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ABSTRACT
Elemental red phosphorus (red P) is a new class of photocatalysts with a desirable bandgap of ∼1.7 eV and has a strong visible-light response.
Here, we show that the efficiency of red P is limited by severe electron trapping at deep traps that are intrinsic to the different crystal facets
of the red P. To overcome this, we synthesized the red P/RGO (reduced graphene oxide) composite in a one-step ampoule chemical vapor
deposition synthesis that formed a conducive interface between the red P photocatalyst and the RGO acceptor for efficient interfacial charge
transport. As substantiated through photoelectrochemical characterization and ultrafast (femtoseconds) transient absorption spectroscopy,
the interfacing with RGO provided a rapid pathway for the photocharges in red P to be interfacially separated, thereby circumventing the
slower the charge trapping process. As a result, up to a sevenfold increase in the photocatalytic hydrogen production rate (apparent quantum
yield = 3.1% at 650 nm) was obtained for the red P/RGO relative to the pristine red P.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0013142., s

I. INTRODUCTION

Significant efforts have been made in recent years to develop
new photocatalysts based on earth-abundant and non-toxic ele-
ments.1–3 While a wide range of simple and mixed metal oxides
(e.g., TiO2, ZnO, Fe2O3, SrTiO3, and BiVO4) were proven to be
photocatalytically active, the highly positive O 2p levels that form
the valence band edges of these metal oxides inevitably led to
wider bandgaps than the ideal 1.5 eV for optimum solar conver-
sion. In this respect, sulfides-, nitrides-, and phosphides-based pho-
tocatalysts are promising alternatives, although the compromised
valence band potentials and occasional photo- or aqueous-instability
may render them unsuitable for oxygen evolution reaction, i.e.,
the half reaction of water splitting. As a newly discovered class of

photocatalysts, the elemental red phosphorus (red P) possesses a
moderate bandgap of ∼1.7 eV4–10 that allows it to be activated deep
in the visible spectrum. In fact, the low-cost and environmentally
benign red P was shown to exhibit the highest hydrogen evolution
rates among elemental photocatalysts, including crystalline Si.4,5

The elemental red P exists in a number of different chemi-
cal phases and structures, namely, amorphous, Hittorf, fibrous, and
tubular.4,5,11–15 Among these, the amorphous, Hittorf, and fibrous
red P were reported to be photocatalytically active.4,5 However, in
comparison with the traditional photocatalysts such as TiO2 or even
newer ones such as g-C3N4, the photocatalytic activity of red P is
still limited. As a newly discovered photocatalyst, the bulk of the
literature on red P has been focused largely on the synthesis strate-
gies to improve its performance.13,16–19 Limited work exists on the
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investigation of the fundamental photophysical processes, i.e., pho-
tocharge transport, trapping, and surface transfer, to elucidate the
photoactivity of the red P. Such effort is deemed necessary to pave
the way for the rational design of highly active red P.

In this work, we present, for the first time, the investigation of
the charge carrier dynamics of red P using ultrafast time-resolved
absorption (TA) spectroscopy. The study revealed that the photo-
catalytic activity of red P is limited by charge trapping on the intrin-
sic deep trap states (TSs). Unlike the surface (shallow) traps that
are often beneficial for catalyzing redox reactions with a relatively
long residence time,20–22 deeply trapped electrons cannot be eas-
ily detrapped and, hence, are susceptible to charge recombination.
Unless mitigated or circumvented, they result in low photocatalytic
activities.23–27

As will be shown in the current work, we found that the severe
charge trapping in red P can be alleviated by interfacing with an
electron acceptor material such as reduced graphene oxide (RGO)
sheets. The efficient interfacial charge transport between the red P
and RGO minimizes the charge trapping at the TS. This resulted
in the red P/RGO composite photocatalyst that shows remarkable
visible-light activity in the hydrogen evolution reaction. The new
insights into the charge carrier dynamics gained from the current
work would be beneficial for further improvement of the photocat-
alytic activity of the red P or its allotropes.

II. EXPERIMENTAL SECTION
A. Materials

Commercial red P, graphite, sulfuric acid (H2SO4, 98%), potas-
sium permanganate (KMnO4, 99.5%), Methanol, sodium nitrate
(NaNO3, 99%), and hydrogen peroxide (H2O2, 30%) were pur-
chased from Sigma Aldrich. Deionized water was purified using the
MilliQ Plus apparatus.

