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Abstract—In this study, a cocatalyst is supported on the surface of carbon nitride by the following three dif-
ferent methods: thermal phosphorylation, a hydrothermal method, and photochemical reduction. In the first
case, the cocatalyst is a cobalt phosphide–cobalt orthophosphate mixture; the use of the hydrothermal and
photochemical synthesis methods provides the formation of cobalt orthophosphate. In addition, a sample is
synthesized by a hydrothermal treatment of presynthesized carbon nitride and cobalt phosphide. The synthe-
sized samples are studied using the following set of physicochemical methods: X-ray diffraction (XRD) anal-
ysis, transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and diffuse reflec-
tance spectroscopy. All the synthesized photocatalysts are tested in photocatalytic hydrogen evolution from
an aqueous alkaline solution of triethanolamine and in a photoelectrochemical cell containing a sodium
polysulfide solution. It is shown that, in the case of using a cobalt phosphide–cobalt orthophosphate mixture,
the target characteristics are higher than those in the case of cobalt orthophosphate and carbon nitride. The
highest catalytic activity is 156 μmol h−1 g−1; it is comparable to the activity of platinized carbon nitride. The
highest short-circuit current density obtained in the case of using a photoelectrode containing cobalt phos-
phide and cobalt phosphate is 2.4 mA/cm2.

Keywords: carbon nitride, cobalt orthophosphate, cobalt phosphide, hydrogen evolution, photocatalysis,
photoelectrochemistry, visible light
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INTRODUCTION
An important task of modern alternative power

engineering is the development of materials that pro-
vide an effective conversion of the solar radiation
energy into other types of energy [1]. This direction is
fairly promising, because solar energy is several orders
of magnitude higher than the energy demands of man-
kind. Currently, the following two scientific directions
are being extensively developed: (i) photocatalysis [1–
5], which provides the production of chemical com-
pounds, such as hydrogen and energy-intensive fuels,
and (ii) electric current generation in solar cells and
photoelectrochemical cells [1].

The materials that are commonly used to convert
solar radiation energy are semiconductors. The first
types of catalysts used for photocatalytic hydrogen
evolution under the action of visible light were systems

based on titania and titanates sensitized by various
methods [6] and transition metal chalcogenides [7–
9]. In the 2000s, an extensive study of a group of car-
bon-containing materials for photocatalytic and pho-
toelectrochemical applications began. Particular
attention was paid to graphitic carbon nitride. This
material is thermally stable and resistant to acids and
alkalis. In addition, the position of the conduction
band suggests that this sample exhibits strong reduc-
ibility [10, 11]. However, the practical application of
carbon nitride, in common with that of many other
semiconductors, is limited to the high recombination
rate of photogenerated electrons and holes. To
decrease the recombination rate of charge carriers and
increase the catalytic activity of g-C3N4, modifying
additives are deposited on the surface of photocata-
lysts. The most effective of the additives are platinum
group metals [12], the use of which is limited to the
high cost of the reagents. An equivalent substitute for
these metals can be substances with a metal-like struc-
ture, among which special attention is paid to transi-
tion metal phosphides, for example, cobalt phosphide

Abbreviations and notation: XRD, X-ray diffraction analysis;
TEM, transmission electron microscopy; XPS, X-ray photo-
electron spectroscopy; CSR, coherent scattering region; NHE,
normal hydrogen electrode.
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[13]. It is known that compounds containing phos-
phorus in higher oxidation states, such as cobalt
orthophosphate [14] or cobalt hydroxophosphate [15],
also have the ability to increase photocatalytic activity.
The following questions naturally arise: which of these
cobalt phosphorus salts makes it possible to most effi-
ciently convert light energy into electricity or chemical
bond energy? Will the catalytic activity change, if
cobalt phosphide and cobalt orthophosphate are
deposited on the surface of a photocatalyst simultane-
ously? Will the laws governing photocatalytic hydro-
gen evolution be preserved in the case of electric cur-
rent generation? This study is focused on the explora-
tion of these questions.

