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Abstract: Black phosphorus (BP) as a new 2D material has
attracted extensive attention because of its unique electronic,
optical, and structural properties. However, the difficulties
associated with BP synthesis severely hinder the further
development of BP for any potential applications. On the
other hand, searching for other potential applications of BP is
also a big challenge. A facile strategy was developed for
preparation of BP supported on Ti foil (BP-Ti) in a thin-film
form. Surprisingly, the as-prepared BP shows advanced
electrocatalytic activity for the oxygen evolution reaction
(OER). To improve the OER activity of the electrocatalyst,
BP was grown on a carbon nanotube network (BP-CNT),
showing even better activity. The results demonstrate that BP
can be prepared by a facile method and may be applied as an
electrocatalyst.

Elemental phosphorus (P), exists in three allotropes: white
(WP), red (RP), and black (BP). Compared to WP, with a high
toxicity and low ignition point (ca. 30 88C in moist air),[1] RP
and BP are safer to handle. Nevertheless, RP suffers from an
extremely low electronic conductivity (1 X 10@14 Scm@1) while
BP is the most difficult to synthesize among the three P
allotropes, even though BP is thermodynamically more stable
than RP under standard conditions.[2] Similar to graphite, BP
has recently been recognized as a new member of the 2D
material family.[2b] Unlike graphene sheets, with a zero band
gap and semiconducting dichalcogenides with an indirect
band gap, 2D BP layers have a thickness-dependent direct
band gap ranging from 0 to 2 eV.[2b] Furthermore, BP exhibits
pressure-induced and temperature-dependent phase transi-
tions among the rhombohedral, semimetallic, and cubic

metallic phases,[3] and crystallizes orthorhombically to form
puckered layers oriented parallel with respect to the ac plane.
Currently, the main strategies to prepare BP include high-
energy mechanical milling (HEMM), mineralizer-assisted
gas-phase transformation (MGPT), or high-pressure high-
temperature (HPHT) conversion from RP.[4] All of these
methods are critically dependent on preparative conditions.

BP has attracted a surge of interest as a new 2D building
block in field-effect transistors, lithium- and sodium-ion
batteries, photocatalysis, and gas sensors.[5] However, as far
as we are aware no study on electrocatalysis by BP has been
reported, though many semiconducting metal oxides, nitrides,
and sulfides have previously demonstrated good activities in
the OER.[6] Herein, development of a thermal-vaporization
transformation (TVT) method for preparation of BP is
described for the first time. The BP materials demonstrated
highly efficient OER activities with an onset potential of
about 1.48 V (vs. RHE) and a required potential of 1.6 V to
achieve a current density of 10 mAcm@2, comparable to
commercial RuO2 electrocatalysts.

BP was prepared by the proposed TVT strategy
(Supporting Information, Experimental Section). The RP
was pretreated at 200 88C for 2 h to remove surface oxides and
contaminants. The thermal annealing of the pretreated RP
powder led to its vaporization, initially starting from 450 88C
(the vaporization temperature of RP). Subsequent thermal
treatment at 650 88C induced a transformation into BP.
Compared with traditional BP preparation methods,[4] the
TVT method offers a facile approach to BP films or particles
supported by electrochemically inert, but electrically con-
ductive substrates, to facilitate electrocatalytic evaluation.
Most of the conventional synthetic approaches to BP[4]

produce large-sized bulk materials, from which fine particles
have to be fabricated by ball-milling or grinding to attain the
sort of highly dispersed or even thin-film-type catalysts
needed for electrochemical applications. In this regard, our
newly developed TVT approach directly produces either
supported BP thin films or highly dispersed CNT-supported
BP particles, which can be directly used as working electrodes.

