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In the last 7 years, phosphorene (or few layer black phosphorus) has emerged as not only a superior
optoelectronic material, but also a potential catalyst for the hydrogen evolution reaction (HER) from
water splitting owing to its thickness dependent bandgap, broad spectrum light absorption, high charge-
carrier mobility, and high density of surface-active sites. However, pristine phosphorene produces trace
amounts of H, primarily due to its poor ambient stability and a large positive change in the Gibbs free
energy of hydrogen (H*) adsorption/desorption (AGyx > 0). Due to the recent surge of interest in metal-
free HER catalysts, there have been many successful efforts on enhancing the stability as well as the
catalytic activity of phosphorene through chemical functionalization, metal doping, and 2D
heterocomposites. In this perspective, we present different types of interactions, including covalent,
coordination, electrostatic, van der Waals, charge-transfer, and interfacial, which have been utilized in
preparing modified phosphorenes. Then, we assess the noteworthy properties of phosphorene, which
make it an efficient HER catalyst and discuss the developments in photocatalytic, electrocatalytic, and
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1. Introduction

Heterogeneous catalysis of the hydrogen evolution reaction
(HER) by water splitting (H,O — H, +10,; AG® = +237 k] mol ')
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fuels. Among numerous materials, which have been identified
as the potential HER catalysts after decades of research, state-of-
the-art Pt and Pt group metals have remained the best per-
forming catalyst."” However, the applicability of Pt based
systems is limited by their high cost, limited availability, and
lack of tolerance to catalyst poisoning.® To reduce and hopefully
eliminate the dependence on metal-based catalysts, there is
a surge of interest in catalysts comprising non-metal and earth
abundant elements, such as B, C, N, and P. For example, carbon
nitride,* doped graphene, and graphene hybrids,*® bor-
ocarbonitrides,” and phosphorene (few layer black phos-
phorus)® hold promise for efficient HER catalysts.
Phosphorene is the isolated monolayer of black phosphorus
(BP), in a similar way as graphene is the isolated monolayer of
graphite. It was first obtained in 2014 from the exfoliation of BP
crystals.” During the last 7 years, it has witnessed a major
renaissance in a range of applications, including in transistor,®
photodetector,® gas sensor,' and catalysis."* Perhaps, the HER
catalysis is one of the most intriguing applications of phos-
phorene. Phosphorene has a thickness dependent bandgap of
0.3 eV (bulk) to 2.0 eV (monolayer), wide spectrum light
absorption capability, high charge carrier mobility, efficient
electron-hole separation, and high density of exposed active
sites.”*? Its conduction band lies at an appropriate energy level
for the HER, i.e. water reduction."® However, its inherent HER
activity is rather poor, mainly due to ambient instability and
a large positive change in the Gibbs free energy of adsorption/
desorption for hydrogen intermediate state (AGy+ > 0).** The
instability is caused by the reactive nature of non-bonding lone
pair electrons (LPEs) in phosphorus. The other side of the coin
is that the LPEs can be utilized non-destructively in chemical
functionalization, which not only protects phosphorene against
ambient decomposition but also reduces its AGy= Further-
more, phosphorene based composites have been identified as
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potential photocatalysts for CO, reduction.**'® Among the
emerging CO, conversion techniques, semiconductor based
photocatalysis gives rise advantages of utilizing renewable solar
energy as well as forming value added chemicals including CO,
CH,, and CH;OH."

Few-layer black phosphorus/phosphorene and its compos-
ites have emerged as leading metal-free HER catalysts ever since
the first report in 2016."* The number of publications has
remarkably increased (Fig. 1). In recent reviews, the HER
application of phosphorene has been summarized along with
vastly different topics, including synthetic methods, funda-
mental properties, and diverse applications.”*?* In this
perspective, we provide the highlights of phosphorene based
electrocatalysis, photocatalysis, and photo-electrocatalysis of H,
evolution. We start with a brief overview of the fundamental
properties of phosphorene and present the key developments
on its ambient stabilization through chemical functionalization
and 2D-heterostructures. Then, we discuss the developments in
H, production by phosphorene-based catalysts and highlight
how they show superior activities, in some cases even close to
that of state-of-the-art Pt and Pt group metals. We also provide
suggestions for future opportunities.

2. History and renaissance

The history of phosphorene traces back to 1914 when Bridgman
synthesized BP, whilst studying high pressure phase transition
in white phosphorus.*” For a century, between 1914 and 2014,
the work on BP progressed steadily on its structural,® electric
transport,” and superconductivity aspects.” Inspired by the
discovery of graphene from graphite in 2004, and its extraor-
dinary transport properties revealed afterwards, the semi-
conductor research community has explored the exfoliation of
many other existing layered materials into their nanosheets. In
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Fig.1 (a) Number of research publications on few-layer phosphorus/phosphorene based H, evolution catalysts. The publications were obtained

from web of science on May 06, 2022, with the search keywords combinations of either “phosphorene” and "hydrogen”, *

black phosphorus” and

“hydrogen” or “black phosphorene” and "hydrogen”. Only those research articles have been included which show experimental reports on H,
evolution from water splitting, whilst purely theoretical reports have been excluded. Only those review articles have been included in which
experimental results on HER have been summarized. (b) A timeline of the key milestone developments of few-layer black phosphorus/phos-

phorene based HER catalysts.
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2014, Liu et al.” isolated monolayer phosphorene from scotch
tape exfoliation of BP crystal, which captured wide research
attention. Since then, phosphorene has seen a major renais-
sance in nanoscience and nanotechnology. This has also led to
a revival of the interest in the bulk properties of BP.>”*®

3. Crystal structure

BP has three pressure dependent polymorphs at room temper-
ature:*” (1) semiconducting orthorhombic phase (A17, Cmca) at
the ambient pressure, (2) semimetallic rhombohedral phase
(A7, R3m) at 5 < P < 11 GPa, and (3) metallic simple cubic phase
(sc, Pm3m) at = 11 GPa. The orthorhombic phase is the ther-
modynamically most stable form among all the allotropes of
phosphorus. It has a buckled layered structure with covalent
P-P bond within the layer and weak van der Waals interaction
between the layers (Fig. 2a).> The layers stack along the b-axis at
a distance of 5.23 A. Each monolayer is a bilayer of two parallel
atomic planes comprising sp® hybridized P atoms. Due to sp®
hybridization, phosphorene adopts a puckered structure, unlike
graphene, which is an atomically flat layer of sp> carbon. The
puckered arrangement of atoms makes phosphorene sheet
strongly anisotropic along the armchair and the zigzag direc-
tions, corresponding to the x-direction (c-axis) and y-direction
(a-axis), respectively (Fig. 2b).** Three of the five valence elec-
trons in phosphorus form the covalent P-P bonds, whilst two
remain as the non-bonding lone pair (Fig. 2c and d). Due to
puckering, the sheet shows structural anisotropy with smaller
P-P distances and £ P-P-P angles along the zigzag directions
compared to those along the armchair direction. Many of the

