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ABSTRACT: Development of effective catalysts for oxygen reduction reaction (ORR) plays a
critical role in the applications of a range of electrochemical energy technologies. In this study,
thin-layered black phosphorus (TLBP) was used as a unique supporting substrate for the
deposition of metal nanoparticles (MNPs, M = Pt, Ag, Au), and the resulting M-TLBP
nanocomposites were found to exhibit apparent ORR activity that was readily manipulated by
interfacial charge transfer from TLBP to MNPs. This was confirmed by results from X-ray
photoelectron spectroscopic measurements and density functional theory calculations. In
comparison to the carbon-supported counterparts, Ag-TLBP and Au-TLBP showed enhanced
ORR performance, while a diminished performance was observed with Pt-TLBP. This was consistent with the predictions from
the “volcano plot”. Results from this study suggest that black phosphorus can serve as a unique addition in the toolbox of
manipulating electronic properties of supported metal nanoparticles and their electrocatalytic activity.
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■ INTRODUCTION

Oxygen reduction reaction (ORR) is a critical process in a
variety of electrochemical energy technologies, such as polymer
electrolyte membrane fuel cells and metal−air batteries, where
the device performance is largely dictated by the sluggish
electron-transfer kinetics of ORR.1−3 Thus, the design and
engineering of effective catalysts that facilitate oxygen
reduction are of both fundamental and technological
significances.4,5 Toward this end, the mechanistic manipulation
of the electronic interaction between oxygen intermediates and
the catalyst surface represents a critical first step. In the well-
known “volcano plot”, it is found that the ORR activity of a
range of transition metals can be correlated with the
corresponding oxygen adsorption energy.6−9 Based on this
theory, for metals that bind to oxygen species too strongly
(e.g., Pt, Pd, Cu), the ORR activity is not optimal because the
reduction products become difficult to desorb, whereas for the
metals that bind to oxygen too weakly (e.g., Au, Ag), the ORR
activity is compromised because the reactant cannot be stably
adsorbed onto the catalytic active sites. Platinum happens to
exhibit a not-too-strong or too-weak binding to oxygen
(though on the slightly strong side) and exhibits the best
ORR activity among the series. Thus, the manipulation of the
metal electronic properties and hence the interaction with
oxygen species have become an effective strategy to regulate

the ORR activity. This can be achieved by a number of
approaches, such as alloying with (non)noble metals, surface
functionalization with select organic ligands or ions, and
deposition of metal nanoparticles on functional substrate
supports.10−16 Mechanistically, the intimate contact between
the active metals and other metals/molecules/substrates leads
to charge redistributions, due to effective interfacial charge
transfer. For instance, according to the volcano plot, to further
enhance the ORR activity of Pt, the oxygen binding energy
needs to be reduced by 0.1−0.2 eV, whereas for Ag and Au,
enhanced interaction with oxygen species is anticipated to lead
to improved ORR activity.6−9 Experimentally, we have indeed
observed that by functionalizing platinum nanoparticles with
electron-withdrawing ligands or depositing the nanoparticles
onto defective graphene quantum dots (GQDs), the Pt ORR
activity can be enhanced rather significantly due to charge
transfer to the ligands/GQD defects.17−20 In the present study,
we demonstrate that black phosphorus (BP) can serve as
another effective substrate, where the unique electronic
properties can be exploited for the manipulation of the
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nanoparticle ORR activity. It should be noted that this has
remained largely unexplored thus far.
BP is a unique allotrope of phosphorus, featuring a lattice

