vessel. For each reaction, 50 mg of
catalyst were well dispersed in an aqueous solution (20 mL)
containing AgNO; (90 mg) used as an electron acceptor and
La,0; (0.1 g) as a pH buffering agent. The reaction solution was
purged with argon for several hours to completely remove
oxygen prior to irradiation with a 300 W Xenon lamp. The
temperature of the reaction solution was maintained constant
by using a flow of cooling water during the reaction. Photo-
catalytic O, evolution was monitored by using an oxygen probe
(PreSens Precision Sensing GmbH, Fibox 3 fiber optic oxygen
transmitter). Before illumination, the oxygen probe was cali-
brated with temperature compensation by using standard cali-
bration solution 0 (oxygen-free water) and calibration solution
100 (air-saturated water). More details on the set-up are avail-
able in the literature.”

Characterization

Powder X-ray diffraction patterns were measured on a Bruker
D8 Advance diffractometer equipped with a scintillation
counter detector with CuKa radiation (A = 0.15418 nm) by
applying a 260 step size of 0.05° and a counting time of 3 s per
step. FT-IR spectra were recorded on a Varian 1000 FT-IR
spectrometer equipped with an attenuated total reflection unit
applying a resolution of 4 cm ™. Nitrogen adsorption/desorp-
tion measurements were performed after degassing the samples
at 150 °C for 20 hours using a Quantachrome Quadrasorb SI-MP
porosimeter at 77.4 K. The specific surface areas were calculated
by applying the Brunauer-Emmett-Teller (BET) model to
adsorption isotherms for 0.05 < p/p, < 0.3 using the QuadraWin
5.05 software package. Elemental analysis (EA) was accom-
plished as a combustion analysis using a Vario Micro device.

This journal is © The Royal Society of Chemistry 2015
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Scanning electron microscopy (SEM) images were obtained by
using a LEO 1550-Gemini microscope. Optical absorbance
spectra of powders were measured on a Shimadzu UV 2600
equipped with an integrating sphere. The absorption spectra of
RhB solutions were recorded on a T70 UV/VIS spectrophotom-
eter (PG instruments Ltd). The emission spectra were recorded
using LS-50B, a Perkin-Elmer instrument. The excitation wave-
length was 350 nm. Energy-dispersive X-ray spectroscopy (EDS)
investigations were conducted on a JEOL JSM-7500F microscope
using a Link ISIS-300 system (Oxford Microanalysis Group)
equipped with a Si(Li) detector with an energy resolution of
133 eV, at 5-12 keV. X-ray photoelectron spectroscopy (XPS) was
performed on a Multilab 2000 (Thermo) spectrometer equipped
with the Al Ko anode (hv = 1486.6 eV). All spectra were refer-
enced to the C 1s peak of adventitious carbon at 285.0 eV. For
quantification purposes, survey spectra at pass energy of 50 eV
and high-resolution spectra at pass energy of 20 eV were
recorded and analyzed by using XPS Peak 4.1 software (by
Raymond Kwok). The spectra were decomposed assuming line
shapes as the sum of Gaussian (80%) and Lorentzian (20%)
functions. Raw areas determined after subtraction of a Shirley
background® were corrected according to the following sensi-
tivity factors:>* C1s — 0.25; N1s - 0.42; O1s - 0.66; CI2p - 0.73,
Co2p - 3.8. Inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) analysis was performed on a Perkin-Elmer
ICP OES 8000.

Results and discussion

First, the concentration of the carbon nitride precursor,
dicyandiamide, was maintained constant by using 1 : 5 DCDA
to salts weight ratio, while the nature of the second component
of eutectics was varied (see Table S1}). The composition of the
resulting products is shown in Table S2,f as determined by
elemental analysis, energy-dispersive X-ray spectroscopy (EDS)
and inductively coupled plasma (ICP) studies. The obtained
solids are mainly composed of carbon and nitrogen and are
characterized by the C/N weight ratios of 0.58 to 0.63. These
numbers are higher than the C/N weight ratio in the reference
material prepared by the bulk condensation of DCDA (0.58),
referred to as ref.-CN, but still slightly lower than the theoretical
value for the perfect C;N, (0.64). The CoCl,-derived solids
contain significant amounts of oxygen that comes with the
increased hydrogen content if compared to the ref.-CN; both are
due to the presence of surface-adsorbed water and surface
hydroxyl-groups as corroborated by the X-ray photoelectron
spectroscopy (XPS) investigations.

