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Porous red phosphorus nanoparticles, P-RPNPs, were synthesized
via a new colloidal approach and used as metal-free electrocatalysts
in the hydrogen evolution reaction (HER). P-RPNPs were highly
efficient in acidic media, required an overpotential of only 218 mV
to reach 10 mA cm™2, and exhibited superior long-term durability.

Hydrogen has been regarded as a promising future energy source
owing to advantages such as the highest gravimetric energy
density" and the possibility of zero CO, emissions.” The hydrogen
evolution reaction (HER), which is a cathodic reaction of water
electrolysis, provides a promising pathway to sustainable hydrogen
production. To drive the reaction with low overpotential, Pt-based
materials and Pt alloys are the most efficient HER electrocatalysts
because they can initiate proton reduction with small overpotential
and enhance the kinetics of the HER, which provides high
exchange current densities and efficient activity.>* However, the
low abundance and high cost hinder their large-scale applications.
Therefore, the development of cost-effective alternative catalysts
(e.g., chalcogenides,® carbides,’ nitrides,” borides,® phosphides,’
and metal-free materials'®™"?) is important.

Metal-free catalysts may reduce the environmental impact by
avoiding metal jon release.’® Although considerable efforts
have been made to develop carbon-based materials owing to
their advantages of tunable molecular structures and designated
catalysis,"? little attention is paid to other promising metal-free
catalysts. Carbon-based metal-free materials such as graphitic
carbon nitride, C;N,, coupled with different elements (P, S, N)***®
that are doped or co-doped, and carbon nanotubes could be HER
catalysts.'® However, the HER activity of metal-free materials
is challenged by metal impurities (e.g., Fe, Co, and Ni; usually
1-10 wt%) because their synthesis may involve metals acting as
seeds and dopants."’
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Colloidal synthesis of porous red phosphorus
nanoparticles as a metal-free electrocatalyst for
the hydrogen evolution reactiont

Cheng-Ying Chan, Chao-Hung Changt and Hsing-Yu Tuan (2 *

The P element is 6000 times more abundant than platinum.®
Among three different types of phosphorus allotropes (e.g, red,
white, and black), red phosphorus (RP) is promising owing to its
chemical stability and non-toxicity. Besides, RP is easy to manufac-
ture and is inexpensive compared to the other two P allotropes.
Recent studies showed that red phosphorus nanoparticles can be
synthesized from PI; reduced by glycol; it has been determined that
the conductivity of iodine doped red phosphorus nanoparticles is
much higher than that of commercial RP, which is used in the
battery field."” Nevertheless, these phosphorus nanoparticles are
hydrophilic, which makes them unstable during water splitting.
Hydrophilic phosphorus nanoparticles will be well-dissolved after
only 10 s of sonication in 0.5 M H,SO, as shown in Fig. S1 (ESI}).

In this communication, we propose to use porous red phos-
phorus nanoparticles (P-RPNPs) as a new efficient electrocatalyst
in the HER field. P-RPNPs possess high activity (at 218 mV, they
achieve 10 mA cm ™ ?) and impressive endurance during cycling
[6000 cyclic voltammetry (CV) sweeps from —0.6 to 0.2 V (vs.
RHE)] and durability [at —0.5 V (vs. RHE) for 45 h] tests. P-RPNPs
showed electrocatalytic HER activity that was comparable to
that of carbon-based metal-free materials and some metallic
catalysts such as MoS, nanomaterials. The abovementioned
results provide a new direction for developing Pt-free materials
as metal-free electrocatalysts in the HER.

In Fig. 1, a one-pot hot injection approach is developed to
obtain monodispersed porous red phosphorus nanoparticles,
P-RPNPS. The precursor, phosphorus iodide (P,l,), is formed by
the reaction between iodine and bulk RP under an argon
atmosphere. 1,3-Dimethyl-2-imidazolidinone (DMI) was used
to reduce P,I, to P-RPNPs. Oleic acid (OA) was also added as a
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Fig. 1 Schematic diagram of the colloidal synthesis of P-RPNPs and the
HER application.
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Fig. 2 (a—d) SEM measurement of P-RPNPs. (a) SEM image of P-RPNPs;
the inset shows the histograms of size distribution. (b) SEM image of
P-RPNPs. (c) EDS with P element mapping by Ko emission peaks and
(d) EDS with | element mapping by Lo emission peaks; both elemental
mappings correspond to image (b); (e) TEM image of P-RPNPs. (f) TEM images
of P-RPNPs with an inset illustrating the SAED pattern.