EXPERIMENTAL

Photocatalyst Synthesis Procedure

Carbon nitride was synthesized by the thermal
polycondensation of melamine at 600°C for 2 h [16].
A cocatalyst based on cobalt phosphide or cobalt
phosphate was deposited on the surface of carbon
nitride by the following three different methods: ther-
mal phosphorylation [17], a hydrothermal method
[18], and photochemical reduction [19]. In the first
case, 1.03 wt % of cobalt hydroxide was predeposited
on the surface of graphitic carbon nitride by the pre-
cipitation method. To this end, 396 mg of carbon
nitride was dispersed in 10 mL of distilled water;
444 μL of a 0.1 M cobalt chloride solution was added
dropwise; the resulting mixture was stirred for 15 min;
after that, 888 μL of a 0.1 M sodium hydroxide solu-
tion was added dropwise; the mixture was stirred for
20 min; the precipitate was washed by centrifugation
and dried at 50°C. A mixture consisting of 400 mg of
1.03%Co(OH)2/g-C3N4 and 2 g of sodium hypophos-
phite was heated in a nitrogen atmosphere to 300°С at
a rate of 2°С/min, held at this temperature for 1 h, and
cooled to room temperature. The resulting mixture
was washed several times and dried at a temperature of
50°C. Hereinafter in the text, the sample synthesized
by this method is designated as Co(TP)/g-C3N4. For
comparison, cobalt phosphide Co(TP) was synthe-
sized from cobalt hydroxide under the same condi-
tions. In accordance with the hydrothermal method, a
suspension consisting of 10 mL of water, 400 mg of
carbon nitride, and calculated amounts of a 0.1 M
cobalt chloride solution and a red phosphorus powder
was stirred on a magnetic stirrer for 30 min. The result-
ing suspension was placed in an autoclave (filling fac-
tor of 0.8) and heated at 200°С for 10 h. After that, the
suspension was washed several times and dried at a
temperature of 50°C. The sample synthesized by this
method is designated as Co(HT)/g-C3N4. In the case
of the photochemical reduction method, a suspension
consisting of 40 mL of an aqueous alcohol solution
(10 vol % of ethanol), 400 mg of carbon nitride, and
calculated amounts of 0.1 M cobalt chloride and
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sodium hypophosphite solutions was placed in a reac-
tor, purged with argon until the complete removal of
oxygen, and illuminated with a light-emitting diode at
a wavelength of 380 nm for 3 h. The resulting suspen-
sion was washed several times and dried at a tempera-
ture of 50°C. Hereinafter in the text, the sample syn-
thesized by this method is designated as Co(PR)/g-
C3N4. For comparison, cobalt phosphide Co(PR) was
synthesized under the same conditions from presyn-
thesized cobalt(II) hydroxide and sodium hypophos-
phite. The Co(TP)/g-C3N4(HT) composite was syn-
thesized by autoclaving a suspension consisting of 396
mg of g-C3N4 and 4 mg of Co(TP), which was sub-
jected to a 30-min pretreatment in an ultrasonic bath,
at 120°С for 2 h. The resulting suspension was washed
several times and dried at a temperature of 50°С [17].
For comparison, a 1%Pt/g-C3N4 photocatalyst was
synthesized by the chemical reduction method [16].

Physicochemical Property Investigation Procedure

The phase composition of the synthesized catalysts
was studied on a Bruker D8 X-ray diffractometer
(Germany) using CuKα copper radiation at a wave-
length of λ = 1.5418 Å. X-ray diffraction patterns were
recorded in an angular range of 2θ = 15°–65° by
point-by-point scanning in increments of 0.05°; the
acquisition time was 10 s per point. The size of the
coherent scattering region (CSR) of the samples was
determined using the Scherrer equation. The diffuse
reflectance spectra of the samples were recorded on a
Lambda 35 spectrophotometer (PerkinElmer, United
States) equipped with an RSA-PE-20 diffuse reflec-
tance attachment (Labsphere, United States). The ref-
erence sample was barium sulfate. The microstructure
of the photocatalysts was studied by transmission elec-
tron microscopy (TEM) using a ThemisZ microscope
(Thermo Fisher Scientific, United States) at an accel-
erating voltage of 200 kV. The micrographs were
recorded using a Ceta 16 CCD sensor (Thermo Fisher
Scientific, United States). The chemical composition
of the catalysts was studied by X-ray photoelectron
spectroscopy (XPS) on a SPECS Surface Nano Anal-
ysis GmbH electronic spectrometer (Germany). The
spectrometer is equipped with a PHOIBOS-150-
MCD-9 hemispherical analyzer and an XR-50 source
of characteristic X-ray radiation with an Al/Mg twin
anode. The spectra were recorded using nonmono-
chromatized AlKα radiation (hν = 1486.61 eV). The
effect of sample charging was taken into account using
the position of the peak corresponding to the carrier, i.e.,
carbon, in the C3N4 structure (E(C1s) = 288.1 eV). Rel-
ative concentrations of elements in the analysis zone
were determined from the integral intensities of the
XPS peaks taking into account the photoionization
cross section of the respective terms [20]. For a
detailed analysis, the spectra were decomposed into
individual components. After subtracting the back-
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ground by the Shirley method [21], the experimental
curve was decomposed into a series of lines correspond-
ing to the photoemission of electrons from atoms in var-
ious chemical environments. The data were processed
using the CasaXPS software package [22].

Catalytic Activity Measurement Procedure

The catalytic activity of the synthesized photocata-
lysts was measured in a static reactor under illumina-
tion with a light-emitting diode at a wavelength of
450 nm as described earlier [16]. Ten milliliters of
triethanolamine, 90 mL of a 0.11 M sodium hydroxide
solution, and 50 mg of a photocatalyst were placed
into the reactor. Before reaction, the reactor was
purged with argon for about 30 min to remove oxygen;
after that, illumination was turned on. The amount of
evolved hydrogen was measured on a gas chromato-
graph (Khromos, Russia).