B. Preparation of crystalline red P and red P/RGO
composite

The purification of commercial red P and the preparation of
GO are detailed in the supplementary material. A mixture of 90 mg
purified red P and 10 mg GO was dispersed in a 50 ml ethanol/water
solution. The suspension was sonicated for 1 h and then stirred for
1 h to enhance the physical mixing between the two components.
After that, the solid was collected by centrifugation and dried at
80 ○C. Next, the mixture was sealed in the vacuum quartz ampoule.
The ampoule was heated to 600 ○C for 2 h (5 ○C min−1) in a furnace,
followed by cooling to 300 ○C (1 ○C min−1) and then slowly to room
temperature (0.1 ○C min−1). The sample was collected and washed
with carbon disulfide solution and water/ethanol solution several
times to remove the byproducts. Finally, the product was obtained
and readily usable after drying at 50 ○C. Pristine crystalline red P was
prepared with the same experimental condition, but in the absence
of GO.

C. Structural characterization and measurement
of charge carrier dynamics

The morphology of the as-prepared samples was character-
ized by scanning electron microscopy (SEM, QF400), transmission
electron microscopy (TEM, Tecnai TS12), and high-resolution

transmission electron microscopy (HRTEM, Philips CM-120).
X-ray powder diffraction (XRD) patterns of samples were collected
with a Rigaku SmartLab x-ray diffractometer using Cu Kα irradi-
ation in the 2θ range from 10○ to 60○. Raman spectra of samples
were recorded on a Renishaw RM3000 Micro-Raman system with
532 nm laser excitation. UV–vis spectra of samples were recorded
on Varian Cary100 scan spectrophotometers. X-ray photoelectron
spectroscopy (XPS) of the samples was conducted on a Thermo
ESCALAB 250Xi spectrometer.

The femtosecond TA (fs-TA) experiment was performed on
an automated data acquisition transient absorption spectrome-
ter (Ultrafast, Helios) equipped with a commercial femtosecond
Ti/sapphire regenerative amplifier laser system (Mai Tai, Spitfire-
Pro, Spectra Physics Company). The amplifier was seeded with the
laser output from the oscillator (Maitai, Spectra Physics) and gener-
ated 120 fs pulses at 800 nm with a repetition rate of 1 kHz and an
average power of 2.6 W. Approximately 95% of the amplified 800 nm
output (Spitfire) was used to generate the 400 nm pump laser on the
second harmonic generator BBO crystal, while the remaining 5% of
the amplified 800 nm output was focused on a Ti/sapphire crystal
to generate a white-light continuum spectrum (420 nm–780 nm) as
a probe laser. The pump and probe beams were focused onto the
magnetically stirred sample cell (2 mm optical path length). The
instrument response function of this system was determined to be
150 fs.

The Vienna Ab initio Simulation Package (VASP) was
used by applying the projector-augmented-wave method with
the Perdew–Burke–Ernzerhof generalized gradient approximation
(GGA) functional. The electronic convergence limit was set to
1 × 10−4 eV. The van der Waals d2 correction was taken into
account. Optimization of atomic coordinates was considered to
be converged if the Hellmann–Feynman force was smaller than
5 × 10−2 eV Å−1. Bulk crystalline red P and slabs of (−201), (−340),
(−101), (−401), and (−301) surfaces were constructed. Each slab
consists of 84 phosphorus atoms. All the atoms were relaxed dur-
ing optimization. The vacuum region is about 15 Å in height. We
applied the Monkhorst–Pack scheme 3 × 3 × 1 for k-point selection
and resulted in five irreducible k-points.