structure where 6-membered rings of P are interlinked with
each P bonded to three others. Chemical and mechanical
exfoliations can lead to the production of two-dimensional
(2D) nanosheets, which differ from the graphene counterparts,
in that the P atoms in BP nanosheets are not π-conjugated and
thus not coplanar. In such a corrugated structure, the lone-pair
electrons of P extrude from the 2D surface and hence may be
involved in effective interfacial charge transfer with nano-
particles deposited on BP surface, due to high carrier mobility
and high Fermi level.21,22 For instance, it has recently been
reported that by depositing MoS2 or Ni2P onto BP nanosheets,
the electrocatalytic activity toward hydrogen evolution reaction
was enhanced markedly, which was ascribed to charge transfer
from BP to MoS2 or Ni2P that facilitated hydrogen binding to
the active sites.23,24 Similar electronic manipulation has also
been observed in ethanol oxidation electrocatalysts and
photocatalysts, where the BP was used as a cocatalyst in the
hybrid structure.25−29 Nevertheless, thus far, there has been no
report of BP applications in ORR electrocatalysis.
Herein, Pt, Ag, or Au were selected as the illustrating

examples, where their nanoparticles were formed and
deposited onto thin-layered BP (M-TLBP, M = Pt, Ag or
Au), and the impacts of BP on the ORR activity of the metal
nanoparticles were examined and compared to those with the
carbon-supported counterparts (M-CB).

■ EXPERIMENTAL SECTION
Chemicals. Tin powders (99.999%, Alfa Aesar), iodine (99.5%,

Alfa Aesar), gold (99.999%, GRINM), red phosphorus (>99.999%,
Chempur), sodium borohydride (NaBH4, 99%, ACROS), platinum-
(IV) chloride (PtCl4, 57.0−58.5% Pt, ACROS), tetrachloroauric acid
(HAuCl4·4H2O, 99.9%, Sigma-Aldrich), and silver nitrate (AgNO3,
99%, Fisher Scientific) were all used as received. Solvents were
obtained from leading commercial vendors at the highest purity
available and also used as received. Deionized water was supplied with
a Barnstead nanopure water system (resistivity of 18.3 MΩ cm).
Synthesis of Black Phosphorus. Black phosphorous (BP)

crystals were synthesized by using a modified literature method.30,31

Briefly, SnI4 was first prepared by refluxing 1.2 g of tin powers and 4.0
g of iodine in 25 mL of toluene until the violet color of the dissolved
iodine vanished, and then the hot solution was separated from the
excess tin and recrystallized at room temperature to obtain the
products. Separately, AuSn was prepared by melting an equal molar
amount of gold and tin in a sealed evacuated silica ampoule. The
produced AuSn (364 mg), along with 500 mg of red phosphorus, was
then loaded into a silica ampoule (inner diameter 10 mm and length
10 cm), into which was added 10 mg of SnI4. After evacuation to a
pressure below 10−3 mbar, the ampoule was sealed and placed in a
muffle furnace, where the temperature program involved a rise to 400
°C within 4 h, heating at 400 °C for 2 h, a continuing rise to 600 °C
within 2 h, and heating at 600 °C for 23 h. Afterward, a programmed
cool-down process was applied, where the temperature was first
lowered to 500 °C in 2.5 h and kept at 500 °C for 2 h and further to
room temperature in 4 h, affording single-crystalline BP. To prepare
thin-layered black phosphorus (TLBP), 50 mg of the as-prepared BP
was first ground for 30 min and then dispersed under sonication
overnight in 50 mL of N-methyl-2-pyrrolidone (NMP). The
dispersion was diluted to 500 mL by NMP and refluxed for 6 h
under a nitrogen atmosphere, corresponding to a concentration of 0.1
mg/mL TLBP in NMP.
Synthesis of BP-Supported Metal (Ag, Pt, Au) Nano-

particles. The solution of PtCl4 (1 mL, 20 mg/mL), HAuCl4·
4H2O (1 ml, 12.2 mg/mL), or AgNO3 (1 mL, 30 mg/mL) in water

and 50 mL of the solution of 0.1 mg/mL TLBP in NMP were mixed
under vigorous stirring. The first two solutions were kept at room
temperature, while the last one (containing AgNO3) was cooled in an
ice bath for about 30 min, before 0.5, 0.3, and 0.7 mL of freshly
prepared, aqueous NaBH4 solution (100 mg/mL, ice cold) was added
into the above three solutions. The colors of the dispersions became
dark brown, dark yellow, and dark red, respectively, from light brown
in about 20 min. After magnetic stirring overnight, the products were
separated by centrifugation, rinsed with an ethanol/water (v/v = 3:1)
mixture, and desiccated at 60 °C in a vacuum oven. The purified
products were referred to as M-TLBP (M = Pt, Au, and Ag).