The XPS studies of a sample product obtained from the
KCl/CoCl, salt melt showed that the carbon nitride part of the
composite is based on poly(triazine imide) (PTI). Namely, the
C1s signal (Fig. 1a) contains four contributions: the major one
at 288.5 eV assigned to CN; bonds,* and the minor ones at
286.9 eV corresponding to the surface C-OH groups and at
283.1 eV due to some carbide impurities, together with the peak
of adventitious carbon at 285.0 eV. The N1s signal (Fig. 1b) can
be deconvoluted into three peaks at 400.3 eV due to NH,. groups
(x =1, 2), at 398.8 eV assigned to C=N-C bonds and minor

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Cls (a), N1s (b) XPS spectra, Co2p spectrum (c) and Coum
Auger line (inset in c) of the product prepared in KCl/CoClp; FTIR
spectra of the CoCl,-derived products and the reference CN-polymer
(d). The vertical line in (d) indicates the 650 cm™* position.

contribution of the deprotonated nitrogen atoms at 397.1 eV.
The absence of the fourth N1s peak of tertiary nitrogen and the
high content of NH, groups expressed as a high peak area
suggest that the obtained CN-polymer is based on s-triazine but
not tri-s-triazine repeating units. This conclusion is further
supported by the previous reports on the simulated*® and
measured XPS spectra of poly(triazine imides).>®

Inductively coupled plasma (ICP) and energy-dispersive
X-ray spectroscopy (EDS) investigations showed that the
cobalt content in the composites is 3-6 wt% (Table S27).
Cobalt is present in both Co(u) and Co(ur) oxidation states as
follows from the results of the XPS studies (Fig. 1c). The Co2p
spectrum (Fig. 1c) consists of the Co2p;,, contribution at
781.0 eV, its corresponding satellite peak at 786.0 eV and the
Co2py, contribution at 796.4 eV along with the satellite peak
at 802.4 eV. The Co2p,/,—-Co2p3,, spin-orbit splitting makes
up 15.4 eV which is in between 15 eV observed for the pure
Co(m) state and 16 eV typical for the pure Co(u) state,>” and
points to the coexistence of Co(u) and Co(m) species in the
products.

Further evidence of the presence of both valence states of
cobalt is provided by the position of the Corym Auger line
(Fig. 1c, inset). The peak is located at 716.6 eV that corresponds
to a kinetic energy of 770 eV. The modified Auger parameter, «,
can be calculated according to the following equation:*®

a = 1486.6 eV + KE (Copmm) — KE (Co2pspp) = 1551.0 eV

where KE is kinetic energy.

This value of « is in between the reported values for CoO
(¢ = 1549.8 eV) and Co30,4 (¢ = 1552.9 eV) thus indicating the
coexistence of Co(u) and Co(m).

J. Mater. Chem. A, 2015, 3, 21227-21232 | 21229
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The charge of cobalt is balanced by oxygen and chlorine
suggesting that Co is present as cobalt (i, m) oxide and,
partially, as entrapped chloride containing complexes, likely, of
cobalt(m), since they are known to be kinetically inert and could
easily withstand the aqueous workup of the crude products. The
O1s signal (Fig. S1at) consists of three contributions with the
binding energies at 533.1 eV due to the surface adsorbed water,
at 531.5 eV assigned to the hydroxyl groups and the peak of
cobalt (i, ur) oxides at 529.9 eV.?>*° The Cl2p spectrum shown in
Fig. S1bf reveals a single contribution at 197.6 eV assigned to
Co-Cl bonds.*

SEM-EDS investigations revealed that the distribution of Co
in the composites is fairly homogeneous, as illustrated by the
corresponding elemental maps of KCl/CoCl, and SnCl,/CoCl,-
derived products in Fig. S2.F

The results of the FTIR studies shown in Fig. 1d further
corroborate the XPS findings. Poly(triazine imides) are formed
in NaCl-, KCI- and ZnCl,/CoCl, salt melts as can be recognized
by the presence of the distinct characteristic peak of the
s-triazine ring at 650 cm™ *.32 This peak is absent in the cases of
the bulk carbon nitride and SnCl,/CoCl, products suggesting
that their structure is based on tri-s-triazine units. PXRD studies
further corroborate this assumption (see below). The broad
absorption band at 2400-3650 cm ™" suggests the presence of
the surface hydroxyl groups, surface adsorbed water and
terminal amino-groups in the obtained materials, while the
main absorption band at 1100-1650 cm ' is due to CN
stretching and NH bending in aromatic heterocycles® and is
typical for carbon nitride polymers.**3*%

