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2D black phosphorus as a phosphide source for
the formation of mixed cobalt phosphide clusters
active in photocatalytic hydrogen evolution

Giacomo Provinciali,a Manuel Serrano-Ruiz, a Jonathan Filippi,a Beatrice Muzzi,a

Martina Banchelli, b Carlo Calcatelli, c,d Alberto Verdini, d Stefano Caporali,e

Francesco D’Acapito, f Maurizio Peruzzinia and Maria Caporali *a

The use of solar energy to produce valuable feedstocks and energy vectors, such as hydrogen, is a fasci-

nating research field of utmost practical importance. Herein, we report a facile strategy to functionalize

2D black phosphorus nanosheets (BPNS) with mixed cobalt phosphide clusters of different stoichiometry,

Co2P and CoP, with sub-nanometric sizes. The in-depth study at the atomic level by X-ray absorption

spectroscopy and electron microscopy confirmed the nature and structure of the phosphides and

revealed that Co2P/CoP functionalization effectively hindered the spontaneous degradation of BP under

ambient conditions. Under simulated solar-light irradiation, the hydrogen evolution rate of BP@CoxP inte-

grated with TiO2 reached 5.3 mmol g−1 h−1, almost 30-fold higher than that of TiO2. Electrochemical and

photoluminescence investigations elucidated the electronic properties of the photocatalyst, showing that

the mixed CoxP phases led to increased charge density across the heterostructure, a lower conduction

band energy, which infers more reducing power, and the generation of multiple interfaces, which increase

charge transfer and reduce electron–hole recombination.

Introduction

The increasing need for global sustainable development
through the supply of clean energy has pushed researchers to
look for alternative ways to drive chemical processes, taking
advantage of renewable energies and avoiding toxic reagents
and critical raw materials.1 In recent years, there has been a
rising interest in the use of solar energy to trigger different
chemical reactions, such as the hydrogen evolution reaction
(HER),2 the oxygen evolution reaction (OER),3 CO2 reduction,4

N2 fixation and environmental remediation.5 A variety of in-
organic semiconductors have been employed as photocata-

lysts, and, from these, 2D black phosphorus (BP) has emerged.
BP is a direct semiconductor endowed with a narrow band gap
(0.3 eV in the bulk and 2.0 eV in the monolayer) that enables
absorption of visible and near-infrared light, thus covering a
considerable part of the solar light spectrum. Additionally, BP
is endowed with an intrinsic chemical reactivity6 because its
lone pairs, localized on each P atom, enable it to participate in
diverse reactions with molecules and materials through either
covalent or non-covalent interactions.6 Extensive work has
been done to achieve the functionalization of BPNS with tran-
sition metal oxides and sulfides7 and to elucidate the activity
in various photocatalytic processes, such as the HER.
Nanohybrids of BP with cobalt have shown good performance
in the HER, and different procedures have been developed for
their synthesis. For instance, A. Ozawa et al. synthesized BPNS
by a solvothermal reaction from RP in ethylenediamine before
loading Co nanoparticles (NPs) (1.1 wt%) on BP by photodepo-
sition, reaching an enhanced HER rate of 480 μmol g−1 h−1.8

X. Ren et al. performed the calcination of solid BPNS and
CoCl2 at 300 °C for 2 h under an Ar atmosphere,9 and the
resulting nanohybrid was described as featuring single cobalt
atoms anchored on BPNS.

Our aim was to focus on BP functionalization with cobalt
phosphides, as it is known that the latter may significantly
lower the reduction potential of water10 and have high conduc-
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tivity, which is highly beneficial for the HER process. For these
reasons, cobalt phosphides have demonstrated greater
efficiency than platinum in the HER process.8,11 We also envi-
saged an alternative way of functionalizing BP with cobalt by
conducting a mild solvothermal process that avoids drastic
thermal treatment, which may cause extensive degradation of
BPNS, and using the P atoms as a phosphide source to generate
CoxP species in situ. Unexpectedly, under our selected reaction
conditions, a mild phosphating process took place in which
the BPNS act as both a substrate for growth and a reagent,
affording mixed Co2P and CoP clusters homogeneously dis-
persed on the surface of the BPNS. Previous studies have
shown the decoration of BP with nanostructured cobalt
phosphide,10,12,13 or with single cobalt atoms;9 in this work,
the formed Co–P species have sizes ranging from molecular
clusters to nanocrystals. Given that the size is connected to
quantum confinement effects and absorption properties, this
opens the possibility of changing the electronic properties and
consequently the photocatalytic behavior. The binary compo-
sites BP@CoxP were self-assembled with TiO2, and their
activity in the solar-driven production of H2 was evaluated. As
a result, a greatly improved HER rate was observed that was
almost 30 times higher than that of pristine TiO2, even when
working with a very low Co content (<1%). In-depth studies at
the atomic level by XAS and electron microscopy confirmed
the nature and structure of the composite and revealed that
CoxP functionalization contributed to effectively preventing
the ambient degradation of BP.