D. Photoelectrochemical (PEC) measurements
and photocatalytic hydrogen evolution
experiments

All photoelectrochemical (PEC) and electrochemical measure-
ments were carried out on a CHI 760D potentiostat/galvanostat in a
standard three-electrode configuration. The Ag/AgCl and Pt elec-
trodes were used as the reference and counter electrodes, respec-
tively, while the electrolyte was composed of 0.1M Na2SO4 aqueous
solution. Irradiation was provided through a 300 W Xenon lamp
(PLS-SXE300). Photoelectrodes were prepared by dropcasting 2 mg
of sample onto the fluorine doped tin oxide (FTO) glass substrate
(1.5 × 1.5 cm2) and dried in an oven at 160 ○C for 1 h. Linear sweep
voltammetry (LSV) was performed with a scan rate of 1 mV s−1

with and without the addition of 0.01M H2O2 in the electrolyte. The
charge transfer efficiency (ηtransfer) was calculated according to the
following equation:

ηtransfer(%) = J(H2O, light) − J(H2O, dark)
J(H2O2, light) − J(H2O2, dark) × 100%, (1)
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where J is the measured photocurrent in the presence or absence
of H2O2 under dark or photoirradiation. The key assumption for
calculating ηtransfer is that the oxidation kinetics of H2O2 is very
fast and the charge transfer efficiency on both of the red P and red
P/RGO electrodes is referenced as 100%.28,29 Therefore, the ratio of
photocurrent density measured in H2O and H2O2 gives the charge
transfer efficiency for H2O. The amperometric photocurrent was
measured at 0.5 V vs Ag/AgCl.

The photocatalytic hydrogen evolution experiments were car-
ried out on a Pyrex reaction cell connected to a closed gas circula-
tion and evacuation system. Visible-light irradiation was provided
through the 300 W Xenon lamp fitted with a L40 cut-off filter. Sam-
ples (20 mg) were dispersed in 50 ml of aqueous solution containing
10 vol. % triethanolamine as the sacrificial holes scavenger. Addi-
tional 3 wt. % Pt cocatalyst was in situ photodeposited on the sur-
face of photocatalysts. The amount of hydrogen generated from the
photocatalytic reaction was measured on a Techcomp GC 7900 gas
chromatograph equipped with a thermal conductive detector (TCD)
detector. High purity argon gas was used as a carrier gas. The appar-
ent quantum yield (AQY) was calculated from AQY = (2 × num-
ber of evolved hydrogen molecules)/(number of incident photons)
× 100%.

III. RESULTS AND DISCUSSION

The crystalline red P and red P/RGO composites were prepared
using a vacuum-sealed ampoule chemical vapor deposition (CVD)
method, as depicted in Fig. 1(a). Amorphous red P and graphene
oxide (GO) were used as the starting materials. Sublimation of bulky
amorphous P [>1 μm, Fig. S1(a) of the supplementary material] took
place during the heating of the sample to 600 ○C (Tsublime ∼420 ○C),
while the two-dimensional GO nanosheets would thermally reduce
under vacuum to form RGO [Fig. S1(b) of the supplementary mate-
rial]. Subsequent cooling of the ampoule resulted in the condensa-
tion and homogeneous deposition of crystalline P nanoparticles on
the large surface area RGO sheets. The formed crystalline P were
of <30 nm, whether in their pristine form [Figs. 1(b) and 1(c)] or
supported on RGO [Figs. 1(e) and 1(f)]. In addition, both samples
reveal clear lattice fringes with interplanar distances, e.g., 0.26 Å,
0.30 Å, 0.41 Å, 0.51 Å, and 0.61 Å, which correspond to [3 4 0], [4
0 1], [3 0 1], [2 0 1], and [1 0 1], respectively [Figs. 1(d) and 1(g),
and Fig. S2 of the supplementary material]. X-ray diffraction (XRD)
shows the same set characteristic peaks of crystalline fibrous phase
red P in both pristine and RGO-supported samples [Fig. 2(a)].4,5,13

An additional peak at 2θ = 26.3○ was observed in the former,

FIG. 1. (a) Synthetic procedure of
samples by one-step, vacuum-sealed
ampoule CVD method. Also shown are
the (b) SEM, (c) TEM and (d) HRTEM
of the crystalline red P, and the respec-
tive images (e)–(g) of the as-prepared
red P/RGO.
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which can be traced to the diffraction of the [0 0 2] plane of the
RGO.29–31