Therefore, we conclude that the nature of the second
component of the eutectic determines the chemical structure of
the carbon nitride part of the composite. Here, alkali metal salts
and ZnCl, give rise to poly(triazine imides), while SnCl, leads to
the formation of melon-based products. This can be explained
by the strength and reversibility of the binding of mono- (Na, K)
and divalent (Zn, Sn) metal ions to the condensation interme-
diates such as melamine and melam during synthesis. Strong
binding, typical for alkali metal ions and for ZnCl, known to be
a strong Lewis acid, stabilizes these s-triazine-based interme-
diates and prohibits their transformation to tri-s-triazine
species, that leads to the s-triazine-based polymer, poly(triazine
imide). Conversely, weak and reversible binding of SnCl,, a
milder Lewis acid compared to ZnCl,, enables the conversion of
the s-triazine ring to the tri-s-triazine one, but stabilizes 1D
melon chains preventing their further condensation to form
graphitic carbon nitride.*

The products are mainly short-range ordered as suggested by
the appearance of the corresponding PXRD patterns (Fig. 2a)
due to both poor solubilizing properties of CoCl, being a weak
Lewis acid and relatively high melting points of some eutectics
(Table S17). This results in an early phase demixing of the melt
and polymerization intermediates preventing crystallization of
the polymers from the melt. The two main peaks characterizing
the interlayer stacking at ~27° 2¢ and the in-layer repeating
motif at ~13° 26 are broadened in the obtained solids compared
to the reference bulk CN-polymer. In the pattern of the
SnCl,/CoCl,-derived product, the characteristic peak of the
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Fig. 2 PXRD patterns of the products prepared in NaCl/CoCl,,
KCl/CoCly, ZnCl,/CoCl, and SnCl,/CoCl, eutectics at 1 : 5 precursor
to salt weight ratio (a), in the SnCl,/CoCl, eutectic using different
precursor to salt weight ratios (b).

in-layer order is shifted to lower angles (26 = 9.8°) suggesting
the formation of a chain-like polymer, presumably melon, as
previously reported for the SnCl,-derived products.*

However, the crystallinity of the resulting composites can be
tuned by adjusting the precursor concentration in the melt.
Fig. 2b shows PXRD patterns of the products prepared in the
SnCl,/CoCl, eutectics using different weight ratios of dicyan-
diamide to the salts, namely 1:1,1:2,1:5,1:10 and 1 : 20.
High precursor concentrations (1:1 and 1:2) favor the
formation of polymers featuring a high structural order, while
the decrease of DCDA concentration leads to the less ordered
solids. Finally, at 1 : 20 ratio, mainly SnO, NP reflections are
observed in the corresponding PXRD pattern. The decrease of
the crystallinity in the final products upon decrease of the
precursor concentration is due to the termination of the crystal
growth by the deposition of some metal species from the melt
onto the crystal facets, as illustrated by the increase of the metal
content in the isolated products (Table S37). On the other hand,
no crystalline cobalt-containing species could be detected
under any synthesis conditions used.

The suggested preparation method delivers non-porous
composites with the surface areas between 6 and 51 m> g "
(Fig. S37). These values are much higher than provided by bulk
synthesis (1 m* g~ "). The selected SEM images of products are
shown in Fig. 3. Two different morphologies are typical for the
CoCl,-derived products: spherical particles are formed in alkali
metal chloride and ZnCl,-containing eutectics, while plate-like
particles are obtained from the SnCl,/CoCl, salt melts. The
latter carbon nitride particle morphology along with its

Fig. 3 SEM images of the composites prepared in KCl/CoCl, (a) and
SnCl,/CoCl; (b) salt melts.

This journal is © The Royal Society of Chemistry 2015
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chemical structure are typical for CN-polymers prepared in
SnCl,-based eutectics, in agreement with the previous report.**

In Fig. 4a, the optical absorption properties of CoCl,-derived
materials are compared with those of the composite photo-
catalyst consisting of tri-thiocyanuric acid derived carbon
nitride and 5 nm Co3;0, NPs that was prepared in 3 steps
according to the reported procedure® (Fig. S41) and used as a
reference catalyst in the photocatalytic water oxidation reaction
(see below). The products of the salt melt synthesis are char-
acterized by a significantly improved absorption in the visible
light range than the reference material. Unlike CNS/3wt%-
Co3;0, composites exhibiting a distinct absorption at ~700 nm
due to the 0*~ — Co®" electron transition,®**® the smooth
appearance of the absorption spectra of CoCl,-derived solids
suggests the formation of the dyadic system with a shared
electron density, where cobalt species are integrated into the
carbon nitride electronic structure enabling a continuum of
new electron transitions upon excitation with visible light. The
phenomenon was previously reported for carbon@TiO,
composites® and CN-polymer composites prepared in
ZnCl,-containing salt melts.”