As control samples, Pt, Au, and Ag nanoparticles were also
prepared in the same manner except that TLBP was replaced by the
desired amount of carbon black. The resulting products were denoted
as M-CB.

Structural Characterizations. UV−vis measurements were
conducted with a Perkin Elmer Lambda 35 UV−vis spectrometer.
Transmission electron microscopic (TEM) images were acquired with
a JEOL JEM 2100 F microscope. X-ray photoelectron spectra (XPS)
were obtained with a PHI 5400 instrument (Al Kα radiation, 350 W,
and 10−9 Torr). Atomic force microscopy (AFM) topographic
measurements were carried out with a Molecular Imaging PicoLE
SPM instrument under ambient condition. X-ray diffraction (XRD)
measurements were performed with a Rigaku Americas Miniflex Plus
diffractometer (Cu Kα radiation, λ = 1.5418 Å), where the 2θ angle
was scanned from 10 to 80° at 2°/min.

Electrochemistry. Electrochemical measurements were con-
ducted on a CHI 710 C workstation in the aqueous solution of 0.1
M KOH. A graphite rod was used as the counter electrode, and a Ag/
AgCl (1 M KCl) electrode as the reference. The Ag/AgCl electrode
was calibrated against a reversible hydrogen electrode (RHE), and all
potentials in the present study were reported with reference to this
RHE. Catalyst inks were prepared by mixing a calculated amount of
the M-TLBP or M-CB catalysts prepared above and carbon black at
the metal-to-carbon-black mass ratio of 3:7. The metal concentration
was then adjusted to 1 mg/mL using a mixture of water and
isopropanol (v/v 1:3) containing 1% Nafion as the solvent. After
sonication of the mixture for ca. 30 min, a homogeneous catalyst ink
was produced. The catalyst ink (10 μL) containing Pt nanoparticles or
20 μL for the inks containing Ag or Au nanoparticles was drop-cast
onto the clean glassy carbon disk (0.246 cm2 geometric area) of a
(glassy carbon) disk-(gold) ring electrode (from Pine Instrument),
followed by the addition of 5 μL of 20% Nafion. The corresponding
metal loadings were 40 μg Pt/cm2, 80 μg Ag/cm2, and 80 μg Au/cm2,
respectively. The electrode was dried in ambient and then immersed
into an electrolyte solution for voltammetric measurements.

Density Functional Theory (DFT) Calculations. First-principles
computations were performed using Quantum ESPRESSO, an open-
source plane-wave code.32 A 4 × 3 unit cell with 48 atoms was used to
build a 2D black phosphorus matrix supercell, where periodic image
interactions were removed by setting a vacuum of 14 Å. A cutoff of 40
and 240 Ry for kinetics and charge density was chosen for the
ultrasoft pseudopotential.33 The total energy of the 5 × 5 × 1
Monkhorst−Pack K-point grid in the supercell was calculated at the
convergence level of 1 meV per atom. The smearing parameter was
set at 0.005 Ry in the Marzari Vanderbilt smearing34 for the
calculations with a metal cluster. The convergence was 10−8 Ry of the
electronic energy and 10−4 au for the total force. All systems involved
spin-polarized calculations, with van der Waals correction for the
images containing the D2 scheme of Grimme et al.35,36