Experimental section
Materials

Red phosphorus (99.99% purity), TiO2 (Degussa P25), Co
(CH3COO)2·4H2O, CoCl2(PPh3)2, and CoCl(PPh3)3 were pur-
chased from Merck. CoP was prepared as previously
described.14

Exfoliation of bulk black phosphorus

First, black phosphorus crystals were synthesized from red
phosphorus according to a published procedure.15 Afterwards,
few-layer black phosphorus nanosheets were obtained by
liquid-phase exfoliation of black phosphorus crystals in di-
methylsulfoxide using an ultrasonication bath, as previously
described by some of us.16

Synthesis of BP@CoxP binary composites

The procedure is a slight modification of the published proto-
col.17 First, BPNS (3.0 mg, 0.096 mmol) were suspended by
ultrasonication in 3 mL of dry DMF, and, separately, Co
(CH3COO)2·4H2O (1.3 mg, 0.006 mmol) was solubilized in
12 mL of dry DMF. To the solution of cobalt acetate, BPNS sus-
pension was added under stirring at 800 rpm. The mixture was
transferred to a Teflon-lined stainless-steel autoclave (volume
of 30 mL) that was sealed tightly under N2 to prevent
exposure to ambient humidity and oxygen. The sealed auto-

clave was transferred to an oven, and the solvothermal
process was carried out at 180 °C for 4 hours. After the auto-
clave was cooled to room temperature, the sediment was
collected by centrifugation at 8000 rpm. Three washing/cen-
trifugation cycles were carried out using degassed ethanol,
then the solid BP@CoxP 10 wt% was dried under vacuum over-
night. For comparison, a series of binary composites BP@CoxP
were obtained, where x represents the weight percentages of
Co in the various composites, x = 10, 20 and 30 wt%,
respectively.

Synthesis of TiO2/BP composite

This material was prepared by following a procedure reported
by some of us.14 Four binary composites were synthesized with
a BP content of 1.0, 2.0, and 3.0 wt%.

Synthesis of TiO2/BP@CoxP ternary composites

TiO2 (22.3 mg, 0.279 mmol) and 0.25 mg of the prepared
BP@CoxP 10 wt% were dispersed in 15 mL of N2-degassed
2-propanol. The dispersion was ultrasonicated (170 W, 35 kHz)
for 3 hours, keeping the temperature of the sonication bath
fixed at T = 17.5 °C. Afterwards, the gray powder of TiO2/
BP@CoxP was isolated by centrifugation. Two washing/cen-
trifugation cycles were carried out using degassed methanol,
then the solid was dried under vacuum overnight. A series of
TiO2/BP(y)@Cox(z)P composites were obtained using different
starting binary composites, where y and z represent the weight
percentages of BP and Co in the various composites, y = 1.0%,
2.0%, and 3.0% and z = 0.1%, 0.2%, 0.3%, 0.4%, 0.6%, 0.8%,
and 0.9%.

Characterization

X-ray diffraction (XRD). Data were collected on the powder
samples with an X’Pert PRO diffractometer, operating in
Bragg–Brentano parafocusing geometry with a Cu target and
Kα radiation (λ = 1.5418) at 40 kV beam voltage and 40 mA
current. The data were collected in the 5°–90° 2θ range, with
steps of 0.01° and a counting time of 130 s.