Figure 1 shows the scanning electron microscope (SEM)
images for the as-synthesized BP-Ti and the bare Ti foil
reference. As can be seen, the bare Ti foil has a clean and
smooth surface (Figure 1a) while the BP-Ti shows a surface
morphology with well-defined polyhedral structures
(Figure 1b). Under high magnification (Figure 1c),
a uniformly distributed BP texture is clearly evident. The
cross-section SEM image given in Figure 1d shows a thickness
of approximately 1.25 mm for the BP thin film on Ti foil. The
weight percentage of BP on the Ti foil was determined to be
13.41 wt% by thermal gravimetric analyses (TGA;
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Supporting Information, Figure S1a) to give a mass density of
BP on Ti of 12.8 mgcm@2. To further confirm the presence of
BP grown on the Ti foil, transmission electron microscopy
(TEM), selected-area electron diffraction (SAED) and
energy dispersive spectrometer (EDS) mapping of the BP
removed from Ti foil are shown in Figure S2 (Supporting
Information). As shown in Figures S3–5 (Supporting Infor-
mation), effects of the annealing temperature, mass loading of
RP, and reaction time on the morphology of the resultant BP
thin films, were also investigated, indicating wide condition
windows for the synthesis of BP films by TVT. The formation
of the BP thin film by TVT can be monitored simply by
observing the color change from silvery white bare Ti foil
(Supporting Information, Figure S6a) to the black color of BP,
as confirmed by the scattered debris of BP appearing in the
SEM image for a BP-Ti film cut with a sharp knife
(Supporting Information, Figure S6b).

A typical XRD pattern of the resultant BP-Ti is given in
Figure 1e, along with that of the pretreated RP for compar-
ison. As expected, the XRD pattern of the pretreated RP
shows several broad bands of amorphous RP, in good
agreement with those previously reported.[7] All the diffrac-
tion peaks of the BP-Ti, except those from Ti (JCPDS No.
97-007-6165), can be indexed to an orthorhombic BP with
a high degree of crystallization (JCPDS No. 97-009-8119),[8]

clearly indicating the formation of the BP on Ti foil. We also
investigated the effect of the reaction temperature. As shown

in Figure S7 (Supporting Information), all samples show
characteristic diffraction peaks, indicating the efficiency of
the TVT strategy. The Rietveld refinements of the XRD
patterns are shown in Table S1 (Supporting Information). The
refined lattice parameters are identical to the reported
results.[9] Comparing the lattice parameters, we find that the
parameters a, b, and c become larger with temperature.

The successful formation of BP from RP by the TVT
approach is further supported by the Raman spectra shown in
Figure 1 f. While RP shows three characteristic bands
between 300 and 500 cm@1,[10] the orthorhombic BP reveals
three Raman peaks at about 361, 438, and 465 cm@1 attrib-
utable to A1g, B2g, and A2g, respectively.[7b] Raman spectra for
BP-Ti films formed with different mass loadings of RP,
different temperatures, and different reaction times (Sup-
porting Information, Figure S8) indicate, once again, wide
synthetic windows for the formation of BP by the newly
developed TVT approach. The typical XPS spectra of the RP
and BP-Ti are shown in Figure S9 (Supporting Information).
Three peaks centered at 129.9, 130.3 (shoulder peak), and
134.4 eV are observed in the P 2P XPS spectrum of the RP
(Supporting Information, Figure S9a), in agreement with
previous reports.[11] Clearly, only two separated peaks cen-
tered at 129.3 and 130.5 eV are observed in the P 2P XPS
spectrum of the BP-Ti (Supporting Information, Figure S9b),
corresponding to the P 2p3/2 and P 2p1/2 energies of BP.[12]

Figure 2a shows the electrocatalytic performance for the
OER of BP-Ti, RP, and bare Ti in 0.1m KOH solution. The
onset potential for OER on BP-Ti is 1.48 V, which is
comparable to most metal oxide-based electrocatalysts.[13]

The observed OER current density from the BP-Ti electrode
can be exclusively attributed to the BP, as both the Ti foil and
residual RP were demonstrated to be inactive for OER
(Figure 2a). Systematic linear sweep voltammetry (LSV)
measurements on the Ti-supported BP films deposited under
different conditions, including different mass loadings of RP,
different temperatures, and different reaction times (Sup-
porting Information, Figure S10), indicate that the BP-Ti
prepared with 0.5 g of RP at 650 88C for 5 h exhibited the best
OER activity. The catalytic kinetics for OER on BP-Ti was
examined with Tafel plots.[14] Figure 2b shows a Tafel slope of
91.52 mVdec@1, which is lower than other reported values.[6,15]