(a) side view (b)

o armchair

top view
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properties of phosphorene, including optical absorption,*
emission,* thermal conductivity,®® and electric conductivity”
differ along these two directions. Further, the interlayer P-P
distance of 3.60 A suggests that there is a weak van der Waals
interaction between the layers, which allows easy exfoliation of
BP crystals into thin nanosheets.” BP crystals can be exfoliated
by liquid,** mechanical,” and electrochemical methods.*

4. Electronic band structure

The electronic structure and properties of phosphorene have
been extensively studied by optical absorption,** photo-
luminescence,”?** and DFT calculations.?” It exhibits a direct
bandgap regardless of the thickness, unlike indirect to direct
band crossover in transition metal dichalcogenides when
exfoliating their bulk crystals into monolayer materials.*® The
direct band nature of bulk BP has been experimentally
confirmed from the angle-resolved photoemission spectroscopy
(ARPES) measurements.® On increasing the number of layers,
the bandgap gradually decreases from ~2.0 eV to ~0.30 eV
(Fig. 2e).*” It has been suggested that the interlayer van der
Waals interaction plays an important role in the layer-
dependence of the bandgap. Stronger interaction causes
a wider band dispersion and a narrower bandgap with
concomitant splitting of the bands as reflected in the band
structure of 2L and 3L phosphorene (Fig. 2e).”” The band
dispersion is anisotropic along the I'-X (corresponding to the
armchair direction) and I'-Y (corresponding to the zigzag
direction) directions.* Wide bandgap tuneability along with the
anisotropic behaviour of electrons, photons, and phonons
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Fig. 2 (a) Crystal structure of BP drawn from the crystal information file (CIF) reported elsewhere (orthorhombic Cmca space group; a = 3.3136

A b =10.4788 A and c = 4.3763 A; Z = 8).2° (b) Structure of phosphorene sheet showing armchair and zigzag directions. (c) A portion of
phosphorene sheet showing P-P bonds and ZP-P-P angles. (d) Phosphorus atom showing three P—P bonds and a non-bonding lone pair
electron. (e) Calculated band structures of monolayer (ML), bilayer (2L), trilayer (3L), and bulk BP. The occupied and unoccupied bands are shown
in blue and red, respectively. (f) Calculated (using HSEQ6 functional) relative energy levels of the conduction and the valance bands of phos-
phorene under 5% tensile strain along the armchair direction and under 7% tensile strain along the zigzag direction at pH 8.0. Panel (e) is
reproduced with permission from ref. 37, © 2014 American Physical Society. Panel (f) is reproduced with permission from ref. 13, © 2014
American Chemical Society.
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make phosphorene a promising material for optoelectronics
and related applications. Below are the unique aspects of the
electronic structure of phosphorene that favour the HER catal-
ysis: (i) Thickness dependent bandgap: the thickness tuneable
bandgap makes phosphorene an excellent material for
absorbing photons in the visible and the near-infrared regions
of the electromagnetic spectrum to effectively generate excited
electrons and holes. (ii) High carrier mobility: conductivity is
a prerequisite for photocatalysis and electrocatalysis. Due to
high charge carrier mobility, phosphorene exhibits effective
separation of charge carriers, and their migration to the catalyst
surface. (iii) Band position: calculations have suggested that
conduction band minima (CBM) and valence band maxima
(VBM) of unstrained phosphorene lie above the required
potential for the water reduction reaction (2H" + 2e” — H,; E® =
0.0 Vvs. NHE at pH = 7) as well as the water oxidation reaction
(H,0 — 10, +2¢7; E° = +1.23 V vs. NHE at pH = 7),"** (NHE =
normal hydrogen electrode), making it suitable for HER catal-
ysis in the presence of a hole scavenger. The utility of phos-
phorene as a photocatalytic oxygen evolution reaction (OER) is
limited. However, at a slightly high pH of 8.0 and intraplanar
strain, CBM and VBM of phosphorene straddle the water
reduction and oxidation potentials (Fig. 2f),"”* thereby making it
suitable for overall water splitting.

5. Ambient degradation and
protection

Although phosphorene is thermodynamically stable, it is
chemically unstable due to the reactive nature of LPEs. Under
ambient conditions, phosphorene can form P-O and P=0
moieties on its surface by reacting with oxygen.**** These
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surface moieties then absorb water molecules and eventually
lead to the oxidation of the phosphorene sheet. In oxygenated
water, phosphorene decomposes into water soluble acids,
including H;PO,, H;PO;, and H;PO, as the major products, and
the decomposition preferentially occurs on the edges.*
Furthermore, visible light irradiation promotes the decompo-
sition process.”*** Ambient decomposition suppresses the
electronic and the physical properties of phosphorene, which is
a major bottleneck for its real-time applications, including
HER. Regardless of the instability, the LPEs in phosphorus
provide plenty of opportunities to non-destructively interact
with a range of electron accepting functionalities through
covalent and noncovalent interactions. The functional groups
are expected to reduce the LPE density on the phosphorene
surface and suppress its reactivity towards oxygen. Further-
more, the functional groups provide shielding against direct
contact with reactive species in the ambience and enhance the
stability as well as many of the useful properties of phosphor-
ene. Fig. 3 shows various types of interactions, which have been
employed for phosphorene functionalization.

5.1. By covalent interaction

The LPE can form covalent bonds, P-X (X = C, Si, N or O), with
appropriate functional groups. Ryder et al.*® have reacted BP
nanosheets of ~10 nm thickness with aryl diazonium salts to
attach aryl groups through P-C bonds, which not only stabilized
BP under the ambient conditions, but also improved the carrier
mobility through p-type doping. The functionalized phosphorus
adopts four-coordinate bonding, in a similar way as molecular
phosphines form phosphonium compounds with aryl diazo-
nium salts.*” Rao and coworkers*® have synthesized phosphor-
ene ylide from the reaction of liquid exfoliated phosphorene

&
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Fig. 3 Schematic overview of various types of interactions employed in phosphorene functionalization.
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with benzyl bromide. The resultant ylide has been reacted with
an aldehyde to form alkene via a Wittig type of reaction.
Although P-C bonds firmly hold the functional groups on
phosphorene, the four-coordinate phosphorus remains coor-
dinatively unsaturated, due to which an optimal degree of
functionalization still cannot be reached. Under ultraviolet (UV)
light irradiation, phosphorene has been functionalized with
organic azides (R-N3) through P=N bonds wherein the func-
tionalized phosphorus atoms are five-coordinated.*** The UV
light induces the formation of reactive nitrene species from
azide, which then attach to phosphorene sheets through P=N
bonds. Due to five-coordinate bonding, the reactivity of phos-
phorene towards oxygen reduces significantly, leading to much
better ambient stability. Amino (-NH,) functionalized BP
nanosheets have been synthesised by ball milling BP crystals
with urea, which simultaneously enhances the stability and the
HER activity.”* Other studies have shown that hydroxyl groups
formed on partially oxidized phosphorene can react with alkyl
alcohol (R-OH)** and trimethylsilyl chloride (TMS-CI)* to form
P-OR and P-OSi bonds, respectively. The covalent interaction
has also been adopted as an efficient strategy to form 2D het-
erostructures of phosphorene with other important layered
materials, such as MoX, (X = S or Se),” and g-C3N,**