Transmission electron microscopy (TEM). TEM images were
acquired using a Thermo Fisher Talos F200X G2 at an acceler-
ating voltage of 200 kV and a camera resolution of 4096 × 4096
pixels. The energy-dispersive X-ray spectroscopy (EDS)-scan-
ning electron microscopy (STEM) maps were recorded with a
Super X spectrometer equipped with four 30 mm2 silicon drift
detectors with a collection angle of 0.7 sr.

X-ray photoelectron spectroscopy (XPS). XPS measurements
were performed at the Chemistry Department, University of
Florence (Italy) in an ultra-high vacuum (10−9 mbar) system
equipped with a VSW HAC 5000 hemispherical electron energy
analyzer and a non-monochromatized Mg-Kα X-ray source
(1253.6 eV). The source power used was 100 W (10 kV ×
10 mA), and the spectra were acquired in the constant-pass-
energy mode at Epas = 44 eV. The overall energy resolution was
1.2 eV as a full-width at half-maximum (FWHM) for the Ag
3d5/2 line of a pure silver reference. The recorded spectra were
fitted using XPS Peak 4.1 software employing Gauss–Lorentz
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curves after subtraction of a Shirley-type background. The
samples were drop-cast from a suspension in methanol, dried
under a stream of nitrogen, and introduced into the UHV
system via a loadlock under inert gas (N2) flux, in order to
minimize exposure to air contaminants, and kept in the intro-
duction chamber for at least 12 hours before the
measurements.

UV-Vis diffuse reflectance spectroscopy (DRS). The UV-Vis
DRS spectra were measured on the solid samples with a
Shimadzu UV-2600 spectrometer using an integrating sphere
with BaSO4 as a reference material. By using the Kubelka–
Munk equation, Tauc plots were obtained, and the optical
band-gap energy of the samples was extrapolated.

Raman spectroscopy. Raman spectroscopic characterization
of the samples was performed at room temperature in a back-
scattering configuration using a LabRam HR 800EVO Raman
spectrometer (Horiba France SAS) equipped with an
Olympus BXFM microscope (objective X100, NA 0.9), TE
cooled CCD detector (Syncerity OE), 633 nm HeNe laser, and a
600 grooves per mm diffraction grating. The spectral resolution
was 0.9–1.8 cm−1. The sample was drop-cast on silicon wafers
as the substrate, then dried in a nitrogen atmosphere. The
laser power at the sample was 0.7 mW, and the
acquisition time was 1 s. Ten to twenty spectra were registered
for each sample at different locations to verify sample hom-
ogeneity and the absence of photoinduced phenomena. The
reference spectrum of Si was measured contextually in each
sample. Raman spectra were corrected for the baseline, and
peak analysis was performed using the Lorentzian fitting func-
tion to calculate the position, intensity and area of the charac-
teristic peaks.

X-ray absorption spectroscopy (XAS). XAS data at the Co–K
(7709 eV) and Ti–K (4966 eV) absorption edges were collected
at the LISA beamline at the European Synchrotron Radiation
Facility in Grenoble (France).18 The monochromator was
equipped with a pair of flat Si(111) crystals, whereas Si-coated
mirrors (Ecutoff = 15 keV) were used for harmonic rejection.
Spectra were collected under moderate vacuum (10−3 mbar)
with cooling to around −190 °C with liquid nitrogen, in trans-
mission mode, in the EH1 cabin of the beamline, where the
beam is not focused.

Ion chambers filled with nitrogen gas at ambient pressure
were used for data collection. Samples were prepared by
mixing the powders with h-BN as a binder and pressing. After
the sample was analyzed, the spectrum of a reference foil was
collected for the same duration as the sample. In this way, a
precise calibration of the energy scale was always ensured.

Raw XAS data were extracted with the ATHENA code19 and
quantitatively fitted with the ARTEMIS code.19 Theoretical
paths for the EXAFS analysis were calculated with the Feff84
code20 starting from a 256-atom cluster derived from the CoP
structure. The charge density was calculated in self-consistent
form, and the correlation-exchange part of the potential was in
the Hedin–Lundqvist approximation. Data were fitted in R
space after transformation of the XAS data in the interval
3–13 Å−1 with a k2 weight.