■ RESULTS AND DISCUSSION
BP was synthesized using a slightly modified literature
procedure,30 exfoliated to TLBP with an average thickness of
ca. 4 layers (Figure S1) and used as supporting substrates to
prepare the series of M-TLBP samples. It should be noted that
whereas BP has been known to be prone to ambient
degradation due to the reactive lone-pair electrons, the M-
TLBP composites were actually chemically stable under
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ambient condition, most likely due to charge transfer between
TLBP and metal nanoparticles.23,24,29,37 The samples were first
characterized by UV−vis spectroscopic measurements. From
Figure S2, one can see that TLBP exhibited a characteristic
absorption peak at about 325 nm, consistent with results from
previous studies.38,39 When the metal nanoparticles were
deposited onto TLBP, the absorption profile remained largely
unchanged for Pt-TLBP, but additional characteristic peaks
emerged at 406 nm for Ag-TLBP and 544 nm for Au-TLBP,
due to their surface plasma resonance absorption in the visible
range.40,41

The sample structures were further examined by XRD
measurements. As shown in Figure S3, TLBP exhibited four
major diffraction peaks at 2θ = 16.9, 34.2, 52.4, and 72.14°,
which can be assigned to the (020), (040), (060), and (080)
crystalline planes of BP of orthorhombic phase (JCPDF no.
76-1957), respectively.24 These characteristic peaks can also be
found in the M-TLBP samples, signifying the stability of BP in
the composite samples. For Au-TLBP and Ag-TLBP, four
additional diffraction peaks can be identified at 2θ = 38.2, 44.3,
64.5, and 77.5°, due to the (111), (200), (220), and (311)
crystalline planes of Au (JCPDF no. 04-0784) and Ag (JCPDF
no. 04-0783), respectively,42 whereas Pt-TLBP exhibited only
two broad peaks centered at ca. 40 and 44° that likely arose
from the Pt(111) and (200) diffractions (JCPDS no. 73-2360),
due to the significantly diminished size of the Pt nanoparticles
(Figure 1).43

The morphologies of the M-TLBP samples were then
studied by TEM measurements. It can be seen from Figure
1a,e,i that in the M-TLBP series, the metal nanoparticles were
dispersed rather evenly on the TLBP surface without obvious
agglomeration. From the high-resolution TEM images in
Figure 1b,f,j, the nanoparticles can be seen to all exhibit well-
defined lattice fringes with an interplanar spacing of 0.22 nm
for Pt-TLB, and 0.24 nm for both Ag-TLBP and Au-TLBP,
consistent with the Pt(111), Ag(111), and Au(111) crystal
planes, respectively.44−46 Additionally, the low-contrast back-
ground exhibited a larger lattice spacing of 0.26 nm that can be
ascribed to the (004) planes of BP (Figure S4).47,48 This
suggests that the metal nanoparticles were indeed deposited on
the TLBP surface. The corresponding nanoparticle core size

histograms are depicted in Figure 1d,h,l, with an average core
diameter of 1.7 ± 0.3 nm for Pt-TLBP, 25 ± 7 nm for Ag-
TLBP, and 8.1 ± 1.7 nm for Au-TLBP. For comparison, when
the nanoparticles were prepared in the presence of carbon
black (Figure 1c,g,k) instead of TLBP, the size of the
corresponding nanoparticles was somewhat larger than those
of M-TLBP, 1.8 ± 0.3 nm for Pt-CB, 18 ± 5 nm for Ag-CB,
and 16.4 ± 3.8 nm for Au-CB (Figure 1d,h,l).
The elemental composition and valence states of the samples