5.2. By forming Lewis acid-base complex

Phosphorene acts as a Lewis base due to the LPEs, and it can,
therefore, interact with Lewis acid (LA), just like molecular
phosphines.® The Lewis acid-base interaction is expected to
make LPEs inaccessible to oxygen.*® Rao and coworkers have re-
ported the adducts of phosphorene with B(C¢Fs); and InCl;.
B(CFs); gives rise to better protection owing to stronger electro-
philicity and sterical hindrance." A recent study on a series of LAs
including BBr;, B(C4F5)3, BPhs, A[OCOR);, Al(O°Bu)s, AlCl;, AlBrs,
and GaCl; has revealed that electrophilicity, steric hindrance, and
Pearson hard/soft-ness can be used as the key parameters to
qualitatively access the stability of the functionalized phosphor-
ene.” Highly electrophilic AICL;, AlBr;, and GaCl; provide better
protection and also cause p-type doping of phosphorene.”

5.3. By forming coordinating bonds

Metals with empty or partially filled d- or f-orbitals show strong
electron affinity and can, therefore, coordinatively bind with
phosphorene LPEs. For example, coordinatively unsaturated
TiL, (L = p-toluenesulfonate),”® LnL; (Ln = Tb, Eu or Nd; L =
trifluoromethanesulfonate)®® have been reported to coor-
dinatively interact with phosphorene. The functionalized
phosphorenes show excellent stability in air and water. In
addition, the lanthanide tagged phosphorenes can potentially
be used as contrast agents in magnetic resonance imaging
(MRI). Furthermore, the sulfonate ligands strengthen the
coordinating ability of metal ions. Ir-complex® and cisplatin®
have also been attached to phosphorene, and the resultant
phosphorenes have been examined as drug delivery agents.
Further, phosphorene has been functionalized with chemi-
cally adsorbed metal atoms or ions, called adatom. Using
sputtered deposition, Cu atoms have been deposited on
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phosphorene surface and interstitial.®* At both locations, each
Cu transfers one electron to phosphorene and oxidizes into
a more stable Cu" state (d'°). Thus, the Cu modified phos-
phorene behaves as an n-type semiconductor, with a remark-
able increase in electron mobility from 380 cm® V™' s ' at 300 K
t0 2140 cm® V™' s~ ! at 7 K. While there is no experimental report
on direct deposition of Cu" on phosphorene, but Ag" adatom
has been achieved via cation-m interactions, which causes p-
type doping of phosphorene with the room temperature hole
mobility increasing from 796 cm”> V™' s™' t0 1593 ecm®> V' 5.
It was proposed that Ag" ion interacts with three distinct LPEs
through nm’-coordination. Noble metals such as dipallada unit
(Pd,) have been sandwiched between phosphorene sheets.* The
extended X-ray absorption fine structure (EXAFS) analysis and
the DFT modelling have highlighted that the coordination of
Pd, occurs between the layer, bridging two phosphorene sheets.

5.4. By charge transfer interaction

Electron withdrawing organic molecules, such as 7,7,8,8-
tetracyano-p-quinodimethane (TCNQ)® and tetracyanoethylene
(TCNE),’ accept electrons from phosphorene and form charge
transfer (CT) interaction. It has been found that the Raman
scattering of phosphorene is sensitive to charge doping.® It has
three Raman modes (i.e., A;g, B,y and A,,) and all of which show
softening and broadening on hole and electron doping, with the
former causing stronger effects. TCNQ and TCNE have been
utilized for hole doping, whilst tetrathiafulvalene (TTF) for
electron doping.*® Further, the interactions of TCNQ, TCNE,
and TTF with phosphorene have been studied through
quenching the photoluminescence of phosphorene quantum
dots (PQDs).*” Among these molecules, TCNQ most efficiently
quenches the photoluminescence as indicated by the Stern-
Volmer constants (Ky, = 7.0 x 10 M™*, 1.0 x 10* M, and 6.6
x 10°* M~ for TCNQ, TCNE, and TTF, respectively®). This trend
is consistent with their electron withdrawing nature as has been
confirmed by the Bader charge-population analysis.®® Further-
more, the electron withdrawing molecules not only reduce the
electron density on the phosphorene surface, but also trap the
photogenerated electrons, which otherwise cause oxidative
decomposition of phosphorene.*

5.5. By electrostatic interaction

The phosphorene electron density can interact with cationic
organic molecules through electrostatic interaction. For
example, ionic liquids (1-butyl-3-methylimidazolium tetra-
fluoroborate),*® surfactants with long hydrophobic chains and
small hydrophilic headgroups (cetyltrimethylammonium
bromide),” and long chain alkyl ammonium cation could be
effectively utilized.” In addition, the vertical packing of long
alkyl chains creates an additional physical barrier on the
phosphorene surface for oxygen and water.

5.6. By van der Waals interaction

Organic molecules with extended w-electrons cloud, such as
3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA)”> and
anthraquinone (AQ)” show very small charge-transfer to/from

This journal is © The Royal Society of Chemistry 2022
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phosphorene and adsorb mostly via van der Waals interaction.
van der Waals interaction has also been exploited in 2D/2D
heterostructures of phosphorene with other important layered
materials such as MoS,.”*

Covalent functionalization is no doubt an effective approach
to functionalize and generate different materials with improved
properties, such as covalently cross-linked 2D/2D hetero-
structures. However, in the case of phosphorene, sometimes the
covalent functionalization suffers from a few drawbacks: (i) low
degree of functionalization due to low reactivity of neutral
phosphorene,””® and (ii) P-P bond breaking as a consequence
of covalent bond formation with the functional groups, which
has detrimental effects on the properties.” On the other hand,
non-covalent functionalization protects phosphorene with little
(or no) distortion of the lattice, provides a relatively higher
degree of functionalization, and preserves most of its proper-
ties. Many of the phosphorene-based composite HER catalysts
utilize the non-covalent interactions to effectively tune interfa-
cial charge transfer and charge carrier separation.