Photocatalytic H2 production

The photocatalytic hydrogen evolution experiments were per-
formed in a 30 mL cylindrical quartz reactor at ambient temp-
erature (T = 25 °C). 1.8 mg of catalyst was ultrasonically dis-
persed in 4 mL of degassed MilliQ water and 1 mL of metha-
nol, and the quartz reactor was closed with a rubber cap
equipped with a silicone septum. A 300 W Xe lamp (mKs-
Newport) equipped with a band cut-off filter (λ ≤ 780 nm) was
used as the light source. Stirring was started when the sample
was irradiated with light. The measurements were carried out
while irradiating in the UV-Vis region at a light intensity of 1.4
sun (140 mW cm−2), which was calibrated using a Si reference
cell. Before irradiation, nitrogen gas was bubbled for 30 min to
remove the air. The evolved hydrogen gas was sampled every
hour and determined using an off-line gas chromatograph
(Shimadzu GC-2010) equipped with a thermal conductivity
detector (TCD) and a 5 Å molecular sieve column.

Electrochemical measurements

Electrochemical measurements, including electrochemical
impedance spectra (EIS) and specific capacitance perform-
ances (cyclic voltammetry, CV), were carried out in a standard
three-electrode cell on an electrochemical workstation
(PARSTAT 2273 potentiostat). The EIS (perturbation voltage
20 mV, frequency 110 kHz–100 mHz) and CV were measured
using an Ag/AgCl electrode as the reference electrode, a plati-
num plate as the counter electrode, and 0.5 M Na2SO4

aqueous solution as the electrolyte. To prepare the working
electrode, pristine TiO2, BP, and the nanocomposites
BP@CoxP and TiO2/BP@CoxP were dispersed in acetone
having a final concentration of 2.0 mg mL−1. The dispersion
containing the catalyst was deposited by drop-coating on a
fluorine-doped tin oxide (FTO) conductive glass substrate
(2.0 cm2) and was dried under a stream of nitrogen before
measurements. Mott–Schottky (M–S) curves were measured
under an arc amplitude of 10 mV and frequency of 1 kHz.

Photoluminescence (PL)

PL measurements were registered using a Jasco spectrofluo-
rometer model FP-8300. The powder samples TiO2 and TiO2/
BP@CoxP were analyzed by irradiating at a wavelength close to
the maximum absorption in the corresponding UV-Vis spec-
trum (λ = 325 nm).

Results and discussion

BP nanosheets (NS) were obtained via liquid-phase exfoliation
of bulk BP under the action of ultrasound for a prolonged
time,9 and their functionalization with cobalt was achieved by
a mild solvothermal procedure in which Co(CH3COO)2 was
added to a BPNS suspension in dry DMF, and the mixture was
heated at T = 180 °C for 4 h in an autoclave. Three different
nanohybrid BP-Co were synthesized with 10, 20 and 30 wt% Co
loading, respectively. Afterwards, the assembly with TiO2 nano-
particles was performed via ultrasonication, driven by electro-
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static interactions. TiO2 has a positive Z potential of 14.1 ±
0.5 mV, whereas BP-Co has a negative zeta value (−14.7 mV,
−12.4 mV and −10.9 mV for 10%, 20% and 30 wt% of Co,
respectively), in agreement with pristine BP having a more
negative Z-potential of −38.0 ± 0.5 mV. Thus, correspondingly,
a series of different ternary TiO2/BP-Co nanocomposites were
obtained, and their extensive characterization by electron
microscopy, XRD and Raman spectroscopy was carried out.
Careful TEM imaging at different magnifications was per-
formed on several BP-Co flakes, and, intriguingly, no cobalt
nanoparticles were detected on their surface (Fig. 1a and b).
However, elemental mapping revealed the presence of cobalt
spread over the entire surface of the BP flake (Fig. 1c and d),
which implies the presence of cobalt as either nanoclusters
with a size less than 1 nm or even single atoms.

Selected area electron diffraction (SAED) was performed on
BP@Co20 to investigate the crystallographic structure of the
system. The resulting electron diffraction pattern exhibited the
crystallographic spots ascribable to orthorhombic CoP and
Co2P phases (space group Pnma, 62) (Fig. 2e).21,22 The coexis-
tence of these two phases can be induced by the different con-

centrations of the cobalt precursor on the BP surface, which,
upon reaction and interaction with P atoms, led to the simul-
taneous formation of CoP and Co2P. These compounds were
named CoxP and the nanohybrid as BP@CoxP.