Therefore, the newly developed BP-Ti holds great promise as
an electrocatalyst in the OER. The electrochemical surface
area (ECSA) of the BP-Ti is determined to be 6.62 mF cm2

(Supporting Information, Figure S11). As shown by electro-
chemical impedance spectroscopy plots in Figure 2c, the
ohmic resistance (Rs) for RP is about 58.17 W, much larger
than that for BP and BP-Ti. The charge transfer resistance
(Rct) of the BP-Ti is much smaller than that for RP and bare
Ti. The high electrochemical surface area and good electro-
chemical properties of BP-Ti indicate that this material is
highly efficient for the OER. Figure 2d shows the chrono-
amperometric response for BP-Ti at 1.65 V, demonstrating
high stability. After electrochemical testing, the structure is
retained well, as evidenced by the XRD patterns collected
after testing (Supporting Information, Figure S12a).

Beyond high intrinsic activity, a high surface area and
a good electronic conductivity are also essential to high

Figure 1. a) SEM image of Ti foil; b, c) SEM images of BP-Ti; d) cross-
section of BP-Ti; e) XRD patterns and f) Raman spectra of BP-Ti and
RP.
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activity of an electrocatalyst. Apparently, the above thin-film
electrocatalyst (BP-Ti) possesses limited exposed surface sites
and relatively poor conductivity for OER because of the bulk
nature of the thin-film structure. To further enhance the OER
performance of BP electrocatalysts generated by our TVT
approach, we used CNT networks with a large surface area
and high conductivity as a three-dimensional (3D) support for
depositing BP particles by TVT. The pretreated RP was
mixed with CNT. With the vaporization of RP above 450 88C,
the vaporized P species can diffuse into the CNT matrix
uniformly because of the excellent adsorption properties of
carbon materials. A high temperature (650 88C) further
induces transformation from RP into BP in the CNT matrix.
As expected, the SEM image in Figure 3a shows a uniform
dispersion of the BP particles within the CNT network with
a porous structure. The SEM images of RP, CNT-650, and
BP-CNT obtained after reaction over different time periods
(Supporting Information, Figure S13) indicate that a reaction
time of 5 h produces the best dispersion of BP in a CNT
matrix. A time longer than 5 h led to a decrease of the
deposited amount of BP. Figure 3b shows a high resolution
TEM image for BP-CNT, which clearly reveals the co-
existence of a lattice fringe space of 3.36 c, corresponding to
the (002) plane of CNTs[16] and another lattice fringe space of
2.5 c arising from the (111) plane of BP.[9] The selected area
electron diffraction patterns (SAED) reproduced in Fig-
ure 3c are assignable to the (021), (041), and (002) planes of
the BP crystal, consistent with the well-known BP lattice

parameters.[9] Furthermore, the
TEM image and corresponding
EDS elemental mapping of individ-
ual BP-CNT bundles given in Fig-
ure S14 (Supporting Information)
show an intimate contact between
BP and the CNT support, an addi-
tional advantage for electrochemi-
cal applications. The XRD pattern
of the BP-CNT given in Figure 3d
shows the features associated with
the carbon nanotubes (JCPDS
97-007-6767) and orthorhombic BP
(JCPDS 97-009-8119)[8] without any
other impurity, confirming again
the successful preparation of BP
nanoparticles on the 3D CNT net-
work support. The XPS spectrum of
BP-CNT is given in Figure S9c
(Supporting Information). Two sep-
arated peaks centered at 129.3 and
130.5 eV are observed in the P 2P
spectrum of BP-CNT, correspond-
ing to the P 2p3/2 and P 2p1/2 ener-
gies of BP.[17] Meanwhile, the P-C
peak (at 131.8 eV) was not
observed,[6] illustrating that no P
atoms were doped into the CNTs.
The other peak centered at