were then examined by XPS measurements. Figure 2a shows
the XPS spectra of the Pt 4f electrons in Pt-TLBP (top) and
Pt-CB (bottom). For the Pt-CB sample, deconvolution yields
two pairs of peaks at 72.02/75.37 eV and 73.81/77.16 eV. The
former can be assigned to metallic Pt0, while the latter can be
contributed to Pt2+.49 Pt-TLBP also exhibited two pairs of
peaks, but the binding energies red-shifted slightly. For
instance, the Pt0 4f7/2 was identified at 71.49 eV, ca. 0.53 eV
lower than that of Pt-CB. Similarly, the Au0 4f7/2 peak of Au-
TLBP red-shifted to 84.04 eV from 84.16 eV for Au-CB
(Figure 2b).50 Different from Pt and Au, the peak position of
Ag 3d5/2 actually blue-shifted from 386.31 eV for Ag-CB to
386.46 eV for Ag-TLBP (Figure 2c). It should be noted that
for Ag, higher binding energy corresponds to a richer electron
density.51,52 This suggests that in the M-TLBP samples, charge
transfer occurred from TLBP to the metal nanoparticles, in
comparison to the M-CB counterparts. Consistent results can
be obtained in XPS measurements of the P 2p electrons. From
Figure 2d, TLBP alone can be seen to display a pair of peaks at
129.66/139.56 eV, which can be assigned to P0 2p3/2/2p1/2 (a
minor one at 133.13 eV likely due to oxidized P).53,54 These
binding energies all showed an apparent increase in the M-
TLBP samples. For instance, the P0 2p3/2 peaks shifted to
129.95, 129.92, and 129.91 eV for Pt-TLBP, Ag-TLBP, and
Au-TLBP, respectively. Again, this is consistent with electron
transfer from TLBP to the metal nanoparticles, most probably
due to the relatively high Fermi level of BP, as compared to
those of the metals (Figure 2b, inset).55,56

Consistent results were obtained in theoretical studies based
on DFT calculations. To simplify the calculations, we adopted
the structural models (Figure S5) from prior studies.37 One
can see from Figure 3 that interfacial charge transfer did occur
from BP to metals, with 0.23, 0.12, and 0.02 electrons gained
per metal atom of Pt, Au, and Ag, respectively. Note that this
trend is consistent with the change of metal binding energy in
XPS measurements, which is 0.53, 0.21, and 0.15 eV for Pt, Au,
and Ag, respectively, as compared to the carbon-supported
counterparts (Figure 2).
The electrocatalytic activity of the obtained samples toward

ORR was then examined by electrochemical measurements.
Figure 4a depicts the rotating ring-disk electrode (RRDE)
voltammograms of Pt-TLBP and Pt-CB in an oxygen-saturated
0.1 M KOH. The onset potential (Eonset, defined as the
electrode potential at the current density j = 0.1 mA/cm2) of
the Pt-TLBP sample was estimated to be +0.970 V vs RHE,
about 21 mV more negative than that of Pt-CB (+0.991 V),
and the half-wave potential (E1/2) of Pt-TLBP was found at
+0.747 V, 47 mV more negative than that (+0.794 V) of Pt-
CB. The number of electron transfer (n) and hydrogen
peroxide yield (H2O2%) was then derived from the RRDE
profiles (details in the Supporting Information). From Figure
4b, it can be seen that Pt-CB exhibited somewhat higher n
values and lower H2O2% yield than Pt-TLBP. For instance, the
n/H2O2% values at +0.7 V were 3.99/0.47% for Pt-CB and

Figure 1. Representative TEM images of (a, b) Pt-TLBP, (c) Pt-CB,
(e, f) Ag-TLBP, (g) Ag-CB, (i, j) Au-TLBP, and (k) Au-CB. The
corresponding core size histograms are shown in (d) for Pt, (h) for
Ag, and (l) for Au nanoparticles in the M-TLBP (red) and M-CB
(black) series.
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3.93/3.59% for Pt-TLBP. In addition, the Tafel plots (Figure

4c) showed that the kinetic current density of Pt-CB was

markedly higher than that of Pt-TLBP within a rather wide

range of electrode potential. These observations suggest that

Pt-CB actually outperformed Pt-TLBP toward ORR. This can

be accounted for by charge transfer from BP to Pt that

strengthened the interaction with oxygen species and hence
diminished the ORR activity.
By contrast, markedly enhanced ORR performance was

observed with Ag-TLBP and Au-TLBP, as compared to that
with Ag-CB and Au-CB. For instance, from Figure 4d, one can
see that the Eonset’s of Ag-TLBP and Ag-CB were +0.870 and
+0.851 V, and E1/2’s were +0.694 and +0.648 V, respectively.