The ternary nanocomposite TiO2/BP@CoxP was analysed by
TEM, and the BP nanoflakes were found to be fully covered by
TiO2 NPs (average dimension 20 nm ± 2 nm). Moreover, from
the elemental mapping analysis, cobalt was found to be evenly
distributed on the flakes (Fig. S1).

Powder X-ray diffraction shows very narrow peaks for BP,
due to its high crystallinity, at 2θ = 16.9°, 26.3°, 34.1°, 34.9°,
50.7°, 52.4°, 55.8°, 56.9°, which correspond to the planes23

(020), (021), (040), (111), (112), (060), (151) and (132), respect-
ively. These peaks are also observed in BP@CoxP, albeit with
varying intensity (Fig. 2a), indicating that, during functionali-
zation with cobalt, both the crystallinity and the structural
integrity of BP were preserved. No characteristic diffraction
peaks of CoP/Co2P were found in BP@CoxP or TiO2/BP@CoxP
(see Fig. S2), confirming the very small size of the cobalt
species. Raman spectra also confirm that the successive
functionalization of BP with cobalt and then with TiO2 does

Fig. 1 (a and b) TEM of BP flakes functionalized with cobalt, named as BP@Co20, at different magnifications. (c and d) Elemental mapping of the
flake. (e) SAED pattern.
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not alter the typical pattern of BP. As shown in Fig. 2b, three
Raman modes are observed at 360 cm−1, 436 cm−1 and
464 cm−1, corresponding to the out-of-plane A1g, in-plane B2g,
and the A2

g phonon mode of orthorhombic BP.24 In the
ternary TiO2/BP@CoxP, beyond the BP fingerprint, the charac-
teristic Raman peaks of anatase TiO2 were identified at
141 cm−1 and 394 cm−1, which correspond to the Eg and B1g

phonon modes of O–Ti–O bond vibration, respectively.25

To unravel the chemical state of Co and P in the nano-
composite, XPS analysis was performed. The core-level Co 2p
spectrum (Fig. 3a) of TiO2/BP@CoxP can be fitted with two
main peaks at BE = 777.8 eV and 792.8 eV, separated by a spin–
orbit split of 15.0 eV, which can be attributed to Co 2p3/2 and
Co 2p1/2, respectively, of metallic cobalt Co(0) or cobalt phos-
phide Coδ+.26 In addition, two peaks arising at BE = 781.6 eV
and 797.0 eV are ascribed to CoOx (Co3+) species. The minor
peaks at BE = 786.0 eV and 803.8 eV are attributed to CoOx

(Co2+) species, which are quite commonly found as a super-
ficial layer in cobalt-functionalized materials.27,28 The core level
P 2p spectrum of TiO2/BP@CoxP (Fig. 3b) shows two main
peaks at BE = 128.9 eV and 129.7 eV assigned to P 2p3/2 and P
2p1/2, respectively, which are both shifted to lower BE with
respect to pristine elemental BP, which has two characteristic
peaks at BE = 129.5 eV and 130.4 eV, respectively, as shown in
Fig. S3a. This reveals clearly the presence of negative valence P
(Pδ−) in the ternary composite, which can be safely attributed

to its phosphide nature, in agreement with the Co 2p spectrum.
The peak at higher binding energy, BE = 133.1 eV in Fig. 3b,
can be deconvoluted into two peaks: one at BE = 133.5 eV,
attributed to the formation of a layer of phosphorus oxide,29

and the second at BE = 132.6 eV, which is in the region typical
of metal-phosphorus interactions30 and thus can be assigned
to the Co–P bond. The Ti 2p spectrum shows two peaks at BE =
458.5 eV and 464.3 eV, see Fig. S3c, that correspond to Ti 2p3/2
and Ti 2p1/2, respectively, which are shifted to higher BE of +0.4
eV and +0.5 eV with respect to pristine TiO2, having two peaks
at BE = 458.1 eV and 463.8 eV (see Fig. S3b), indicating the
presence of an interfacial interaction of TiO2 with BP and Co.8