Photoelectrochemical Property Investigation Procedure

The photoelectrochemical characteristics of the
samples were studied in a two-electrode cell [23]. The
working electrode was the studied photoelectrode; the
counter electrode was brass with a predeposited cop-
per(I) sulfide layer. The working photoelectrodes were
prepared by the drop-casting method [20]. Thirty mil-
ligrams of a photocatalyst of an appropriate composi-
tion was added to 600 μL of ethanol and treated in an
ultrasonic bath for 6 min. The resulting suspension
was dripped onto conductive FTO glass until the glass
surface was completely covered with the solution and
then dried at 80°C. The counter electrode was pre-
pared by treating brass with concentrated hydrochloric
acid at 70°C for 30 min, rinsing with distilled water,
and immersing into a 1 M aqueous solution of sodium
sulfide for 15 min [25]. A 1 M aqueous solution of
sodium sulfide with dissolved sulfur (1 M) and sodium
chloride (0.1 M) was used as the electrolytes. The elec-
trodes were compressed to optimize the contact. Pho-
tovoltaic characteristics were determined on a P-45X
potentiostat–galvanostat (Russia) equipped with a
FRA-24M electrochemical impedance measurement
module in a voltage range of −0.8 to +0.8 V; the
potential sweep rate was 0.02 V/s. The time depen-
dences of photocurrent density were recorded at a
potential of 0 V. Impedance spectroscopy measurements
were conducted in a frequency range of 0.8–105 Hz at an
amplitude of 10 mV and a constant potential value of
0.2 V. The Mott–Schottky dependences were studied
in a voltage range of −0.6 to 0.6 V at an amplitude of
10 mV and a constant frequency of 1000 Hz. The illu-
mination source was a light-emitting diode at a wave-
length of 450 nm and a radiation power of
19.2 mW/cm2. The area of the illuminated surface in
the cell was 1 cm2.
RESULTS AND DISCUSSION

Physicochemical Properties of the Synthesized Catalysts

The phase composition of all the synthesized cata-
lysts was studied by XRD (Fig. 1). It is evident from
Fig. 1a that the X-ray diffraction patterns of all the
composite photocatalysts exhibit peaks at ~13° and
~27°, which are characteristic of the (100) and (200)
faces of carbon nitride. Since graphitic carbon nitride
is a layered material with an ordered two-dimensional
(2D) structure, it is characterized by calculating the
CSR size in the following two directions: in the plane
of 2D La layers (in fact, it shows the distance between
tri-s-triazine units [16, 26]) and perpendicular to the
2D layers (shows distance Lc between the material lay-
ers). These parameters were calculated using the
Scherrer equation; they are listed in Table 1. Note that
the deposition of a cocatalyst on the carbon nitride
surface leads to a change in the characteristic CSR size
in the plane of the La layers, and the higher the synthe-
sis temperature, the more significant the increase in
this parameter. For example, in terms of the photo-
chemical reduction method, the reaction occurs at
room temperature, and the characteristic size of La
remains almost constant. An increase in the synthesis
temperature to 200°C (Co(HT)/g-C3N4 sample) leads
to an increase in La by 1 nm compared with the value
for unmodified carbon nitride. With an increase in the
synthesis temperature to 300°C, at which thermal
phosphorylation was run (Co(TP)/g-C3N4 sample),
the La distance increases to 6.3 nm. At the same time,
the temperature regime for the synthesis of cobalt
phosphides has hardly any effect on the interlayer
spacing in the carbon nitride structure: the Lc param-
eter is 8–9 nm for the composite photocatalysts on
which the cocatalyst was deposited. A different ten-
dency is observed in the case of the Co(TP)/g-
C3N4(HT) sample, which was synthesized by subject-
ing the presynthesized cobalt phosphide and carbon
nitride to dispersion and a hydrothermal treatment to
provide the formation of an interfacial contact. In this
case, the La and Lc distances are almost 2 nm higher
than the respective parameters for the original carbon
nitride.

According to the data shown in Figs. 1a and 1b, the
peaks of the phases corresponding to cobalt phosphide
were detected only for the sample synthesized by the
thermal phosphorylation method. Apparently, this
fact can be attributed to the small amount of the
deposited component or the high degree of dispersion
of the component. To suggest the composition of
phosphides that can be formed by the thermal method
and photochemical reduction, the synthesis proce-
dure was reproduced in the absence of carbon nitride.
X-ray diffraction patterns of the Co(TP) and Co(PR)
samples are shown in Fig. 1c. Qualitative analysis
showed that, in the case of using the thermal method,
it is reasonable to expect the formation of a mixture of
KINETICS AND CATALYSIS  Vol. 63  No. 3  2022
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Fig. 1. X-ray diffraction patterns of photocatalysts: (a) g-C3N4, Co(TP)/g-C3N4, Co(PR)/g-C3N4, Co(HT)/g-C3N4, and
Co(TP)/g-C3N4(HT); (b) Co(TP)/g-C3N4 in a range of 2θ = 40°–60°; and (c) Co(TP) and Co(PR). 
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phosphides CoP (PDF 01-089-4862) and Co2P (PDF
04-007-15-24) and cobalt oxide (PDF 00-002-0770),
which is formed during the calcination of cobalt
hydroxide. In the case of photochemical reduction,
only peaks of cobalt hydroxide were detected; this fact
confirms the necessity for the presence of a photocat-
alyst in the synthesis of phosphides. Comparison of
KINETICS AND CATALYSIS  Vol. 63  No. 3  2022

Table 1. Physicochemical catalytic properties of carbon nitrid

a CSR in in the layer plane; b CSR in the plane perpendiculated the
The dash indicates the absence of Co in the composition of the resp

Samples La,a nm Lc,b nm

g-C3N4 4.6 9.0
Co(TP)/g-C3N4 6.3 9.0
Co(HT)/g-C3N4 5.7 8.0
Co(PR)/g-C3N4 4.7 8.1
Co(TP)/g-C3N4(HT) 6.4 11.0
the estimated results with data obtained by other
methods and analysis of the mechanisms of formation
of phosphides and reaction byproducts in terms of the
different techniques will be described below.