6. HER catalysts based on
phosphorene
6.1. Mechanism of water splitting

Water splitting is an uphill reaction with a positive change in
the Gibbs free energy (AG®) of +237 k] mol™ " (equivalent to
a potential difference of 1.23 V between anode and cathode or
the energy demand of 1.23 eV per electron-hole pair generated).
In the electrochemical process, HER occurs at the cathode
through the reduction half reaction (2H' + 2e ™ — Hy; E°=0.0V
vs. NHE at pH = 7), while the oxidation half reaction (H,0 —
10, + 2¢7; E° = +1.23 V vs. NHE at pH = 7) occurs at the anode
(Fig. 4a). Experimentally, the potential requirement for elec-
trolysis of water is >1.23 V. This excess potential is required to
account for the overpotential caused by the large activation
barrier. A semiconductor with a bandgap of more than 1.23 eV
can absorb radiation of wavelength less than 1000 nm and
becomes photo excited (Fig. 4b). The photogenerated electrons
(e7) can reduce water into H, if the conduction band minima
(CBM) of the semiconductor lies at a more negative potential
than water reduction potential, whilst the holes (h") can oxidize
water into O, if the valence band maxima (VBM) of semi-
conductor lies at a more positive potential than the water

(b) H, voltage vs. NHE
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Fig.4 Schematic illustration of the mechanism of water splitting by (a)
electrocatalytic (b) photocatalytic routes.
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oxidation potential. Experimentally, the energy requirement for
the photocatalytic process is much more than 1.23 eV and is,
generally, in the range of 1.6-2.4 eV per electron-hole pair
generated.”” This excess energy accounts for the additional
energy required to overcome the activation energy barrier.

A good HER catalyst reduces the activation barrier by
enabling adsorption and desorption of the intermediate
adsorbed state (H*) on its active sites while keeping the overall
process thermoneutral (|JAGyx*| = 0).”® DFT calculations have
suggested that the basal plane of a perfect phosphorene nano-
sheet has a large positive AGy™* of 1.25 eV,” which makes it
inherently poor HER catalyst. However, its activity can be
boosted by introducing point defects such as Stone-Wales and
vacancy defects.'*”® The phosphorus atoms present at the odd
size vacancies (i.e. monoatomic or triatomic) as well as at the
edge sites are much more HER active when compared to those
present at the even size vacancies (i.e. divacancy)."* The atomic
vacancies induce a strain field and bond deformation around
the defect core, which enhances HER activity through effective
hydrogen-phosphorus interaction. There exists a few experi-
mental reports, which suggest that HER activity of phosphorene
is indeed higher at its defect and edge sites."®”

6.2. Electrocatalysis

Phosphorene based HER electrocatalysts have shown activities
ranging from very low to high, and in some cases even
surpassing the commercial Pt/C catalyst. Experimentally, the
electrochemical HER figure of merit is estimated by the over-
potential with respect to a reversible hydrogen electrode (RHE),
Tafel slope, and charge transfer resistance relative to state-of-
the-art Pt/C catalyst.* Lower the values of these parameters,
better the catalyst. We summarize these parameters of phos-
phorene based electrocatalysts in Table 1, which clearly suggest
that phosphorene modified with functional groups, metals, and
other important 2D materials show better activity. Generally, it
has been found that the phosphorene composites show selec-
tive and stable H, production. Some of the commonly explored
electrocatalysts are discussed below.

Sofer et al.*® have investigated the inherent electrochemical
HER activity of pristine BP electrode in an acidic medium. The
edge-sites have been found to be much more active than the
basal sites owing to a higher electron transfer rate at the edge
sites when compared to the basal sites. The defect/edge site P
atoms show higher reactivity due to the higher density of
dangling bonds as well as lone pair electrons. The HER onset
potentials at edge-sites and basal-sites have been found to be
—0.55 V and —1.13 V,*® respectively, which is consistent with
their metallic and semiconducting nature, respectively.®
Further, the DFT calculations have revealed that the basal plane
exhibits a negligible surface energy of 9 mJ m~> compared to
that of the edge plane energy of 194 mJ m 2. Thus, one of the
strategies to enhance the HER activity of phosphorene is to
increase the density of defect/edge sites by making nanosheets
with reduced size.”

Considering low AGy* values of many of the transition metal
phosphides (TMPs), doping phosphorene with transition
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Table 1 Electrocatalytic HER activities of phosphorene and black phosphorus based HER catalysts

Overpotential Tafel slope

Catalysts at 10 mA cm™ > vs. RHE (mV dec™) Electrolyte Ref.
Pristine phosphorene 690 mV 370 0.1 M NaOH 48
Phosphorene-MoS, 226 mV 144 0.1 M NaOH 48
Phosphorene-MoSe, 330 mV NA 0.1 M NaOH 48
BP nanosheets/MoS, nanoflakes 85 mV 68 0.5 M H,S0, 74
BP nanosheets/MoS, nanosheets 126 mV 68 0.5 M H,SO, 82
BP nanosheets/MoS, nanosheets 237 mV 99 1.0 M KOH 82
BP nanosheets/MoS, nanosheets 258 mV 154 1.0 M PBS 82
BP nanosheets/MoSe, 380 mV 97 0.5 M H,S0, 83
BP nanosheet/N-doped graphene (1 : 4) 191 mv 76 1.0 M KOH 6
BP nanosheets/Ni,P 185 mV 81 0.5 M H,SO, 84
BP nanosheets/Ni,P 107 mV 38.6 0.5 M H,S0O, 85
BP nanosheets/Co,P 340 mV“ 62 0.5 M H,S0, 86
BP nanosheets/Co,P 336 mV“ 72 1.0 M KOH 86
BP nanosheets/CoP nanodots 105 mV 92 0.5 M H,SO, 87
BP nanosheets/CoP nanodots 118 mV 79 1.0 M KOH 87
BP nanosheets/Pt-GR 21 mV 46.9 1.0 M KOH 88
Phosphorene quantum dots/MoS, 600 mV 162 0.1 M KOH 89
BP nanosheet/Co,P 305 mV 65 0.5 M H,SO, 90
BP nanosheet/W 500 mV 112 0.5 M H,SO, 90
Phosphorene/Ni 691 mV 116 0.5 M H,SO, 91
Phosphorene/Mo 522 mV 112 0.5 M H,SO, 91
Phosphorene/Co 294 mV 107 0.5 M H,SO, 91
Phosphorene/Cu 550 mV 139 0.5 M H,SO, 92
BP quantum dots/Ti;C,Tx 190 mV 83 1.0 M KOH 93
BP nanosheet/PtRu 22 mV 19 1.0 M KOH 94
BP nanosheets/Ir nanoparticles 1.98 mV 91 1.0 M KOH 95
BP nanosheets/Ir nanoparticles 25 mV 30.9 0.5 M H,SO, 95
BP nanosheets/Ir nanoparticles 329 mV 160 1.0 M PBS 95
Phosphorene-NH, 290 mV 63 1.0 M KOH 51
Phosphorene/B-dopped graphene 385.9 mV 110 0.5 M H,SO, 96
BP nanosheets/Pd-1T-MoS, (in dark) 152 mV 86 0.5 M H,S0, 97
BP nanosheets/Pd-1T-MoS, (in light; >420 nm) 97 mV 66 0.5 M H,S0, 97
BP nanosheets/NiCoSe 206 mV 77 0.5 M H,SO, 98
BP nanosheets/NiCoSe 287 mV 134 1.0 M KOH 98
BP nanosheets/(NiCoSe|S) 167 mV 90 0.5 M H,S0, 98
BP nanosheets/(NiCoSe|S) 172 mV 128 1.0 M KOH 98