Aiming to gain insight into the overall structure of BP@CoxP
in the bulk, Co K-edge extended X-ray absorption fine structure
(EXAFS) spectroscopy was used to study the coordination
environments of cobalt. In Fig. 4a the EXAFS spectra of
BP@CoxP, TiO2/BP@CoxP and BP@CoxP aged one year in
ambient conditions are shown, while the corresponding
Fourier transforms (FT) plots are collected in Fig. 4b. FT of
BP@CoxP shows a predominant peak at 1.7 Å and a minor
peak at 2.6 Å (note that these values are not the real interatomic
distances, as these FTs are not phase-corrected). By comparison
with the Co metal foil and Co3O4 and on the basis of a quanti-
tative fit (the results of which are shown in Table S1), the first
peak can be attributed to a Co–P bond, whereas the second is
assigned to a Co–Co correlation. Taking into account that the

Fig. 2 (a) PXRD analysis of pristine BP, BP@CoxP and of TiO2/BP@CoxP. (b) Comparison of the Raman spectra of TiO2, BP, BP@CoxP and TiO2/
BP@CoxP.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2026 Nanoscale

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 6

:5
5:

51
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00321d


coordination number of cobalt towards P is N = 4, and the Co–
P distance RCo–P = 2.23 Å, which is the same as found in Co(I)
and Co(II) triphenylphosphine complexes used as standard and
slightly less than that of bulk CoP, see Table S1, it is reasonable
to infer that Co atoms are bonded to the P atoms of phosphor-
ene. Given that Co–O bond distance is sensibly shorter, being
RCo–O = 2.13 Å in the model compound CoO where Co is 6-
coordinated, we can rule out the presence of cobalt oxide in
our sample. Furthermore, the minor peak in the FT can be
fitted with a Co–Co shell at ≈3 Å. This value is considerably
longer than that observed in metallic Co (RCo–Co = 2.5 Å)31 and
shorter than that in Co3O4 (RCo–Co = 3.35 Å),32 allowing these
phases to be ruled out. Thus, we can assume that BP@CoxP
does not contain Co(0) NPs or cobalt oxide NPs. The ternary
composite TiO2/BP@CoxP showed exactly the same pattern as
BP@CoxP, indicating the integration with TiO2 NPs does not
alter the structure of BP@CoxP.

Intriguingly, the sample of BP@CoxP kept under ambient
conditions for one year showed the same EXAFS pattern, with a
negligible peak due to a Co–O bond (see the shoulder at 1.2 Å in
Fig. 4b for BP@CoxP aged), meaning that the surface functionali-
zation with cobalt prevented the degradative oxidation of BP.13

This can be explained by taking into account that the Fermi level
of BP is known to be higher than that of Co or its derivatives,
and electron migration is expected to occur from BP to Co or its
derivatives.33,34 In this way, the lone pairs of the P atoms of BP
are no longer available for interaction with water or oxygen mole-
cules, and the integrity of BP is preserved.

Measurements at the Ti-K edge were also performed for the
TiO2/BP and TiO2/BP@CoxP samples and compared with those
of standard TiO2 anatase. The XANES data at the Ti-K edge
shows that the spectra of TiO2/BP and TiO2/BP@CoxP are
superimposable (see Fig. S4), thus the oxidation state of TiO2

is not affected by the functionalization with BP or cobalt.

Fig. 3 Core level XPS spectra of (a) Co 2p and (b) P 2p of TiO2/BP@CoxP.

Fig. 4 (a) Co-EXAFS spectra of the samples TiO2/BP@CoxP, BP@CoxP and BP@CoxP aged (dots) with the best fit (lines). (b) Fourier transforms (FT)
of the EXAFS spectra of the same samples; dots indicate experimental data, while continuous lines are calculated best-fit data.
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EXAFS spectra at the Ti-K edge are shown in Fig. S5–S7. From
the comparison of TiO2/BP and TiO2/BP@CoxP with pristine
TiO2, it is evident that the binary and ternary composites share
the same structural parameters with the parent TiO2 (see
Table S2). Thus, there are only weak interfacial interactions
between TiO2 and BP. This agrees well with a computational
study35 showing that the interaction in TiO2/BP hetero-
structures occurs primarily through physisorption, and con-
trasts with previous studies that proposed the formation of
covalent P–O–Ti bonds between TiO2 and the BP surface.36

To evaluate the opto-electronic properties, UV-Vis DRS
spectra were registered, and the resulting Tauc plot showed
that passing from BP to the binary BP@CoxP, there is a slight
decrease of band gap, Δ = −0.21 eV (Fig. 5a and b), as already
observed with the functionalization of BP with Ni NPs.14 The
integration of BP@CoxP with TiO2 NPs caused a narrowing of
the TiO2 band gap, shifting the absorption of the composite
towards the visible region (Fig. 5c and d).