The photocatalysts with deposited components
were studied by XPS; the spectra are shown in
Figs. 2a–2f. It is evident from Fig. 2a that the spec-
e and composite photocatalysts based on it

 layers;  c absorption edge;  d bang gap;  e From XPS data.
ective sample.

λc, nm Eg, d eV [N]/[C]e [Co]/[C]e

444 2.79 1.42 –
454 2.73 1.20 0.0036
448 2.77 1.16 0.0027
450 2.75 1.40 0.0060
440 2.82 Not available Not available
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trum of carbon is adequately described by two peaks
with binding energies in the region of 284.6–285.1 and
288.1 eV. The first peak is characteristic of carbon-
containing impurities present on the surface of photo-
catalysts, for example, due to the adsorption of carbon
dioxide from the atmosphere. The second peak corre-
sponds to carbon that forms bonds with nitrogen
atoms in the structure [27, 28]. The N1s spectrum
shown in Fig. 2b exhibits a peak at a binding energy in
the region of 398.6 eV, which is attributed to the nitro-
gen atom that forms the C–N=C bond, a peak at
400.0 eV corresponding to the nitrogen atom that
forms a bond with three carbon atoms (N–(C)3), and
a peak at 401.0 eV, which confirms the presence of ter-
minal N–H groups [27, 28]. The ratio of carbon-to-
nitrogen atom concentrations on the surface of the sam-
ples is nearly stoichiometric (Table 1). Thus, the use of
the XPS method unambiguously confirms the presence
of carbon nitride in the studied photocatalysts.

In addition, the spectra of cobalt and phosphorus
for the Co(TP) and Co(PR) reference samples synthe-
sized by the thermal phosphorylation and photochem-
ical reduction method in the absence of carbon nitride
were analyzed. Figure 2c shows that the spectrum of
cobalt for the sample synthesized by photochemical
reduction can be described by two doublets at a bind-
ing energy of the Co2p3/2 peaks in the region of 780.1
and 780.9 eV and the respective “shake-up” satellites
in the region of 785.5 and 784.5 eV. The two doublets
are attributed to cobalt in the +2 oxidation state. The
first doublet corresponds to cobalt contained in cobalt
phosphate (6%); the second doublet corresponds to
cobalt oxide or hydroxide (94%). The spectrum of
phosphorus for the Co(PR) sample exhibits a single
peak at a binding energy of 133.5 eV, which is charac-
teristic of the phosphate ion [29–31]. Thus, in the
absence of a support, only cobalt phosphate can be
synthesized by the photochemical reduction method.
A different picture is observed for the Co(TP) sample
synthesized by the thermal phosphorylation method.
Figure 2c shows that the spectrum of cobalt for this
sample is a superposition of two peaks. The first peak
has a binding energy of 778.9 eV and corresponds to
cobalt in the form of a phosphide [32–35]. The bind-
ing energy for the second peak with satellites is
781.8 eV; therefore, it can be attributed to the divalent
state of cobalt in the form of a phosphate [36, 37]. The
atomic ratio of cobalt in the form of a phosphide and a
phosphate is 1 : 4. The presence of a cobalt phos-
phide–cobalt phosphate mixture in the sample is con-
firmed by the data shown in Fig. 2d.

The Co(TP)/g-C3N4, Co(HT)/g-C3N4, and
Co(PR)/g-C3N4 composite catalysts were studied by
XPS (Figs. 2e, 2f). For all the studied samples, the
Co2p3/2 spectrum is described by a broad peak in the
region of 780.8–781.2 eV, which is characteristic of
cobalt contained in cobalt oxide and/or cobalt phos-
phate [32, 33, 35]. For the Co(PR)/g-C3N4 sample,
the intensity of the peaks of phosphorus is below the
XPS detection limit. In the case of the Co(HT)/g-
C3N4 catalyst, phosphorus presents in the form of
phosphates. For the Co(TP)/g-C3N4 sample, an extra
peak corresponding to cobalt phosphide is identified
(Fig. 2f). Thus, in the case of synthesizing photocata-
lysts by the hydrothermal method and photochemical
reduction, cobalt phosphate is formed on the surface
of carbon nitride. In the case of thermal phosphoryla-
tion, a cobalt phosphate–cobalt phosphide mixture
can be formed. It should be noted that, the samples
synthesized by the different methods are characterized
by different ratios of cobalt-to-carbon atomic surface
concentrations (Table 1). Taking into account the fact
that the bulk quantity of cocatalysts is identical in all
the samples, the above can indicate that the resulting
particles have different sizes.