“ Overpotential reported at 100 mA cm ™ 2; NA = not available; PBS = phosphate-buffered saline.

metals is a promising strategy for efficient H, evolution. To
make use of higher reactivity of edge sites of phosphorene,
Wang et al.®** have decorated few layer BP nanosheets with
dicobalt phosphide (Co,P) from in situ reduction of Co®" ion
under an anhydrous and oxygen-free sealed reaction at high-
temperatures (Fig. 5a-e). The composite exhibits low over-
potential, low Tafel slope, reduced charge transfer resistance as
well as enhanced ambient stability compared to bare BP
nanosheets (Fig. 5f-h). Similarly, a composite of Ni,P and BP
nanosheets has been synthesized from in situ reduction of Ni**
on the BP surface.®” The Ni,P particles form uniformly on the BP
surface, unlike Co,P. It is not clear from these studies that why
does Ni,P form on both edge sites and basal sites, while Co,P
form preferentially on the edge sites. A recent report has shown
that under ultrahigh vacuum (UHV) conditions, initial deposi-
tion of Co metal occurs at the edge-sites of BP nanosheet, but
subsequently, it deposits more on the basal-sites.”® The Co
atoms present on the edge plane transform to the CoPO,
species, whilst those on the basal plane transform to Co,P(112)

19540 | J Mater. Chem. A, 2022, 10, 19534-19551

nanoparticles of 2-3 nm.*” This composite shows electro-
catalytic HER activity comparable to that of the edge-site func-
tionalized Co,P/BP composite (see Fig. 5).°¢ It has been
proposed that the increase in HER performance of this
composite is mainly due to Co,P(112) owing to its very low
AGy+. Liu et al.®* have doped phosphorene with Co, Ni, and Mo
metals by using a H-type electrochemical setup comprising
platinum as the anode and a bulk BP crystal as the cathode in
TBA'Br~ (TBA = tetrabutylammonium) and metal halide elec-
trolyte (CoCl,, NiCl, or MoCl;). Nafion 211 membrane has been
used as a separator between the anode and the cathode. This
setup enables the exfoliation of BP crystals into few-layer
phosphorene by TBA" cation intercalation followed by deposi-
tion of metal ions on the resultant nanosheets. The metal ions
then undergo in situ reduction to form homogeneously
distributed metal nanoparticles. The HER activities follow the
order, pristine BP < BP(xj) < BPmo) < BP(co), Which is consistent
with their AGy« trends. The AGy« of BP(c) is close to that of
thermoneutral Pt catalyst (AGy« = ~0 eV). The enhancement in

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Schematic diagram of BP/Co,P formation through selective interaction of Co?" ions on phosphorene edge-sites and their in situ
reduction into Co,P. (b) Transmission electron microscope (TEM) image of a BP/Co,P nanosheet revealing edge-sites decorated with Co,P. (c)
High-angle annular dark-field (HAADF) image of a BP/Co,P nanosheet. (d) and (e) Corresponding energy dispersive spectroscopy (EDS) maps. (f)
HER polarization curves of different catalysts in acidic and basic media. (g) Corresponding Tafel slopes. (h) Nyquist plots showing low charge-
transfer resistance (R in the case of BP/Co,P. The plots of pristine BP nanosheets are also given for comparison. Reproduced with permission

from ref. 86, © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

electrocatalytic HER activity of these composites is attributed to
the enhanced conductivity, optimal electronic interactions at
the metal-phosphorene interface, and the stability of BP nano-
sheets in alkaline solution. Surprisingly, it has been demon-
strated that BP activates state-of-the-art Pt catalysts through
strong synergistic interaction in alkaline conditions.?® For this
purpose, a BP/Pt/graphite composite has been prepared by
sonicating solvent exfoliated BP nanosheet with Pt loaded
graphite. The composite forms through strong Pt-P bonds,
which exhibits 6.1-fold higher HER activity than that of the Pt/C
(20% Pt) catalyst. The density of states (DOS) calculations have
suggested that the Pt-P bonding causes a down-shift of the Pt d-
band centre, bringing more anti-bonding states below the
Fermi level, giving rise to an optimal AGy+. Through a similar
approach, PtRh nanoclusters have been immobilized on the BP
nanosheet.” The PtRu/BP composite of Pt; (Ru; 5, stoichiom-
etry exhibits HER activity by an order of magnitude higher than
that of the commercial Pt/C (20% Pt) catalyst in alkaline
medium. Mei et al.®® have prepared two different pH universal
BP-Ir electrocatalysts on carbon cloth (CC) substrate; (1)
BPIr_sur: by immersion of a 2 x 2 cm® CC piece into

This journal is © The Royal Society of Chemistry 2022

a dispersion of BP nanosheets and vacuum-drying followed by
dipping into a dispersion of Ir nanoparticle and (2) BPIr_be: by
immersion of a 2 x 2 cm® CC piece into a dispersion of Ir
nanoparticles and vacuum-drying followed by dipping into
a dispersion of BP nanosheets. In 1.0 M KOH aqueous electro-
Iyte, BPIr_be exhibits an overpotential of only 1.98 mV at
a current density of 10 mA cm 2, which is superior to the
BPIr_sur and BP nanosheet (105 mV, and 420 mV, respectively
at a current density of 10 mA em™ %) and far surpassing the Ir
nanoparticles (57 mV) as well as the commercial Pt/C (76 mV)
catalysts at the same current density. Even at higher current
densities of 100 mA cm ™2, 200 mA cm ™2, and 400 mA cm 2,
BPIr_be exhibits small overpotentials of 59 mV, 87 mV, and
125 mV, respectively. The enhanced HER activity of these BPIr
composites is attributed to high carrier density around the
Fermi level, giving rise to higher electronic conductivity.
Although the basal plane of phosphorene is HER inactive, it
provides a sufficient contact area for interfacial engineering
when integrated into 2D/2D heterocomposites. 2D/2D hetero-
composites are expected to show enhanced HER activity due to
their large active surface area and facile interfacial charge
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transfer.'® Semiconducting 2H-MoS, nanosheet material is
considered as a potential HER catalyst, but its inherent activity
remains low due to the inertness of its basal plane.'** However,
reports have suggested that the MoS, basal plane can be acti-
vated by engineering interfacial charge transfer. He et al.”* have
deposited BP nanosheets on MoS, nanoflakes through van der
Waals interaction. The flat-band potential of BP nanosheet
(—0.29 V) is more negative than that of the MoS, nanosheet (-
0.21 V), meaning the Fermi level of BP nanosheet lies at higher
energy than that of the MoS, nanoflake and electrons can,
therefore, flow from BP to MoS,. Under acidic conditions, the
accumulated electrons on MoS, effectively promote proton
adsorption and reduction processes at the catalyst-electrolyte
interface through Volmer [H,q) + €~ — H(ads)] step as the rate-
limiting step. The composite exhibits an overpotential of 85 mV
at the current density of 10 mA cm 2, which is superior to that
of pristine BP as well as MoS,. Another study has revealed that
the HER activity of BP/MoS, van der Waals heterocomposite
remains high, even at its large scale prepared from the hydro-
thermal reaction of electrochemically exfoliated BP nanosheets
and (NH,),Mo8S,.*> This composite shows electrochemical HER
in all pH, but the highest activity has been observed in acidic
medium, which is consistent with the electrochemical stability
trends of the composite. The van der Waals heterocomposite of
BP and MoSe, exhibits much lower HER activity than that of the
BP and MoS, analogue.® To strengthen the interfacial charge