surfactant, which was essential for the shape control of P-RPNPs.
P-RPNPs were synthesized by decomposing the precursor with a
solution-phase approach (Synthesis ESIT). The morphology and
structure of the synthesized P-RPNPs were examined by SEM and
TEM measurements. The average diameter of the P-RPNPs was
246 £ 26 nm, as shown by the histogram of size distribution in
Fig. 2(a). Fig. 2(b-d) show the SEM mapping results of P-RPNPs,
which demonstrate the uniform distribution of phosphorus and
iodine. EDX of RPNPs also shows signals containing carbon
(surfactant), phosphorus and iodine (Fig. S2, ESIT). We observed
that phosphorus and iodine uniformly exist in the nanoparticles,
and the vaporization of iodine at 140 °C might be the reason for
porosity. The iodine phase transition phenomenon has been
previously reported. Under ordinary atmospheric pressure, in the
temperature interval of 113.6-184.4 °C, iodine first melts and then
quickly vaporizes owing to its relatively high vapor pressure.”’
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Fig. 2(e and f) show the TEM images of the P-RPNPs, which
demonstrate similar particle sizes to those obtained by SEM mea-
surements; in addition, the porous structure was clearly observed in
the TEM images. The selected area electron diffraction (SAED)
pattern of the P-RPNPs indicated their amorphous structure. In a
typical synthesis method for II-VI semiconductor nanoparticles in a
solution-phase approach, the surfactants that form nano-
particles in an anisotropic growth can be explained with the
effective-monomer model.>! In the synthesis of nanomaterials,
surfactants are the shape-directing agents, for example, gold
nanorods require the use of cetyltrimethylammonium bromide
(CTAB),*” and ZnO nanowires require a bond with an amine or a
thiol.>> OA is widely used in nanomaterials, especially for
nanoparticles (e.g., Si0,>* and Fe;0,%>2°). During the synthesis
of nanoparticles, OA molecules chemically adsorb on the nano-
particles, which produces OA-coated nanoparticles; this results
in stably monodispersed nanoparticles. However, the detailed
mechanism of oleic acid as the surfactant is still unknown, and
other widely-used surfactants (i.e., 1-dodecanthiol and oleylamine)
cannot replace OA (Fig. S3, ESIt).

Fig. 3 shows the Brunauer-Emmett-Teller (BET) measure-
ments. The specific surface area was obtained, and the pore
size distribution was calculated from the corrected form of the
Kelvin equation referring to the Barrett-Joyner-Halenda
method based on the adsorption branches of the isotherms.
The results of the measurements are as follows: BET surface
area: 3.3793 m” g~ * and the average pore size: 210.2 A. The pore
size result is consistent with the pores observed in TEM images
with a 100 nm scale bar, as shown in Fig. 2(e and f). Surface
area provides active sites for the catalysts. Theoretically, a
decrease in the nanomaterial diameter produces more active
sites and results in an effective catalyst. P-RPNPs are nanosized,
and iodine doped in the material may be the key point highly
enhancing the conductivity. As mentioned in some published
reports’®?”7*° jodine doped carbon nanotubes own specific
conductivity higher than copper and aluminum and iodine-
doped sulfurized polyacrylonitrile enhancing the conductivity
of the material. Therefore, P-RPNPs exhibit a much higher
electroactivity than RP. Furthermore, P-RPNPs have nanosized
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Fig. 3 N, adsorption—desorption isotherms of P-RPNP powders. The
inset shows the corresponding pore size distribution.
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Fig. 4 (a) XRD patterns of P-RPNPs and commercial red phosphorus.
(b) Raman spectra of P-RPNPs. (c—e) XPS spectra of P-RPNP samples:
(@) C: sp? sp° (b) P: 2p (o) I 3d.

pores that range from 10 to 30 nm and offer additional surface
area; thus, P-RPNPs are novel nanomaterials that can be
applied in the HER.

Fig. 4(a and b) show the XRD and Raman spectra of solid
P-RPNPs. The XRD pattern of P-RPNPs has three broad diffrac-
tion peaks ranging from 11 to 16°, 26 to 36° and 47 to 65°
respectively, which agree well with the XRD pattern of com-
mercial RP and other amorphous red phosphorus
nanoparticles.'®*® The XPS spectra of P-RPNPs are shown in
Fig. 4(c-e); the binding energies at 284.1 eV and 285.3 eV
correspond to sp® and sp*-hybridized carbon. For P-RPNPs,
the binding energies at 129.2 eV and 129.9 eV correspond to
2ps» and 2p4,, of phosphorus, respectively. In addition, owing
to the oxidation in the air, we also observed P-O bonding at
134.0 eV; the binding energies of 619.4 eV and 630.8 eV are
indicative of 3ds/, and 3d;,, of iodine, respectively. Thus, on the
basis of XPS and SEM measurements, we can confirm that we
prepared P-RPNPs.