The Co(TP)/g-C3N4 sample was further studied by
the TEM method; the images are shown in Fig. 3. It is
evident from Fig. 3a that the photocatalyst consists of
particles of several types. The first type is carbon
nitride support particles, as evidenced by the distribu-
tion of carbon and nitrogen atoms over the sample sur-
face (Figs. 3b, 3c). The support particles are stacked in
several layers. On the carbon nitride surface, spherical
particles with a size of 20–40 nm and cylindrical
agglomerates with a size of up to 100–200 nm are
detected. To determine the chemical nature of these
agglomerates, maps of element distribution over the
sample surface were constructed. The cobalt (Fig. 3d)
and oxygen atoms (Fig. 3f) are uniformly distributed
over the carbon nitride surface. Phosphorus presents
in the form of individual clusters of small groups of
atoms and agglomerates with a size of 20–150 nm
(Fig. 3e). Comparison of the images in Figs. 3d–3f
reveals regions where cobalt, phosphorus, and oxygen
atoms; cobalt and phosphorus atoms; and phosphorus
and oxygen atoms are simultaneously present. This
fact confirms the presence of cobalt phosphide and
cobalt orthophosphate on the surface. It should be
noted that the amount of surface phosphorus is higher
than the cobalt concentration. Similar results were
obtained by XPS: [P]/[Co] = 47.7. Apparently, a por-
tion of phosphorus remains on the surface after wash-
ing the catalyst synthesized in excess sodium hypo-
phosphite.

The optical properties of the synthesized photocat-
alysts were studied by diffuse reflectance spectroscopy
(Fig. 4). The general shape of the spectra is similar for
all the samples, except for Co(TP)/g-C3N4. This fact
can be attributed to the presence of cobalt phosphide
in the sample. The reflection spectra were used to cal-
culate the Tauc function and determine the absorption
edges; the data are summarized in Table 1. The
absorption edge of carbon nitride is 444 nm. Upon the
deposition of cocatalysts on the sample surface, this
parameter is shifted by less than 10 nm. Typically, the
shift of the absorption edge of the samples is associ-
KINETICS AND CATALYSIS  Vol. 63  No. 3  2022
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Fig. 2. X-ray photoelectron spectra of photocatalysts: (a) the C1s and (b) N1s lines of g-C3N4, Co(TP)/g-C3N4, Co(PR)/g-
C3N4, and Co(HT)/g-C3N4; (c) the Co2p and (d) P2p lines of Co(TP) and Co(PR); (e) the Co2p3/2 lines of Co(TP)/g-C3N4,
Co(PR)/g-C3N4, and Co(HT)/g-C3N4; and (f) the P2p lines of Co(PR)/g-C3N4 and Co(HT)/g-C3N4.
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ated with the transfer of electron density from the car-
bon nitride to the cobalt phosphide or cobalt phos-
phate particles. It should be noted that all the synthe-
sized catalysts absorb visible light and are potentially
suitable for use in photocatalytic and photovoltaic
processes.

Cocatalyst Synthesis Mechanism 
in Terms of the Studied Methods

In this study, the following three different methods
for the formation of cobalt salts on the surface of car-
bon nitride were studied: thermal phosphorylation,
KINETICS AND CATALYSIS  Vol. 63  No. 3  2022
photochemical reduction, and the hydrothermal
method. According to the published data, thermal
phosphorylation is based on the following two sequen-
tial processes: the decomposition of sodium hypo-
phosphite to form phosphine (in this case, the solid-
phase decomposition product is various salts of oxy-
gen-containing phosphoric acids [17, 38], Eqs. (I)–
(III)) and the reaction of phosphine with cobalt
hydroxide (Eq. (IV)). The process occurs at 300°C;
this factor eliminates the occurrence of solid-phase
transformations:

(I)2 2 3 2 42NaH PO PH Na HPO ,→ +
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Fig. 3. (a) Transmission electron microscopy image of the Co(TP)/g-C3N4 sample and (b–f) elemental mapping of the TEM
image of the Co(TP)/g-C3N4 sample.
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Fig. 4. Diffuse reflectance spectra of photocatalysts based on carbon nitride. 
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(II)

(III)

(IV)

According to XRD, in the case of the Co(TP) sam-
ple synthesized by the above method, a mixture of
cobalt phosphides is actually formed. However, the
results of the XPS studies of Co(TP) show the pres-
ence of a cobalt phosphide–cobalt phosphate mixture
on the surface. Apparently, during the storage of the
photocatalysts, fine cobalt phosphide particles are
oxidized by atmospheric oxygen.

In terms of hydrothermal synthesis, a reaction of
phosphorus, water, and cobalt hydroxide takes place.
Under autoclaving conditions, phosphorus dispropor-
tionation (Eq. (V)) and the subsequent reaction of the
disproportionation products with cobalt hydroxide
can occur (Eqs. (IV), (VI)). It should be noted that a
byproduct of the disproportionation is phosphoric
acid; as a consequence, cobalt phosphate is formed in
the system. X-ray photoelectron spectroscopy analysis
of the Co(HT)/g-C3N4 sample showed that only
cobalt orthophosphate is presented on the surface.
Apparently, the reaction of phosphine with cobalt
hydroxide occurs more slowly than the formation of
phosphate does or the resulting cobalt phosphide par-
ticles are oxidized by atmospheric oxygen during stor-
age. To increase the phosphide yield in terms of this
method, phosphorus precursors of a more complex
composition should be apparently used:

(V)

(VI)

The cocatalyst synthesis method based on the pho-
tochemical reduction of precursors with electrons
formed upon the illumination of a semiconductor has
been effectively used earlier to synthesize particles of
noble metals [39]. The case of phosphides is more
complicated: both cobalt and phosphorus undergo
reduction (Eqs. (VII), (VIII)). According to the pub-
lished data, the main product of the above reaction is
a CoP–Co2P mixture [19]. A major problem that
arises in using the photochemical reduction method is
the low yield of reaction products due to the recombi-
nation of electron–hole pairs. Since a side process
involving holes is the formation of phosphates
(Eq. (IX)), it was decided to implement the process in
an aqueous alcohol solution, rather than in water. In
this case, the photogenerated holes will partly oxidize
ethanol. Analysis of the Co(PR) sample, which was
synthesized by illuminating a mixture of cobalt
hydroxide and an aqueous alcoholic solution of
sodium hypophosphite with a light-emitting diode,
showed the formation of cobalt orthophosphate under
these conditions. Further, the procedure was supple-
mented with the introduction of a fivefold excess of
barium ions into the reaction mixture; barium ions are