Photocatalytic H2 production

Firstly, screening of TiO2/BPNS nanocomposites with variable
amounts of BPNS in the range 1.0–4.0 wt% was carried out. The
photocatalyst was dispersed in a water/methanol solution (4 : 1),

with methanol selected as the hole scavenger, and irradiated in
the UV-Vis region with a 300-Watt Xe lamp. It emerged that
increasing the loading of BPNS on TiO2 led to a drop in the cata-
lytic activity from H2 = 1.03 mmol h−1 g−1 (for BP = 1%) to H2 =
0.3 mmol h−1 g−1 (for BP = 4%), as shown in Fig. S8.
Considering this result, a screening of TiO2-based nano-
composites with a BP content in the range 1.0%–3.0 wt%, and a
fine tuning of Co wt% in the range 0.1–0.9%, was carried out.

To reach the goal, three different binary BP@CoxP were pre-
pared with increasing amounts of cobalt (10, 20 and 30 wt%),
which were then loaded on TiO2 by ultrasonication. As clearly
shown in Fig. 6, at 1.0% BP, the HER rate is moderately low
(1.9 mmol g−1 h−1), but at higher amounts of BP (2.0% and
3.0%), the HER rate increases drastically. By fine-tuning the Co
wt%, TiO2/BP2%@CoxP0.8% was identified as the best perform-
ing catalyst, affording 5.3 mmol g−1 h−1 of H2, which is 30
times and 9 times higher than for pristine TiO2 (H2 =
0.18 mmol h−1 g−1) and TiO2/BP2% (H2 = 0.57 mmol h−1 g−1,
see Fig. S8), respectively. This result highlights the pivotal role
of CoxP and that HER mainly takes place at the Co2P/CoP site.

From a literature search summarized in Table S3, the figure
of merit of this work lies on the limited amount of non noble
metal used and the role of BP@CoxP as co-catalyst that boosts

Fig. 5 UV-Vis spectra of (a) binary and (c) ternary nanocomposites. Tauc plots of (b) binary and (d) ternary composites.
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the rate respect with similar system as TiO2/CoPx0.5%.
37 To assess

the robustness of the photocatalyst, its stability to cycling was
evaluated. Satisfyingly, after six runs, the amount of H2 evolved
was essentially constant, as shown in Fig. S9, demonstrating the
high stability of the photocatalyst under irradiation. TEM ana-
lysis coupled with STEM EDS confirmed that the nanostructured
catalyst is unaltered after recycling, as shown in Fig. S10.

Electrochemical properties and charge dynamics

The conduction band (CB) and valence band (VB) energy levels
of the single semiconductors, BP and TiO2, and of the nano-
composites BP@CoxP and TiO2/BP@CoxP, were determined
using Mott–Schottky measurements. As displayed in Fig. 7a,
the Mott–Schottky plot gives a flat band potential, VFB, from
the intersection with the x-axis and, interestingly, once BP is
functionalized with in situ grown cobalt, there is a reduction of
both flat band potential VFB from −0.43 to −0.27 V38 and of
the slope of the curve. Meanwhile, the ternary nanocomposite
TiO2/BP@CoxP has a VFB = −0.92 V with a dramatic reduction
of the slope (−0.49 V). According to eqn (1), the density of the
charge carrier (ND) is inversely proportional to the linear slope
(k) in the Mott–Schottky plots, indeed the carrier concen-
trations in BP@CoxP (ND = 7.82 × 1019) and TiO2/BP@CoxP (ND

= 1.21 × 1020) are higher than those of the bare BP (ND = 4.77 ×
1019) and TiO2 (ND = 2.41 × 1019), respectively.