The Raman spectrum of the red P/RGO composite in Fig. 2(b)
reveals the characteristic peaks for the red P below 500 cm−1 and
that of graphene at 1347 cm−1 (D band) and 1576 cm−1 (G band).
Compared with the bare GO (ID/IG = 0.92), the red P/RGO shows
an increased ID/IG = 1.22, indicating the reduction of GO to RGO.
From x-ray photoelectron spectroscopy (XPS), the extent of reduc-
tion was quantified to be 88% based on the ratio of the integrated
area of the C–C bond to that of total C bonds, i.e., C–C and C–O
[Fig. 2(c)]. As shown from the high-resolution P 2p3/2 spectra of red
P [Fig. 2(d)], the two binding energy peaks of 130.1 eV and 130.9 eV
can be attributed to the surface elemental P (i.e., P–P bond) as well
as that bonded with carbon impurities, i.e., through the adsorption
of ubiquitous volatile organic carbons in the ambient. In the red
P/RGO sample, the surface amount of elemental P was drastically
reduced as accompanied by the formation of new P–O–C bonds
(binding energy = 131.8 eV) arising from the chemical attachment
of red P to RGO.32–34

To establish the band structure of the red P, information from
different measurements was collated and hereby presented as Fig. 3.
Figure 3(a) shows the UV–vis diffuse-reflectance spectra of the red P
and red P/RGO, plotted in Kubelka–Munk absorbance. The elevated
baseline in the latter sample is typical of the broad absorbance of the
π electron in RGO.35 The optical bandgap of the crystalline red P was
estimated from the Tauc plot to be 1.75 eV [see Fig. 3(b)]. The p-
type characteristic of the red P was confirmed by the Mott–Schottky
plots with a negative slope from which the extension of the linear
portion to the abscissa yielded the flatband potential of +0.77 V vs
NHE [Fig. 3(c)]. Figure 3(d) shows the valence band (VB) spectra
from which the energy gap between the flatband potential and the
VB edge was readily deduced to be 0.71 eV. Combining all the infor-
mation above, the VB and conduction band (CB) edge potentials
could be calculated to be +1.48 and −0.27 V vs NHE, respectively
[Fig. 3(e)].

To evaluate the charge transfer efficiencies of the red P and
red P/RGO, anodic linear sweep voltammetry (LSV) was carried
out in the presence and absence of H2O2 sacrificial hole scavenger

FIG. 2. (a) XRD spectra, (b) Raman spectra, (c) C1s XPS, and (d) P2p XPS of the samples.
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FIG. 3. (a) Kubelka–Munk absorbance spectra of the red P and red P/RGO samples as well as the photographs of the respective samples coated on FTO glass, and (b) the
corresponding Tauc plot, as well as (c) the Mott–Schottky plot of the red P, (d) the valence band XPS, and (e) the deduced band structure of the crystalline red P.

[Fig. 4(a)]. The relative photocurrent in both cases can be taken
as a measure of charge transfer efficiencies [ηtransfer, Eq. (1)].28,29

As shown in Fig. 4(b), ηtransfer of pristine red P remains relatively
low even with increasing band bending at higher potentials. The
results suggest severe trapping of photocharges at the TS, poten-
tially leading to an extensive charge recombination. This effect will
be verified by TA decay kinetics below. By comparison, the red
P/RGO shows up to four times greater in ηtransfer, demonstrating
the efficacy of the RGO in circumventing the deep trapping of pho-
toelectrons in red P as promoted by the interfacial charge trans-
port.35 Since the trapping at TS is no longer the limiting factor,

the surface transfer process was significantly increased with increas-
ing potential, reaching up to ηtransfer = 83% at 0.8 V vs NHE.
Figure 4(c) shows the amperometric curves of the samples under
alternating visible-light on–off irradiation. Besides the higher pho-
tocurrent of red P/RGO compared to the pristine red P, note the
reproducible photoresponses measured for both samples under the
repeated on–off cycles that indicate the high photostability of the
samples.

The photocatalytic hydrogen evolution (PHE) of the aqueous
suspensions of red P and red P/RGO was evaluated under visible-
light irradiation (Fig. 5). As expected, a much higher PHE rate of

FIG. 4. (a) Linear sweep voltammetry (LSV) of red P and red P/RGO in the presence or absence of 0.01 M H2O2 and (b) the corresponding charge transfer efficiency (ηtransfer).
(c) Amperometric photocurrent responses of red P and red P/RGO measured under light chopping (periodic on–off) mode.
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FIG. 5. (a) The photocatalytic hydrogen evolution rates on bare amorphous red P, bare crystalline red P, and red P/RGO under visible-light irradiation, and (b) cycling
assessment of the hydrogen evolution reaction on red P/RGO under visible-light irradiation.