All CoCl,-derived solids are characterized by almost negli-
gible PL signals (Fig. 4b) that can only partially be explained by
the decreased X-ray structural order, but mainly suggest the
improved charge separation of the photo-excited charge carriers
which is responsible for the high photocatalytic performance of
the composites as illustrated below.

Photocatalytic studies

We found that CoCl,-derived composites are active catalysts for
the photocatalytic water oxidation reaction. The composites
were tested in two different set-ups, whose detailed description
is given in the experimental part, using AgNO; as a sacrificial
electron scavenger and La,O; as a pH buffering agent upon
irradiation with a 300 W Xenon lamp (4> 300 nm). The amounts
of the produced oxygen were quantified either by gas chroma-
tography (set up 1) or using an optical oxygen probe (set up 2).
Additionally, gas chromatography was used in order to deter-
mine the O,/N, selectivity characterizing the stability of carbon
nitride polymers during the photocatalytic reaction.

The O, evolution rates provided by using the CoCl,-derived
products are comparable with those achieved by using the

a) b)

Ref. CNS/3%C0304
ZnCl2/CoClz
Cl2/CoCl

NaCl/CoCl2

Q
0,0

' 200 300 400 500 600 700 800 900
Wavelength/ nm

o
30 400 450 500 80|

Absorbance/ a.u.
PL intensity/a.u.

BTN

035() 376 400 425 450 475 500 525 550
Wavelength/ nm

Fig. 4 Optical absorption (a) and emission (b) spectra of the products
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Fig. 5 The decrease of the relative Rhodamine B concentration and
calculated rate constants in min~! (a) and increase of the O,
concentration (b) as a function of the irradiation time using
SnCl,/CoCl,-derived photocatalysts prepared using different precursor
to salt ratios. Reaction conditions are given in the Experimental section.

benchmark composite, CNS/3wt%-Co;0, (Table S4T). Moreover,
the products of the salt melt synthesis show high O,/N, selec-
tivity, in most of cases even higher than that of the reference
material, suggesting that carbon nitrides are stable during the
reaction. Thus, we conclude that cobalt present as cobalt (i, 1)
oxide clusters and even amorphous chloride-containing cobal-
t(ur) complexes, indeed, successfully serves as an efficient
co-catalyst for water oxidation, which is in agreement with the
recent reports.*>**

Since the crystallinity of a photocatalyst is known to play an
important role in its photocatalytic performance, we investi-
gated the influence of the structural order of the CN-polymer
component of the SnCl,/CoCl,-derived products on the reaction
rates in Rhodamine B degradation and water oxidation (Fig. 5).
The products with a high structural order (prepared at 1 : 1 and
1:2 precursor to salt ratios) are found to be highly active
photocatalysts for dye degradation upon irradiation with white
light (A > 420 nm), providing the rate constants (0.226 and
0.291 min~ ', respectively) that are 45-58 times higher
compared to the ground bulk CN-polymer (k = 0.005 min™%).
Upon decrease of the structural order, the reaction constant
decreases gradually to k = 0.007 min~" (Fig. 5a). Such photo-
catalytic behavior is explained by the lower energy losses via
recombination or phonon release and the resulting higher
reaction rates in the case of defect-free or more crystalline
products.

Conversely, the products prepared using low precursor
concentrations in the melt (1 : 20, 1 : 10 ratios) show superior
performance for the water oxidation reaction compared to those
prepared at low concentrations (Fig. 5b). This is explained by
higher amounts of cobalt species deposited on the surface of
the former products (for comparison of cobalt content, see
Table S31), and proves that these serve as active sites for O,
evolution.

Conclusion

The thermal condensation of dicyandiamide in CoCl,-contain-
ing eutectics yields cobalt-containing carbon nitride-based
photocatalysts. Cobalt is incorporated in the final products as
cobalt (i, m) oxide clusters and amorphous chloride-containing
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cobalt(ur) complexes that successfully play the role of co-cata-
lysts in the photocatalytic water oxidation reaction. The
composites obtained are characterized by the improved optical
absorption in the visible light range due to the formation of the
dyadic system between carbon nitride polymer and cobalt
species, and almost negligible photoluminescence due to the
improved charge separation. The high crystallinity of the
carbon nitride phase provides high Rhodamine B degradation
rates, while oxygen evolution rates are mainly dependent on the
cobalt co-catalyst loading. Both parameters can be successfully
tuned by varying the synthesis conditions.
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