Br-CH,COOH
[=————]

Br-CH,CH,-NH,.HBr
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transfer, Rao and coworkers have developed covalently cross-
linked phosphorene-MoS, and phosphorene-MoSe, hetero-
structures (Fig. 6a).*® Carboxylic acid functionalized phosphor-
ene (P-CH,COOH) has been coupled with primary amine
functionalized MoS, or MoSe, (MoS,-CH,CH,NH, or MoSe,-
CH,CH,NH,). The P-CH,COOH has been obtained from the
reaction of phosphorene with bromoacetic acid. The MoS,-
CH,CH,NH, and MoSe,—~CH,CH,NH, have been obtained from
the reaction of 2-bromoethylamine hydrobromide with 1T-MoS,
and 1T-MoSe,, respectively, by using a reported protocol.’®* The
coupling of acid and amine groups forms interlayer amide
bonds, which leads to a uniform growth of MoS, or MoSe,
nanosheets on phosphorene nanosheets. These composites
show significantly reduced overpotential, Tafel slope, and
charge transfer resistance when compared to those of pristine
phosphorene, MoS,, MoSe, as well as their physical mixtures
(Fig. 6b-d). We note that the long-term electrochemical stability
of phosphorene-MoSe, is not as good as phosphorene-MoS,
due to the decomposition of MoSe, under the electrochemical
reaction conditions.

Compared to metal-based composite catalysts, metal-free
catalysts are preferred in terms of reduced environmental
effect and cost. Yuan et al.® have synthesized a metal free 2D-2D
electrocatalyst with exfoliated BP (EBP) and N-doped graphene
(NG) (Fig. 7a and b). The Fermi level of NG lies at a higher
energy than that of EBP, which makes NG to EBP electron
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Fig. 6 (a) Schematic illustration of the preparation of covalently cross-linked phosphorene—MoS, and phosphorene—MoSe, heterocomposites.
The amide linkages are formed by the EDC [ethyl-3-(3-dimethylaminopropyl)carbodiimide] coupling between P-CH,COOH and MoS,-
CH,CH,—-NH, or MoSe,-CH,CH,—NH,. (b) LSV curves of various catalysts. The curves of 40 wt% Pt/C and glassy carbon electrode (GCE) are
also provided for comparison. (c) Corresponding Tafel plots revealing the lowest slope with phosphorene—MoS,. (d) Nyquist plots showing
lowest R in the case of phosphorene—MoS,. Reproduced with permission from ref. 48, © 2019 American Chemical Society.
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transfer feasible at the heterointerface (Fig. 7c). This composite
not only promotes HER on the electron enriched EBP sites, but
also promotes OER on the electron depleted NG sites (Fig. 7d).
Thus, the EBP@NG composite behaves as an overall water
splitting catalyst, with the best performance found at the EBP to
NG wt ratio of 1 : 4 (Fig. 7e and f). Shao et al.** have obtained
ambient stable NH, functionalized BP nanosheets (NH,-BP) of
2.15-4.87 nm thickness by ball milling BP crystals with urea.
The resultant BP nanosheets exhibit abundant -NH, groups at
the edges. The electrocatalytic HER in an alkaline medium
indicated that NH,-BP nanosheets need an overpotential of only
290 mV to achieve a current density of —10 mA cm ™2, which is
~3.1-fold less compared to the bulk BP (910 mV) and ~2.3-fold
less compared to milled BP (668 mV) at the same current
density. The enhanced HER activity of NH,-BP nanosheets has
been attributed to the increased density of electrochemically
active surface area (ECSA) as well as feasible charge transfer due
to ultra-thinness of functionalized phosphorene. These studies
suggest that the density of ECSA can be controlled by
morphological engineering.

Recently, it has been shown that BP nanosheets can also be
utilized as overall water splitting catalysts. A heterostructure
composite of nickel-cobalt sulfoselenide/BP (NiCoSe|S/BP) has
been fabricated by growing NiCo hydroxide nanosheet on a few-
layer BP nanosheet followed by one-step sulfoselenization.*®
The composite comprises two redox pairs: Ni**/Ni** and Co**/
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Fig. 7 (a) Schematic representation of liquid exfoliation of a BP crystal
and preparation of EBP/NG composite (EBP = exfoliated BP; NG = N-
doped graphene). (b) Optical image of EBP dispersion showing the
Tyndall effect. (c) lllustration showing interfacial charge redistribution
between EBP and NG at their Fermi levels. (d) Corresponding differ-
ential charge density map with the electron-rich and the hole-rich
areas shown by blue and yellow regions, respectively. (e) LSV curves of
various catalysts in 1.0 M KOH aqueous solution with the LSV curves of
Pt/C and GCE are also given for comparison. (f) Corresponding bar
diagram between the HER overpotentials at a current density of 10 mA
cm~2 and the mass ratio of EBP to NG in the EBP@NG composite.
Reproduced with permission from ref. 6, © 2019 American Chemical
Society.
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Co**, with the former enhancing HER through electron-
donating, whilst the latter enhancing OER through electron-
accepting. The composite exhibits excellent electrocatalytic
performance for both HER and OER in alkaline conditions with
the overpotentials of 172 mV and 285 mV, respectively at
a current density of 10 mA cm™>. Stable overall water splitting
has been delivered at an overpotential of 1.67 V at a current

density of 10 mA cm™>.

6.3. Photocatalysis

Table 2 lists the photocatalytic HER activities of phosphorene-
based catalysts comprising single or composite materials. It
should be noted that the HER activity depends not only on the
nature of the photocatalyst but also on the experimental
conditions used in the reaction. Besides, the activity numbers
have been reported in a few different ways. It is, therefore, not
possible to discuss an accurate comparison of efficiencies of the
catalysts reported in different studies. Nevertheless, we have
tabulated most of them and discussed important ones found in
the commonly investigated studies.