134.3 eV is probably due to the adsorption of oxidative
radicals.[18]

Figure 4 shows the electrocatalytic OER activities for RP,
BP-CNT, and CNT measured in an O2-saturated 0.1m KOH.
As can be seen in Figure 4a, the onset potential for OER on
BP-CNT is 1.49 V versus RHE, which is similar to that for

Figure 2. a) Polarization curves of RP, Ti, and BP-Ti in an O2-saturated KOH solution; b) Tafel plots
of BP-Ti; c) electrochemical impedance spectroscopy (EIS) of RP, BP-Ti, and Ti; c1) the magnified
EIS; d) chronoamperometric response at 1.65 V; d1) polarization curves of BP-Ti before chrono-
amperometric response.

Figure 3. a) SEM and b) HR-TEM images of BP-CNT; c) SAED pattern
taken from (b); d) XRD pattern of BP-CNT.

Angewandte
ChemieCommunications

13851Angew. Chem. Int. Ed. 2016, 55, 13849 –13853 T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


BP-Ti, indicating the major contribution of BP to the OER.
We further compared the potentials required to deliver
a 10.0 mAcm@2 current density (Ej=10).[17] BP-CNT only
requires 1.6 V (Figure 4a), close to that of commercial IrO2

(1.57 V) and commercial RuO2 (1.59 V), and even to poten-
tials required by most metal oxide-based OER electro-
catalysts (Supporting Information, Figure S15 and Table S2),
suggesting the superior electrocatalytic performance of
BP-CNT for the OER. The observed excellent OER perfor-
mance of BP-CNT can also be exclusively attributed to BP, as
both the CNT support and residual RP were demonstrated to
be inactive for OER (Figure 4a). As shown in Figure 4b,
a lower Tafel slope (72.88 mVdec@1) on BP-CNT is observed
with respect to BP-Ti (91.52 mVdec@1), indicating more

efficient catalytic kinetics for the former as a consequence
of the 3D network structure associated with the CNT support.
To further confirm the effect of the CNTs, we performed
electrochemical impedance spectroscopic measurements on
BP-CNT, RP, and CNT. As can be seen in Figure 4c, the
charge transfer resistance (Rct) of BP-CNT (Rct& 191.4 W) is
much lower than that of BP-Ti (Rct& 263.4 W). Similar to
BP-Ti, BP-CNT also shows good stability for the OER, as
evidenced by the chronoamperometric response at a constant
potential of 1.77 V (Figure 4d). In fact, the current density of
BP-CNT only decreased by 3.4% after continuous operation
for 10000 s, which indicates stability greater than that for
BP-Ti (9.48 %; Figure 2d). To further illustrate the stability of
BP-CNT, an XRD pattern of BP-CNT after the chrono-

amperometric response is
shown in Figure S12b (Support-
ing Information). As shown, the
structure of BP is retained well,
indicating excellent structural
stability, which was also demon-
strated by titration experiments
and Fourier transform infrared
spectroscopy (Supporting Infor-
mation, Figure S16). Systematic
LSV measurements on
BP-CNTs prepared with differ-
ent mass loadings of RP, at
different temperatures, and
over different reaction times
(Supporting Information, Fig-
ure S17), suggest that
BP-CNT prepared with a mass
ratio of BP/CNT= 10:1, at
650 88C for 5 h, gives the best
OER performance. The high
double layer capacitance (Sup-
porting Information, Fig-
ure S18; 25.42 mFcm2), which
is much higher than that of
BP-Ti (6.62 mF cm2), is intrinsi-
cally associated with the 3D
CNT network. Finally, we eval-
uated the OER activity of BP-Ti
and BP-CNT in 1m KOH (Sup-
porting Information, Fig-
ure S19), and observed excel-
lent OER activity of BP in
concentrated alkaline solutions.