2 2 3 4 2 7 24NaH PO 2PH Na P O H O,→ + +

2 2 3 5 3 10 25NaH PO 2PH Na P O 2H ,→ + +

( ) 3 2 223Co OH 2PH CoP Co P 6H O.+ → + +

2 3 3 48P 12H O 5PH 3Н PO ,+ → +

( ) ( )3 4 3 4 22 23Co OH 2Н PO Co PO 6H O.+ → +
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capable of precipitating the orthophosphate ion with-
out forming insoluble hypophosphites. However, even
in this case, cobalt phosphide was not identified.
Thus, the use of the photochemical reduction method
provides the formation exclusively of cobalt ortho-
phosphate:

(VII)

(VIII)

(IX)

Photocatalytic Activity and Photoelectrochemical 
Properties of the Synthesized Photocatalysts

The photocatalytic activity of catalysts based on
graphitic carbon nitride is most commonly studied in
aqueous alkaline solutions of triethanolamine. This
reagent, being adsorbed on the surface, protects the
material from photocorrosion processes and thereby
extends the preservation of the catalytic properties of
carbon nitride [16]. However, unmodified carbon
nitride does not exhibit catalytic properties. Cocata-
lysts—cobalt phosphide and cobalt orthophosphate—
were deposited on the surface of unmodified C3N4.
The kinetic curves recorded for the studied samples
are shown in Fig. 5; for comparison, the kinetic curve
of hydrogen evolution recorded in the presence of the
1%Pt/g-C3N4 photocatalyst is also shown there. It is
evident from Fig. 5 that photocatalytic hydrogen evo-
lution in the presence of the studied catalysts is char-
acterized by an induction period of 45–60 min, after
which the amount of hydrogen depends linearly on
time. The linear portion of the recorded curves was
subsequently used to calculate the reaction rate. It
should be noted that the induction period in the pres-
ence of photocatalysts with deposited metal salts was
described earlier [40, 41]; it is associated with the par-
tial reduction of the cocatalyst to the metallic state
[41]. A similar effect can occur for platinum, because
deposition by reduction with sodium borohydride
leads to the formation of platinum particles in the 0
and +2 oxidation states on the surface; the metallic
state is more preferable for hydrogen evolution [39].

Analysis of the data in Fig. 5 shows that nonzero
reaction rates were obtained for Co(TP)/g-C3N4 syn-
thesized by thermal phosphorylation and the reference
sample containing platinum. Apparently, the presence
of a small amount of cobalt phosphide in the cocata-
lyst favorably affects the reaction rate, because CoP, in
common with noble metals, is capable of attracting
electron density to itself and thereby improving the
degree of spatial charge separation of the semiconduc-
tor. It should be noted that the activity of the
Co(TP)/g-C3N4 catalyst (156 μmol h−1 g−1) is compa-
rable to the activity of platinized carbon nitride
1%Pt/g-C3N4 (216 μmol h−1 g−1).

2
2 2 2Co H PO 2H 3e CoP 2H O,+ − + −+ + + → +

2
2 2 2 22Co H PO 2H 5e Co P 2H O,+ − + −+ + + → +

3
2 2 4 2H PO  6OH 4h PO 4H O.− − + −+ + → +
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Fig. 5. Time dependences of the amount of evolved hydrogen recorded in the presence of the Co(TP)/g-C3N4, Co(PR)/g-C3N4,
Co(HT)/g-C3N4, Co(TP)/g-C3N4(HT), and 1%Pt/g-C3N4 photocatalysts. 
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The samples synthesized by the hydrothermal
method and photochemical reduction, in which
cobalt is presented only in the form of orthophos-
phate, do not exhibit activity in the target reaction. It
is known that cobalt orthophosphate is a semiconduc-
tor; the conduction and valence band edge potential is
–0.73 and 1.62 V, respectively [42]. Since the conduc-
tion band potential of cobalt orthophosphate is less
than 0 V, this semiconductor can theoretically be used
as a photocatalyst for hydrogen evolution [43]. Appar-
ently, heterojunctions can be formed in a composite
photocatalyst consisting of cobalt orthophosphate and
graphitic carbon nitride. Upon the illumination of this
sample, electron–hole pairs are formed inside the
particles of the two semiconductors. Since the poten-
tials of the conduction (–1.3 V) and valence band
(1.46 V) of carbon nitride [44] are higher than those of
cobalt phosphate, the presence of electrons in the con-
duction band of cobalt orthophosphate and the pres-
ence of holes in the valence band of carbon nitride are
thermodynamically most favorable. The transfer of
photogenerated charges to the particles of the semi-
conductors in accordance with the scheme shown in
Fig. 6 provides an increase in the lifetime of electrons
and holes and the degree of spatial separation of
charge carriers and an improvement in the catalytic
activity of carbon nitride. However, the amount of
deposited cobalt orthophosphate is too small for the full
manifestation of this effect; therefore, the catalytic activ-
ity of these samples does not exceed 1 μmol h−1 g−1. An
example to confirm the validity of this statement is
provided by a system of semiconductors consisting of
a solid solution of cadmium and zinc sulfides—
Cd0.3Zn0.7S and Zn(OH)2—inside which heterojunc-
tions are formed: the deposition of 1 wt % of zinc
hydroxide leads to a change in catalytic activity by
10%; a significant effect is observed in the case of
depositing 10–30 wt % of the cocatalyst [45]. Thus, to
provide the formation of active photocatalysts, it is
necessary to increase either the cobalt phosphide con-
tent in the cocatalyst or the amount of deposited
cobalt orthophosphate.