The electrolysis of water produces high purity hydrogen
using an eco-friendly method. Next, the HER (2H(q) + 2~ —
H,() activity of P-RPNPs as an electrocatalyst is evaluated.
P-RPNPs were deposited on a glassy carbon electrode, and 0.5 M
H,SO, was used as an electrolyte in a typical three-electrode system.
To attach P-RPNPs to the working electrode, the as-synthesized
nanoparticles were dispersed in a toluene solution and formed an
ink with a concentration of 3 mg mL™". The area of the working
electrode was 0.196 cm® and was prepared by directly depositing
ink on the electrode (~0.3 mg cm™?).
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Fig. 5 (a) HER polarization curves of P-RPNPs, commercial RP, and wet
ball-milled commercial RP in 0.5 M H,SO, from 0.0 Vto —0.6 Vat 5mV s !
with no IR compensation. (b) Corresponding Tafel plots for P-RPNPs and
commercial RP. (c) HER durability test for the P-RPNP catalyst at the
voltage from 0.2 to —0.6 V for 2000 cycles in 0.5 M H,SO4. (d) P-RPNP
stability test at the current density of —0.5 V (vs. RHE) for 50 h.

Linear sweep voltammetry (LSV) measurement was carried
out to measure the HER electrocatalyst. At a geometrical
catalytic current density of 10 mA cm™2, P-RPNPs showed an
overpotential as low as 218 mV [Fig. 5(a)], which is comparable
to that of carbon materials for the same current density
standard. For example, the overpotential for oxidized carbon
nanotubes' is 220 mV and that for C;N, nanoribbons on
graphene nanosheets®® is 207 mV. In addition, in this experi-
ment, we confirmed that phosphorus nanoparticles consider-
ably enhance the performance of the HER catalyst. For
commercial RP, the overpotential is 523 mV at the current
density of 10 mA cm > SEM images of commercial RP are
shown in Fig. S9 and S10, ESL.{ In addition, we compare the
overpotential of P-RPNPs at the current density of 10 mA cm >
with that of other metal-free catalysts as shown in Table S1, ESL.{
In addition, P-RPNPs also exhibited a considerable performance
compared to the HER activities of various types of materials. The
overpotential for metal-free materials at the current density of
10 mA cm ? is approximately 200-425 mV;'’ P-RPNPs per-
formed well in this range. Furthermore, the performance of
P-RPNPs is also comparable to that of some metallic materials,
such as MoS, nanosheets®” at approximately 205 mV over-
potential. Moreover, Tafel plots are typically used to predict
the rate determining steps and mechanism of the electro-
chemical process of the HER. The Tafel slope results were deter-
mined to be approximately 176 mV dec™ " and 156 mV dec ™', and
both were over 120 mV dec” '; thus, they exhibited neither a
Heyrovsky nor Volmer reaction mechanism in the HER and were
supposed to be diffusion-controlled.®** The electrochemical impe-
dance spectroscopy (EIS) measurements of P-RPNPs were carried
out in the potentiostatic mode at the potential of —0.12 V (vs. RHE)
with a scanning frequency of 10°-0.01 Hz (Fig. S10, ESI{). P-RPNP
showed a lower overpotential in the EIS measurements than that of
commercial RP, which resulted in higher conductivity and lower
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overpotential; these observations were in agreement with the LSV
results.

Another key factor for HER catalysts is durability,***® which
links the catalyst life span and activity, and provides an important
indicator for evaluating practical applications. P-RPNPs showed an
excellent durability performance. The long-term durability was also
examined under a static potential at —0.5 V (vs. RHE) for 45 h. As
shown in Fig. S9 (ESIt), after 6000 CV sweeps from —0.6 V to 0.2 V
with a scan rate of 100 mV s~ without IR compensation, the
P-RPNPs still maintained -V curves that were similar to the
previous one obtained in the initial test and the cathodic current
densities remained stable. For efficient HER electrocatalysts, the
demonstration of long-term durability in an acidic medium is
rarely discovered or reported.*® On the basis of the above evidence
mentioned, the combination of high activity and superior
durability indicates the high potential of P-RPNPs.

In this study, we are the first to demonstrate the use of red
phosphorus as an electrocatalyst in the HER and describe a novel
colloidal approach for synthesizing monodispersed P-RPNPs as
metal-free nanomaterials for use as a HER electrocatalyst, and
the metalfree feature is well supported by solid experimental
evidence (Fig. S11, S15 and Table S2, ESI{). The P-RPNPs exhibited
superior activity and long-term durability in an acidic medium. The
HER activity of the P-RPNPs based on 10 mA em™? is much better
than bulk red phosphorus and comparable to other metal-free
catalysts including carbon-based materials and even some metallic
catalysts such as MoS, nanosheets. The proposed synthesis method
is valuable for other nanomaterials and the high abundance of
phosphorus could open up a new avenue for electrocatalyst devel-
opment and its application in the HER.
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