To further understand the
reaction mechanism, the rotat-
ing ring-disk electrode (RRDE)
technique was employed with
a Pt-ring electrode potential of
1.50 V to analyze the byproduct
contents (peroxide intermedi-
ates) formed at the surface of
the BP-CNT catalyst during the
OER process. Figure 4e shows
a relatively low ring current (mA

Figure 4. a) Polarization curves of RP, CNT, and BP-CNT in an O2-saturated KOH solution; b) Tafel plots
of BP-CNT; c) EIS of RP, BP-CNT, and CNT; c1) the magnification of EIS (c); d) chronoamperometric
response at 1.77 V (Ej=16.5); d1) polarization curves of BP-CNT before the chronoamperometric response;
ring current of BP-CNT on an RRDE (1500 rpm) in e) O2-saturated and f) N2-saturated KOH solutions.
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scale) which is three orders of magnitude lower than that of
the disk current (mA scale), suggesting that the rapid increase
of current density can be mainly attributed to a four-electron
transfer pathway. In the case of the OER process a four-
electron transfer pathway is desirable for water oxidation into
O2 with negligible hydrogen peroxide formation. Addition-
ally, the ring current gradually decreased from low to high
potential, suggesting that fewer peroxide intermediates
formed at the high potential region. Furthermore, to ensure
that the observed oxidation current is generated from oxygen
evolution, we used a rotating Pt-ring electrode held at the
ORR potential of 0.54 V (versus RHE) to detect O2

generated at the catalyst by electrochemical reduction (Fig-
ure 4 f). Firstly, an RRDE with a ring electrode was used to
carry out a continuous OER (disk electrode)–ORR (ring
electrode) process. The disk current was fixed at 125 mA to
generate O2 molecules from the BP-CNT catalyst, and then
the O2 molecules were further reduced by sweeping across the
surrounding Pt-ring electrode with an ORR potential of
0.54 V versus RHE. Consequently, a ring current of approx-
imately 24.56 mA was detected (Figure 4 f) with a high
Faradaic efficiency of 98.24%. This result confirms that
BP-CNT is able to mediate a fast four-electron reaction to
generate O2 at a relatively low potential.

In summary, for the first time orthorhombic BP was
directly grown on a Ti foil and CNT matrix by a novel
thermal-vaporization transformation approach. This TVT
method can produce BP in various forms, including BP thin
film and BP particles on supports. For BP thin-film formation,
Ti foil was used as the collecting substrate for the deposition
of the vaporized BP species. On the other hand, BP particles
could be prepared in a CNT interconnected matrix because of
the excellent adsorption properties of carbon materials.
BP-CNT demonstrates better dispersion and conductivity
than BP-Ti. Interestingly, BP in the form of either BP-Ti or
BP-CNT exhibited efficient OER activity, which is even
comparable to that of commercial RuO2 electrocatalysts. This
is the first work demonstrating a novel electrocatalytic
application of BP. Thus, the facile, but efficient and scalable
TVT approach holds great promise for the development of
low-cost and effective BP electrocatalysts for OER in metal-
air batteries and water-splitting devices.

Experimental Section
Preparation and characterization of catalysts: Prior to BP synthesis,
RP (2 g) was pretreated at 200 88C for 2 h. Thereafter, the powder was
transferred into a mortar for grinding for about 15 min. To synthesize
BP-Ti, the pretreated RP was put in a tube furnace near bare Ti foil.
Ar gas with a flow rate of 5 cm3 min@1 was then introduced into the
tube furnace at 650 88C for 5 h. Subsequently, the temperature of the
tube furnace was reduced to 35088C for 2 h. For the synthesis of
BP-CNT, the pretreated RP and the commercial carbon nanotubes
with a mass ratio of 10:1 were mixed and ground together for 15 min.
The mixture was placed in a tube furnace, followed by introduction of
Ar gas with a flow rate of 5 cm3 min@1 at 650 88C for 5 h. Thereafter, the
temperature of the tube furnace was decreased to 350 88C for 2 h. For
consistent comparison, CNT was also treated at 650 for 5 h (with
product denoted as CNT-650).
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