705 μmol h−1 g−1 was measured for the red P/RGO, which is seven-
fold higher than that of pristine red P (95.7 μmol h−1 g−1). By com-
parison, amorphous red P is only mildly active with the PHE rate of
23.2 μmol h−1 g−1 [Fig. 5(a)]. In terms of apparent quantum yield
(AQY), the red P/RGO gives AQY = 3.1% at 650 nm, which is nearly
threefold of the bare red P (1.12%), comparable to the composite
black P reported by Zhu and co-workers.36,37 Importantly, the sus-
tained PHE over 20 h of continuous irradiation during the recycling
experiment corroborated the earlier observation on the high stability
of the red P/RGO sample [Fig. 5(b)].

The analysis of the photocharge carrier dynamics of the red
P was carried out using fs-TA spectroscopy. Upon photoexcita-
tion with 400 nm laser pulse (50 fs), a broad band of 400–800 nm
with maxima at ∼600 nm belonging the absorption of the excited
states (ESs) could be measured [Fig. 6(a)]. The absorbance gradu-
ally decayed over the next few hundred ps, followed by the slow
ns bleaching of the ground state (GS) and a later stage recovery.
The trend is consistent with the earlier measurements carried out
by others on black P.38,39 Figure 6(b) shows the higher resolution
TA decay kinetics of the red P, where a rather consistent kinetics
trend was observed at different probe wavelengths. In other words,
the transient states were likely to exist over a relatively broad ener-
getic profile. From the TA kinetics, the generation of ES in red P
peaked at 5 ps delay, followed by a two-component exponential
decay on the ps time scale. The time constant (as shown in Table S2
of the supplementary material) for the fast decay component
(τ1 = 16 ps, 38%) is attributed to the charge trapping process (ES to
TS), while the slower but dominant decay component (τ2 = 202 ps,
62%) is due to the bulk recombination (ES to the GS).27 The bleach-
ing of GS, which reflects a higher number of holes in the valence
band compared with the ES electrons (with the remaining portion
of the photoelectrons in TS), can be evident from 200 ps up to a
few ns. Scheme 1(a) depicts the overall process of charge carrier
dynamics. To prove that the TS electrons are the limiting factor
in the photocatalytic process, the TA kinetics of red P were mea-
sured under three conditions: (1) aerated aqueous suspension, i.e.,
in the presence of O2 as an efficient electron scavenger, (2) deaerated

aqueous suspension, i.e., H+ as an electron scavenger, and (3) ace-
tonitrile suspension, i.e., without electron and hole scavengers. As
shown in Fig. 6(c), the TA decay curves in (1) and (2) overlapped
one another since the overall surface transfer process is limited by
the electron trapping at TS. By comparison, a slightly higher extent
of GS bleaching could be measured in (3) compared to the other two
samples due to the higher ratio of valence band holes to ES electrons,
or in other words, a higher fraction of electrons in the TS, as a result
of the higher density of charge accumulation in the absence of redox
reactions.

To gain further insights into the origin of the TS in red P, we
performed band structure calculation by density functional calcu-
lations. As shown in Fig. 7(a), a clear bandgap of 1.65 eV, which
is nearly consistent with the experimental results, can be observed
from the band diagram of the bulk crystalline red P. There is hardly
any TS between the conduction and valence bands in the bulk crys-
talline red P. However, when analyzed as facet-specific slabs includ-
ing (−2 0 1), (−3 4 0), (−1 0 1), and (−3 0 1), a series of TS can
be found within the forbidden band [Figs. 7(b)–7(e)]. These intrin-
sic TS, when taken together, spread over the wide energy range,
from as little as 1.65 eV for (−1 0 1) facets to 0.75 eV for (−3 0 1)
facets. Because these TSs are situated at more than 50 meV below
the conduction band edge, they may not be readily detrapped by the
ambient thermal energy, kBT.40