In addition, in this study, a Co(TP)/g-C3N4(HT)
photocatalyst was synthesized by the hydrothermal
treatment of a preprepared cobalt orthophosphate–
cobalt phosphide mixture (Co(TP) sample) and gra-
phitic carbon nitride, which did not exhibit catalytic
activity in the hydrogen evolution reaction. Appar-
ently, the formation of a composite sample from indi-
vidual phases of carbon nitride and a cobalt phos-
phate–cobalt phosphide mixture does not provide the
formation of sufficiently tight contacts between the
phases, which are provided by the phosphorylation of
samples containing cobalt hydroxide preadsorbed on
the surface.

All the photocatalysts containing cobalt phosphide
and cobalt phosphate were further studied by electro-
chemical methods. The main photovoltaic character-
istics were calculated from voltammetry data and sum-
marized in Table 2. It is evident from Table 2 that the
short-circuit current density for the sample synthe-
sized by thermal phosphorylation is higher than
respective parameter of the other catalysts. The photo-
current value decreases in the case of using the hydro-
KINETICS AND CATALYSIS  Vol. 63  No. 3  2022
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Fig. 6. Schematic charge transfer that occurs under illumination of a composite photocatalyst consisting of carbon nitride and
cobalt orthophosphate. 
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thermal method. The use of the photodeposition tech-
nique and the assembly of a composite from presyn-
thesized photocatalysts give lower results: the short-
circuit current density is three times lower than that for
the samples synthesized by the hydrothermal method.
Calculations of the efficiency confirm that thermal
phosphorylation is the most effective of all the
described techniques. Analysis of the voltammetry
data shows that, for the Co(TP) sample synthesized by
thermal phosphorylation, the short-circuit current
density and efficiency values are higher than those
obtained for the sample synthesized by the photo-
chemical reduction method. Apparently, the presence
of a small amount of cobalt phosphide in the sample
makes it possible to significantly improve the photo-
voltaic characteristics.

For a more fundamental understanding of the
causes of changes in the key characteristics of photo-
electrodes, the samples were studied by impedance
KINETICS AND CATALYSIS  Vol. 63  No. 3  2022

Table 2. Photovoltaic properties and results of impedance spe

aThe efficiency of the photoelectrochemical cell, the ratio of the nu
ity to the number of light quanta incident on the cell. bConcentrati
chemical cell. cDielectric permeability of the photocatalyst.

Sample
Short-circuit 

current density, 
mA/cm2

Efficiencya, %

Co(TP)/g-C3N4 0.492 0.35

Co(HT)/g-C3N4 0.343 0.03

Co(PR)/g-C3N4 0.120 0.02

Co(TP)/g-C3N4(HT) 0.110 0.04

Co(TP) 2.406 0.44

Co(PR) 1.320 0.37
spectroscopy. Figure 7 shows plots in Nyquist coordi-
nates. It is evident that the type of cocatalyst synthesis
method does not affect the general form of the depen-
dence of the imaginary part of the impedance on the
real part. Moreover, the resistance in the system
decreases in the same order in which the short-circuit
current density increases. Thus, the results obtained
by impedance spectroscopy and voltammetry are in
agreement with each other. In addition, the imped-
ance data were used to calculate the electron lifetimes
(Table 2). It should be noted that the values of this
quantity decrease in the same order in which the
short-circuit current density decreases. For the
Co(TP) and Co(PR) samples synthesized by the ther-
mal phosphorylation and photodeposition methods,
the electron lifetime is longer than that of composite
photocatalysts deposited on conductive glass. For the
same samples, higher short-circuit current densities
were obtained.
ctroscopy measurements of phosphorus-containing samples

mber of light quanta whose energy has been converted into electric-
on of electrons moving between the electrodes of the photoelectro-

Electron lifetime, 
ms

Flat band potential 
VFB, mV Nb × εc, m−3

0.25 –317 8.96 × 1018

0.20 –325 5.91 × 1018

0.15 –258 1.64 × 1018

0.09 –321 1.42 × 1018

29 –362 6.20 × 1016

2.7 –293 5.98 × 1016
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Fig. 7. Nyquist hodographs plotted for the studied photo-
electrodes. 
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To determine the type of conductivity of the syn-
thesized samples, the Mott–Schottky plots were con-
structed; they are shown in Fig. 8a. The positive slope
of the straight line suggests that the synthesized com-
posite photocatalysts, in common with graphitic car-
bon nitride, are n-type semiconductors [46]. Thus, the
deposition of 1 wt % of the cocatalyst does not change
the conductivity type of the material. Mott–Schottky
plots can be used to calculate the f lat band potential of
the studied samples. To this end, the linear portion of
the recorded dependences was approximated by a
straight line and the f lat band potential value was cal-
culated using the following equation [47]:

(1)

where ε is the dielectric permeability of the medium,
ε0 is the dielectric constant (F/m2), C is the capaci-

( )FB2 2 2
0 0

1 2 2 ,V V
C e NS e

k
NS

T
e

= −
ε

+
ε εε
Fig. 8. Mott–Schottky plots constructed for (a) the composite ph
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tance (F), N is the electron concentration (m−3), S is
the area of the illuminated surface (m2), V is the
potential applied to the cell (V), e is the electron
charge (C), k is the Boltzmann constant (J/K), T is the
absolute temperature (K), and VFB is the f lat band
potential (V).

According to Table 2, the f lat band potential of the
composite photocatalysts lies in a range of –258 to
‒325 mV; for all the samples, except for the catalyst
synthesized by the photodeposition method, this
parameter is about –320 mV. Since the f lat band
potential value hardly changes with a change in the
cocatalyst synthesis method, it can be concluded that,
in the case under consideration, VFB does not signifi-
cantly affect the catalytic and electrochemical activity
of the synthesized samples.

Similar dependences were plotted for the samples
synthesized by the thermal phosphorylation and pho-
todeposition methods (Fig. 8b). Unlike carbon nitride
and the composite photocatalysts based on it, cobalt
phosphide and cobalt phosphate are p-type semicon-
ductors; this finding is consistent with the published
data [48]. The flat band potential of the samples syn-
thesized by the thermal phosphorylation and pho-
todeposition methods is –362 and –293 mV, respec-
tively. The differences between these values are associ-
ated with the different phase compositions of the
synthesized samples. It should be noted that the for-
mation of composite photocatalysts leads to a shift of
the f lat band potential of the cocatalysts by almost
40 mV, regardless of the synthesis method.

Another parameter that can be calculated from the
Mott–Schottky plot is charge carrier concentration.
Since the dielectric permeability of the composite
photocatalysts is unknown, the product of the electron
concentration by the dielectric permeability of the
medium was found for the estimates (Table 2). Com-
parison of these quantities is assumed to be reason-
KINETICS AND CATALYSIS  Vol. 63  No. 3  2022

otocatalysts and (b) the Co(TP) and Co(PR) reference samples. 
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Fig. 9. Study of the photostability of (a) the Co(TP)/g-C3N4 photocatalyst and (b) photoelectrodes synthesized by depositing
composite photocatalysts on conductive glass. 
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able, because it is scarcely probable that the difference
in the phase composition of the component deposited
in an amount of 1 wt % can significantly change the
dielectric permeability of the material. It is evident
from Table 2 that the products of the charge carrier
concentration by the dielectric permeability of photo-
catalysts—N × ε—for the synthesized samples are of
the same order of magnitude and decrease in the same
order in which the electron lifetime and the short-cir-
cuit current density decrease.

Stability of the Synthesized Photocatalysts 
and Photoelectrodes

It is known that one of the requirements for photo-
catalysts and photoelectrodes is the preservation of
their activity in several illumination runs. Figure 9a
shows the kinetic curves of the Co(TP)/g-C3N4 sam-
ple recorded during four 1.5-h illumination runs. Note
that, during the 6-h illumination of the photocatalyst,
the initial catalytic activity of the sample decreases by
38%. The time variation of the maximum amount of
generated photocurrent is shown in Fig. 9b. During
the first three illumination on/off runs, the short-cir-
cuit current density decreases and achieves a constant
value, which does not change during the next six runs.
This tendency is characteristic of all the studied pho-
toelectrodes in the system. In general, after eight illu-
mination on/off runs, the short-circuit current density
decreases by 20–25%.

CONCLUSIONS
In this study, a cocatalyst was deposited on the sur-

face of carbon nitride by the following three different
methods: thermal phosphorylation, the hydrothermal
method, and photochemical reduction. In the first
case, the cocatalyst was a cobalt phosphide–cobalt
KINETICS AND CATALYSIS  Vol. 63  No. 3  2022
orthophosphate mixture; the use of the hydrothermal
and photochemical synthesis methods provided the
formation of cobalt orthophosphate. In addition, a
sample was synthesized by a hydrothermal treatment
of presynthesized carbon nitride and cobalt phos-
phide. The only sample that exhibited catalytic activity
in photocatalytic hydrogen evolution from an aqueous
alkaline solution of triethanolamine was the sample
synthesized by thermal phosphorylation. The catalytic
activity of this sample was 156 μmol h−1 g−1; this value
is comparable to that of platinized carbon nitride
1%Pt/g-C3N4 (216 μmol h−1 g−1). The photoelectro-
chemical tests showed that all the synthesized photo-
electrodes are capable of generating photocurrent.
The highest photocurrent was recorded for the cobalt
phosphide-containing sample synthesized by thermal
phosphorylation. Further tests showed that the cur-
rent density of the photoelectrode containing
20 mol % of cobalt (of total cobalt) in the form of CoP
is 1.8 times higher than the value for the sample con-
taining exclusively cobalt orthophosphate. Thus, an
efficient system for photocatalytic and photovoltaic
applications should contain a cocatalyst with a maxi-
mum content of cobalt phosphide.
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