Zhao et al.'® and Zhu et al.'® have reported that pristine
phosphorene can promote HER under visible light irradiation (2
> 420 nm) in the presence of a sacrificial agent. Pt nanoparticles
show improvement in the activity.’®® Rao and coworkers™ have
reported that the activity of pristine phosphorene can be slightly
improved under the visible light illumination using eosin Y as
the dye sensitizer and triethanolamine (TEOA) as the sacrificial
agent. Furthermore, phosphorene has been chemically func-
tionalized with a benzyl group, InCl;, and B(CeFs); (Fig. 8a). The
functionalized phosphorenes exhibit several fold enhance-
ments in the H, evolution rate when compared to pristine
phosphorene (Fig. 8b and c). The enhanced activity has been
attributed to better ambient stability, enhanced water dis-
persibility, and slow charge carrier recombination. Indeed,
successive theoretical work has predicted that the covalent
functionalization significantly reduces the AGy+ of phosphor-
ene close to 0.0 eV,'* thereby facilitating hydrogen adsorption/
desorption and H, evolution.

Generally, 2D/2D heterostructured photocatalysts show
better HER activity owing to broad spectrum light absorption,
large interface area, and slow charge carrier recombination.**®
In this direction, a ternary composite, Ni,P@BP/g-C;N,, has
been obtained by coupling Ni,P@BP nanosheets composite
with g-C3N, nanosheets.’” The composite shows charge trans-
fer from g-C3N, to Ni,P particles through conducting BP
nanosheets, exhibiting HER activity superior to the individual
components. Rao and coworkers have synthesized covalently
cross-linked binary heterostructures of phosphorene nano-
sheets with MoS, and MoSe, nanosheets through amide linkage
(see Fig. 6a for the schematic of phosphorene-MoS, and
phosphorene-MoSe,).*® Further, phosphorene nanosheets have
been covalently cross-linked with wide bandgap 2D materials,
such as BCN and g-C;N, to form metal-free 2D hetero-
composites.” These 2D heterocomposites show superior H,
evolution rates when compared to their individual components
(Fig. 8d and e). The HER activity of phosphorene-MoS,
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benzyl group. (b) Plausible mechanism of eosin Y sensitised photocatalytic HER in the presence of TEOA as a sacrificial agent. (c) Hydrogen
evolved versus time plots of pristine and functionalized phosphorenes. (d) Hydrogen evolved versus time plots of covalently cross-linked
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ref. 54, ©Author(s) 2020.

composite is as high as 26.8 mmol h™*! g™, which is ~30-fold
enhanced compared to pristine phosphorene and ~22-fold
compared to few layer MoS, under similar reaction conditions.
The activity of phosphorene-MoS, is also superior to many
other catalysts (Table 2). Similar HER activity trends have been
found in the case of phosphorene-MoSe,, phosphorene-BCN,
and phosphorene-g-C;N, composites, but their activities are
lower compared to the phosphorene-MoS, composite.

Zhu et al.'*® have synthesized a metal-free 2D/2D hetero-
composite of phosphorene with g-C;N, in different stoichiom-
etries (Fig. 9a). The 1:4 composite shows the highest H,
evolution rate of 427 umol g~ ' h™" for several days, while pris-
tine phosphorene and g-C;N, have shown negligible H, evolu-
tion under similar reaction conditions (Fig. 9b and c). The
composite forms a type-I heterojunction in which the photo-
excited electrons transfer from g-C;N, to phosphorene, where
they are consumed in the proton reduction into H,. The direc-
tional electron transfer has been further strengthened by P-N
bonds between the exposed P and N atoms on the phosphorene
and the g-C;N, surfaces, respectively. It has been proposed that
P-N interactions introduce shallow charge trapping sites, which
slow down the charge carrier recombination. Similar trends
have been witnessed in a type-I phosphorene/g-C;N, van der
Waals heterostructure (Fig. 9d), exhibiting even higher HER
activity than that of Pt loaded g-C;N, (Fig. 9¢).** The photoex-
cited electrons migrate from g-C3N, to phosphorene, creating
electron accumulated sites on phosphorene and electron
depleted sites on g-C3N, (Fig. 9f). Another study has revealed
that the combination of phosphorene (bandgap of 1.39 eV) and

This journal is © The Royal Society of Chemistry 2022

g-C3N, (bandgap of 2.70 eV) leads to enhanced H, evolution
under broad-spectrum light irradiation.”® The composite
exhibits much higher activity under the light of wavelength
>420 nm when compared to >475 nm. g-C;N,, being a wide
bandgap material, cannot be excited with the light of wave-
length >475 nm and the catalysis occurs only on the phos-
phorene component. A conducting MXene (Ti;C,) layer between
phosphorene quantum dots and the g-C;N, layer enhances the
interfacial charge transfer."** The combination of phosphorene
quantum dots and g-C;N, improves visible light capture, and
the MXene nanosheets mediate the migration of photoexcited
charge carriers to the catalyst surface.

Compared to type-I heterojunction, type-II heterojunction is
expected to provide much more efficient charge separation.'®
Ran et al.'** have shown that a type-II heterostructure (Fig. 9g
and h) of phosphorene nanosheets (4-5 nm thickness) with
cadmium sulphide nanoparticles (10-60 nm diameter) exhibits
a superior H, production rate of 11 192 umol h™" g~ " (Fig. 9i).
It is noteworthy that the HER activity reduces due to the
formation of type-I heterojunction when the thickness of
phosphorene nanosheets is increased to 8-11 nm or beyond.
Similar type-II band alignment and HER trends have been
observed in the case of Zn,Cd; ,S nanoparticles (ca. 15-60 nm
diameter) loaded on phosphorene nanosheets of 5-6 nm
thickness.'*?

Most of the above photocatalytic studies have shown the
utility of the photoexcited electrons in H, evolution at the CBM,
whilst the photogenerated holes at the VBM are quenched by
using sacrificial agents. Zhu et al'*® have prepared a 2D/2D
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heterostructure of BP (0.2 um-2.0 pm) and monoclinic bismuth
vanadate (BiVO,) (0.1 pm-1.0 um) nanosheets through electro-
static interaction. The BP/BiVO, composite catalyzes the overall
water splitting reaction through an artificial Z-scheme photo-
catalytic system (Fig. 10a). The monoclinic BiVO, is a narrow
bandgap (2.4-2.5 eV) layered semiconductor, which has the
ability to promote OER. On visible light irradiation, the photo-
generated electrons in the CBM of BiVO, quickly recombine
with the photogenerated holes in the VBM of BP owing to their
close energies and staggered alignment. In this way, the elec-
trons are utilized in the HER at the CBM of BP, whilst the holes
are utilized in the OER at the VBM of BiVO,. The composite
shows superior H, and O, production rates under visible light
irradiation, even in the absence of a sacrificial agent and co-
catalyst (Fig. 10b). The HER activity further increases with the
assistance of Coz;0,4 as co-catalyst and EDTA as a sacrificial
agent. The optimum HER and OER activities have been
observed with 20 wt% BP in the composite, while stoichiometric