Figure 8(a) shows the TA of red P/RGO, which is similar to
the absorbance spectra of red P, except for the much faster ES decay
and absence of GS bleaching. Figure 8(b) compares the intensity-
normalized decay kinetics of the red P and red P/RGO. While the
kinetics of ES generation were similar for both samples (see Table S1
of the supplementary material), i.e., peaking within 5 ps, the lat-
ter is characterized by a much faster first component decay (τ1 =
3.1 ps, 75%) that is at the same time more dominant compared
with the red P (τ1 = 16 ps, 38%). The much faster time constant
points to a new decay process, which, in this case, is attributed to
the interfacial transport of the ES electrons from the red P conduc-
tion band to RGO. This is further supported by the absence of GS
bleaching that reflects the balance of photoelectrons and holes in the

J. Chem. Phys. 153, 024707 (2020); doi: 10.1063/5.0013142 153, 024707-6

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0013142#suppl
https://doi.org/10.1063/5.0013142#suppl


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 6. (a) Absorbance spectra of red P collected at various time delays, and (b) the fs-TA decay kinetic curves of red P probed at 500, 550, 600, 650, and 700 nm. (c) The
fs-TA decay kinetics (probed at 600 nm) of red P measured in an aqueous suspension with and without argon purge and in acetonitrile (ACN).

SCHEME 1. Proposed mechanism of
charge dynamics in (a) red P and (b) red
P/RGO upon photoexcitation.
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FIG. 7. DFT-calculated band structure of (a) bulk red P as well as that of the (b) (−201), (c) (−340), (d) (−301), and (e) (−101) surfaces.

conduction and valence bands, respectively, or in other words, a
minimal amount of electrons in the TS [Scheme 1(b)]. In fact, the
ultrafast interfacial electron transport and further surface transfer
on RGO dominated as the primary process, inferring an equally fast

surface hole transfer process, at the expense of the slower compo-
nent decay associated with the bulk recombination (τ2 = 210 ps,
25%). To recap, photoexcitation of the red P led to the severe trap-
ping of photoelectrons at TS, resulting in accumulated photoholes

FIG. 8. (a) Absorbance spectra of red P/RGO collected at various time delays, and (b) the fs-TA decay kinetics of red P and red P/RGO probed at 600 nm.
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on the valence band (to preserve charge neutrality). These trapped
photoelectrons at TS, which take up to a few ns to recombine, are
generally redox inactive in the current studies. Coupling with RGO
effectively circumvented the trapping of ES electrons at TS by favor-
ing the effective interfacial transfer to RGO. This makes available the
photoelectrons on RGO for surface reduction reaction, allowing an
equally fast surface photoholes transfer. The rate of photoelectron
transfer to RGO appears to match that of the surface hole trans-
fer to minimize the GS bleaching. The TA analysis consolidated the
photoelectrochemical measurements on the enhanced charge trans-
fer efficiencies as well as the enhanced photocatalytic activity of the
red P/RGO composite. Given the relatively short lifetime (∼1 ns)
of the active photocharges of the red P even after interfacing with
RGO, likely limited by the intrinsically slow charge mobility of the
former material, we envision much higher photocatalytic efficiencies
by overcoming this factor alone.

IV. CONCLUSIONS
The work showcases the ampoule CVD-synthesis of a highly

active red P/RGO composite photocatalyst for stable and recyclable
hydrogen production under visible-light irradiation. While the as-
synthesized pristine red P (fibrous phase) was highly crystalline,
there were intrinsic deep traps associated with the different crystal
facets. The severe charge trapping at these deep traps essentially lim-
ited the overall surface transfer and hence the photocatalytic activity
of the red P. As confirmed by ultrafast TA spectroscopy, the cou-
pling of red P with RGO provided a highly effective interfacial charge
transport route that essentially circumvented the charge trappings.
This resulted in a drastic improvement in the hydrogen produc-
tion rate. The findings from this work can serve as an important
platform for the research community to introduce other strategies
for mitigating the effects of charge trappings in red P, e.g., the
addition of suitable cocatalysts, design of reactive facets with min-
imum deep traps, and improving the bulk charge mobility through
doping.

SUPPLEMENTARY MATERIAL

See the supplementary material for the experimental section for
the purification of commercial red P and the preparation of GO,
the SEM and HRTEM images of the samples, and the table for the
exponential fits for the fs-TA decay of red P and the red P/RGO
composite.
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