ND ¼ 2
ε � ε′ � e � k ð1Þ

The functionalization of BP with mixed phosphides Co2P/
CoP brings a noteworthy increase in the carriers’ density and a

strongly negative VFB, which means a conduction band with
much higher reducing power in comparison to the parent TiO2

and BP, which well explains the improved rate of hydrogen
evolution. Assuming that the conduction band is approxi-
mately 0.1 V more negative than VFB, the calculated E(CB vs. NHE)

for TiO2, BP, BP@CoxP and TiO2/BP@CoxP was found to be
−0.22, −0.23, −0.17, and −0.82 V, respectively. The band gaps
for TiO2, BP and BP@CoxP were 3.3 eV, 1.18 eV and 0.97 eV,
respectively, as shown in Fig. 5; thus, the E(VB vs. NHE) were 3.08
V, 0.74 V, and 0.8 V, respectively. With these data, the band
structure of BP@CoxP and TiO2, as illustrated in Fig. S11,
shows a type I heterojunction.

Electrochemical impedance spectroscopy (EIS) measure-
ments showed TiO2/BP@CoxP has by far the smallest arc
radius in comparison to the parent TiO2 and BP (Fig. 7b), indi-
cating a dramatic increase in the charge-transfer rate arising
from a strong interfacial interaction between the n-type TiO2

and p-type BP@CoxP that creates an internal electric field. To
quantify the charge-transport properties, Nyquist plots were
fitted with an equivalent circuit (Fig. 7b inset), and the charge-
transfer resistance (R1, R2) and the pseudocapacitance Q2 were
determined (see Table S4).

Pristine BP showed the highest R1 and R2 values (139.9 Ω
and 76 634 Ω, respectively); meanwhile, the ternary TiO2/
BP@CoxP has the least resistance to charge transfer (R1 = 25.61
Ω, R2 = 4200 Ω).

Steady-state photoluminescence was measured (see
Fig. S12), and going from pure TiO2 to the composites TiO2/
BP@CoxP, a quenching of the emission was observed,
meaning a diminution of electron–hole recombination, which

Fig. 6 Left side: comparison of the H2 production rates using different amounts of BP and Co integrated in the TiO2 nanostructures. Right side: a
table of the catalytic data and corresponding errors in the measurements.
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testifies to the establishment of a p–n junction between
BP@CoxP and TiO2, respectively, that efficiently contributes to
the charge separation.

Conclusions

Using a one-step protocol that goes through cobalt functionali-
zation of BPNS by a solvothermal reaction and induces the for-
mation of a mixed phase CoP/Co2P, we developed a highly
active catalytic system at low Co content (<1.0 wt%), character-
ized by cobalt phosphide clusters with a size less than 1.0 nm,
homogeneously dispersed on the surface of BP nanosheets.
The structural and morphological information on the material
was derived from both electron microscopy diffraction and
EXAFS, and revealed the presence of Co–P bonds with lengths
that fall in the range of cobalt phosphide and dative Co–P
bonds in coordination complexes. Meanwhile, the absence of
any direct Co–Co bond confirmed the absence of Co NPs. The
XPS data are consistent with the presence of cobalt in a low
oxidation state and phosphorus in both phosphide and
elemental states. Additionally, EXAFS proved that the struc-
tural integrity of BP@CoxP was preserved after storing the
material for one year under ambient conditions. Thus, given
the stability and robustness of BP@CoxP, we envisaged that
the latter could be applied as a co-catalyst and integrated with
TiO2 NPs for solar-driven hydrogen production. Satisfyingly,
the novel CoxP clusters were effective in catalysing the HER
with an increase in the reaction rate of 30 times, with respect
to pure TiO2; furthermore, the tested catalytic platform
remained unaltered after six cycles. Electrochemical character-
ization evidences that the phosphide phases grown on BPNS
bring a strong enhancement of charge-carrier density and dra-
matically lower the flat band potential (Δ = −0.6 V) in TiO2/
BP@CoxP with respect to pristine TiO2, inducing a much

greater reduction power. Overall, these electronic properties
make the system very appealing for further applications in the
solar field.
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used to estimate the VFB. (b) Nyquist plot of TiO2, BP, BP@CoxP and TiO2/BP@CoxP measured in a 0.5 M Na2SO4 solution with an inset of the equi-
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