Figure 2. High-resolution XPS profiles of (a) Pt 4f, (b) Au 4f, (c) Ag 3d, and (d) P 2p electrons in M-TLBP and M-CB. Experimental data are
shown in the black curves, and deconvolution fits are the colored ones. The shadowed ones are highlighted for comparison. The inset to panel (b)
is a schematic diagram showing charge transfer from TLBP to MNPs.

Figure 3. DFT calculations of charge transfer from BP to supported metal nanoparticles: (top) front view and (bottom) top view. (a, b) Pt-BP; (c,
d) Au-BP; and (e, f) Ag-BP. The cyan and yellow areas signify electron loss and electron gain, respectively. The isosurface value is set at 0.003 e/
au3.
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For Au-TLBP, the Eonset (+0.929 V) was 48 mV higher and
E1/2 68 mV higher than those of Au-CB (Figure 4g). In
addition, Ag-TLBP (Figure 4e) and Au-TLBP (Figure 4h) also
showed higher n and lower H2O2% yields than Ag-CB and Au-
CB, respectively. Consistent behaviors were observed in the
respective Tafel plots (Figure 4f,i), where the kinetic current
density of the TLBP-supported samples was markedly higher
than those with CB support. These suggest that for Ag and Au,
electron transfer from TLBP to the metal nanoparticles
actually enhanced the ORR performance, likely due to
strengthened binding of oxygen species.
From Figure 5a, one can see that in comparison to M-CB,

the mass activity at the potential of +0.80 V increased by 99%
for Ag-TLBP and 164% for Au-TLBP but decreased by 50%
for Pt-TLBP (the trend was the same for the specific activity,
Figure S6). Similarly, the E1/2 of Ag-TLBP and Au-TLBP
shifted positively by 46 and 90 mV, respectively, while Pt-
TLBP shifted negatively by 47 mV, compared to the respective
M-CB counterpart (Figure 5b). These can all be ascribed to
interfacial charge transfer from TLBP to the supported metal
nanoparticles that has been quantified by XPS measurements
and DFT calculations (Figure 5c,d). Such a correlation
between the ORR performance and electronic property can
be understood within the volcano plot framework. As shown in
Figure 5e, an increased electron density of Pt pushes the ORR
activity further downhill, as the binding to oxygen species

became too strong, whereas for Au and Ag, increasing electron
density pushes the ORR activity uphill due to enhanced
binding to the oxygen intermediates.57−60

As mentioned earlier (Figure 1), the metal nanoparticles
differed in size between the M-TLBP and M-CB series. Yet, as
the sizes are all sufficiently large, the electronic properties of
the nanoparticles are anticipated to be similar to those of their
respective bulk form.61−63 Thus, a minimal contribution is
anticipated from the disparity of the nanoparticle size to the
ORR performance.

■ CONCLUSIONS

Results from this study show that BP can indeed serve as a
unique supporting substrate for metal nanoparticles, where
interfacial charge transfer from BP to the supported metals can
be exploited as an effective parameter in the manipulation of
the electronic interactions with reaction intermediates and
hence the electrocatalytic activity toward ORR. Such a behavior
is consistent with the volcano plot framework. It is envisaged
that the fundamental insights can therefore be extended to the
rational design and engineering of metal catalysts for other
important reactions in electrochemical energy technologies,
and the manipulation will become particularly powerful for
atomically dispersed metal catalysts where the metal−substrate
interaction is maximized.64,65

Figure 4. ORR performance of M-TLBP and M-CB in 0.1 M KOH. RRDE voltammograms of (a) Pt-TLBP and Pt-CB, (d) Ag-TLBP and Ag-CB,
and (g) Au-TLBP and Au-CB at the rotation rate of 1600 rpm with the ring potential set at +1.5 V vs RHE. (b, e, h) Corresponding electron-
transfer number (n, solid) and hydrogen peroxide yield (H2O2%, open), and (c, f, i) the Tafel plots with the slopes shown in mV/dec.
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