19546 | J Mater. Chem. A, 2022, 10, 19534-19551

H, and O, evolution has been detected with 40 wt% BP. Simi-
larly, BP nanosheets and monolayer Bi,WO, have been
combined in a Z-scheme photocatalyst, exhibiting HER activity
superior to the BP/BiVO, composite owing to broad spectrum
light absorption.**®

6.4. Photo-electrocatalysis (PEC)

Of late, there has been an increase of interest in PEC, which is
the combination of photocatalysis and electrocatalysis tech-
niques. Typically, in this method, the HER is carried out with
applied potential on a photoelectrode supported by a semi-
conductor catalyst. It allows more effective separation of pho-
togenerated electron-hole, charge transfer, and enhanced light
absorption, thereby increasing the overall energy efficiency of
water splitting. Under light irradiation, TiO, nanorods coated
with BP nanosheets show a 140% increase in the incident-

photo-current conversion efficiency (IPCE).*** Similarly,

This journal is © The Royal Society of Chemistry 2022
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enhancement of photocurrent densities of BP/Pt/RGO nano-
flakes electrode has been observed under >420 nm or >808 nm
light irradiation when compared to dark.*** Recently, it has been
reported that van der Waals heterostructure of Pd dopped 1T-
MoS, and BP nanosheet exhibits increased light absorption
when compared to Pd-1T-MoS,.”” Under the light irradiation,
the composite shows a decrease in the overpotential from
152 mV to 97 mV at the current density of 10 mA cm™> with
a concomitant decrease in the Tafel slope from 86 mV dec™ ' to
66 mV dec .

Furthermore, BP quantum dots (BPQDs) have the capability
of harvesting the full visible light spectrum due to size-
dependent bandgaps.®”**>* The composite of BPQD and g-C;N,
nanosheets has been shown to exhibit enhanced photocatalytic
HER activity as well as photocurrent when irradiated with
420 nm laser light.'*s The optimal photocurrent of 9.11 pA cm >
has been obtained on 7 wt% loading of BPQD on g-C3N,
nanosheets. To utilize the broad light absorption capability of
BPQDs, Jin et al**® have fabricated a two-photon E-BiVO,/
BPQDs/OL-OEC (E-BivO, = etched BivVO,) photoanode passiv-
ated with TiO, overlayer (OL) and coated with NiOOH as oxygen
evolution catalyst (OEC). The anode shows a remarkable
photocurrent density of 6.2 mA cm ™2 at 1.23 V vs. RHE, under
AM 1.5 illumination (Fig. 11a). The BPQDs not only enhance the
incident photon-to-electron conversion efficiencies (IPCEs), but
also extends the light harvesting window up to 800 nm
(Fig. 11b). The TiO, overlayer enhances the ambient stability of
BPQD and eliminates the surface trap state. The type-II band
alignment (Fig. 11c) of BPQDs and E-BiVO, promotes efficient
separation of charge carriers. NiIOOH enhances sluggish O,

This journal is © The Royal Society of Chemistry 2022
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evolution kinetics and consequently the E-BiVO,/BPQDs/OL-
OEC photoanode exhibits H, and O, evolution ~2 :1 molar
ratio for over 180 min at a photocurrent density of 6.2 mA cm ™2
at 1.23 V vs. RHE (Fig. 11d).

7. Conclusions and future
opportunities

We have discussed a range of phosphorenes modified with
functional groups, atoms/ions, and other catalytically impor-
tant 2D materials. We have summarized key methods of stabi-
lizing phosphorenes by chemical functionalization as well as
interfacial engineering. With appropriate examples, we have
discussed diverse interactions (covalent, coordination, electro-
static, van der Waals, charge-transfer, and interfacial) which
have been utilized in the functionalization of phosphorene.
Although covalent functionalization is an effective approach to
functionalize and generate different materials with improved
properties, sometimes it leads to a low degree of functionali-
zation as well as P-P bond breaking, affecting the properties of
phosphorene. The non-covalent functionalization protects
phosphorene with little (or no) distortion of the lattice, provides
a relatively higher degree of functionalization, and enhances
electronic properties.

We have highlighted that phosphorene composites are
superior catalysts for H, production from water splitting reac-
tion and have the potential to replace state-of-the-art Pt metal
and Pt group metals. In addition, it is comprised of phosphorus,
which is an earth abundant and non-toxic element. However,
large-scale practical applications of phosphorene are still
limited primarily due to ambient instability and lack of scalable
synthesis. We expect that the interest in the chemistry and the
applications of phosphorene continue to surge and develop
along the following lines:
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(1) Understanding chemistry: despite plenty of experimental
reports on the stabilization of phosphorene, the long-term
stability in oxygen and water is yet to be explored. Further
understanding of the chemistry of degradation™* as well as
passivation of phosphorene is thus necessary. Quantification of
the degree of functionalization remains still a challenge.'*
Thus, advanced tools need to be developed to elucidate the
degree of functionalization and quality control so that the
electronic properties can be appropriately optimized for effi-
cient catalysis and other applications. For example, fluores-
cence labelling of surface species (FLOSS) can potentially be
used as an in situ method.***

(2) Large scale synthesis: although liquid exfoliation has
become a significant method of phosphorene synthesis, it has
limitations, including uncontrollable lateral size, layer thick-
ness and morphology, solvent contamination, oxidation of
sample and formation of structural defects, all of which affect
the overall performance. Bottom-up synthetic strategies such as
pulsed laser deposition (PLD) have a great potential for high-
quality scalable synthesis."®” There is a scope to further devel-
oping the top-down approaches such as electrochemical and
shear exfoliation.

(3) Metal-free catalysis: p-block elements have the potential
to replace the rare and precious noble and other transition
metals-based catalysts. Superior HER activities of phosphorene/
BCN and phosphorene/N-doped graphene suggest that phos-
phorene could potentially be used as a metal-free catalyst at
a commercial scale. However, the developments of metal-free
heterosystems are still at an early stage, and there is consider-
able scope for future developments. For example, phosphor-
ene-borocarbonitride (BxCyNz) composite is worth exploring
where electronic properties can be tuned by varying composi-
tion of the latter.

After possible developments of efficient HER catalysts, the
realization of the potential of water as a completely renewable
hydrogen source could be a viable solution. Solar water splitting
reactors need to be developed to ensure large scale production
at a low cost. In this direction, the reactors based on photo-
electrochemical (PEC) cells have the advantage of using solar as
well as electrical energy and simultaneously separating evolved
H, from O,. Bandgap tuneable and high conductivity make
phosphorene a promising PEC material for high solar-to-
hydrogen efficiency. Besides, strategies for hydrogen storage
and transport need to be developed.
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