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While stability, significantly poor apparent quantum efficiency ( 

AQE < 0.5%) and over dependence on noble metal cocatalysts is a 

long standing probelem, here, we report, for the first time, 

microwave-exfoliated p-type few-layer black phosphorous (BP-

nanosheets) as a stable photocatalyst for hydrogen production 

without any supporting noble metal co-catalyst. This few layer BP 

has shown a record high apparent quantum efficiency (AQE) of ~ 4 

% at 420 nm under visible light irradiation. This unprecedented  

AQE stems from a low level of material oxidation that impedes the 

degradation of BP under ambient conditions, strong absorption of 

photons at the surface, and a conduction band edge position that 

favorably facilitates the proton reduction reaction. These BP-

nanosheets have also shown superior photocatalytic performance 

compared to the known cohort of metal-free photocatalysts such 

as graphitic carbon nitride, carbon dots, and red-P under identical 

experimental conditions. An understanding of the photo-

physicochemical reasons that drive this chemistry is elucidated 

along with results obtained from physicochemical characterization 

and finite difference time domain simulations.      

 

The combustion of fossil fuels is the primary cause of global 

warming causing pervasive and lasting damage to the earth’s 

climate and ecosystems.
1
 Additionally, the fast depletion of 

fossil fuel sources creates a daunting threat regarding the 

scarcity and reliability of energy sources in the foreseeable 

future.
2
 To ensure a sustainable energy supply and to mitigate 

the potentially catastrophic effects of climate change, solar 

energy needs to be harvested to produce useful energy.
3
 

Photocatalytic hydrogen production from water in this regard 

is a promising approach for converting solar energy into 

readily usable chemical energy.
4
 Importantly, hydrogen can be 

stored directly, used on demand, and it burns cleanly back to 

water without production of any CO2.
5, 6

  

 The cornerstone of any photocatalytic process is a light 

absorbing material known as photocatalyst. The materials 

synthesized as photocatalysts in the intervening four decades 

can be conveniently categorized into metal-based and metal-

free photocatalysts. Although most research has been devoted 

to developing metal-based photocatalysts, the recent 

synthesis of metal-free photocatalysts has gained some 

momentum, especially considering some of the serious 

drawbacks of metal-based photocatalysts, particularly their 

corrosiveness and toxicity to humans.
7-9

 A key breakthrough 

was metal-free graphitic carbon nitride.
10, 11

 This is a non-toxic, 

highly stable material in both acidic and alkaline solution, and 

is independent of noble metal cocatalysts for hydrogen 

evolution.  Other metal-free photocatalysts include elemental 

red-phosphorous (red-P), alpha-Sulfur (α-S8), and boron. 
12-14

 

In a quest for new metal-free photocatalysts, recently, black 

phosphorous (BP) has been explored with regard to hydrogen 

production. 
15-17

 Interest in BP started because it can be 

exfoliated into 2D few-layer to monolayer sheets (known as 

phosphorene 
18-20

) that have shown a tunable bandgap and 

anisotropic properties. It is currently being studied for 

applications in transistors, optoelectronics, batteries, gas 

storage and solar cells.
21-24

  

 Theoretically, few-layer BP (alias phosphorene) has 

exhibited some properties that are highly desirable in 

photocatalysis applications. These include (i) quantum 

confinement in the direction perpendicular to the 2D plane, 

which results in noble electronic and optical properties; (ii) 

natural surface passivation without any dangling bonds (a 

suppressed carrier recombination is expected); (iii) no lattice 

mismatch issues for constructing vertical heterostructures with 

other 2D materials; (iv) large lateral size with ultra-high 

specific surface area and high ratios of exposed surface atoms; 

and, (v) a strong interaction with light. 
25-29

  Indeed, Sa et al. 

and Hu et al. theoretically studied the photocatalytic activities 

of phosphorene.
30, 31

 We have recently reviewed the 
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fundamental properties to assess its suitability as a water-

splitting photocatalyst. 
28

    

 The favourable properties of few-layer BP have inspired 

researchers to investigate its practical suitability as a 

photocatalyst. Zhu et al. demonstrated lithium intercalated BP-

nanosheets for photocatalytic hydrogen evolution with an 

apparent quantum efficiency (AQE) of 0.47 % at 420 nm in the 

presence of sacrificial electron donors (SED).
15

 Recently, Tian 

et al. reported wet-chemical synthesis of few-layer BP 

nanosheets for photocatalytic hydrogen production with a 

hydrogen production rate of ~0.36 µmol h
-1

 at 420 nm.
16

 When 

incorporated with a high loading of Pt (20 wt. %), it showed a 

hydrogen production rate of ~11.1 µmol h
-1

 at 420 nm with an 

AQE of ~4%. Although avoiding the use of Pt for low-cost 

hydrogen production is desirable, the use of Pt here appears to 

be unavoidable for the purpose of charge transfer and 

catalysis, which leads to enhanced hydrogen evolution. 

However, an increased AQE with Pt as a cocatalyst doesn’t 

really reflect the increased intrinsic catalytic activity of BP, but 

rather seems to indicate that BP is somewhat inactive without 

Pt. These findings clearly indicate that more research needs to 

be carried out to enhance the quantum yield of hydrogen 

production on BP-nanosheets in the absence of Pt (and other 

precious metals) for low-cost and sustainable photocatalytic 

hydrogen production.  

 Here we report microwave exfoliated few-layer thick BP as 

a stable hydrogen evolution photocatalyst. This few-layer thick 

BP exhibits a record high hydrogen production rate of 17.9 

µmol h
-1

 with an AQE of ~4 % at 420 nm under visible light 

irradiation in the absence of a Pt cocatalyst. Our investigation 

shows that this AQE for BP is also higher than that of carbon 

nitride, carbon dots, and red-P under identical photocatalytic 

conditions (data not shown here). To understand the catalyst 

activities, we have probed the relevant attributes of few-layer 

BP through photo-physicochemical characterization and finite 

difference time domain (FDTD) simulations. 

 The synthesis process significantly influences the stability 

of few-layer BP at ambient conditions.
32-34

 The synthesis of 

few-layer BP using the more common techniques, such as, 

mechanical cleavage and liquid–exfoliation, has proven to be 

unstable.
18, 24, 32, 35

 BP-nanosheets synthesized by Ball-milling 

with LiOH were shown to be stable, however, this process can 

create violent sparking, and unless removed completely, the 

presence of Li can induce undesired charging effects.
15

 

Contrarily, the few-layer BP in our experiments was produced 

using a microwave-assisted exfoliation technique (see 

Supporting Information for the detailed synthesis procedure). 

Briefly, when MW irradiation is applied to the sample, van der 

Waals interactions between the bulk BP flakes start weakening 

and further exfoliates layer by layer in the appropriate 

solvent.
36

 This few-layer BP can be solution processed and 

shows low oxidation levels in ambient conditions. Moreover, 

the microwave assisted exfoliation technique can produce high 

quality BP nanosheets in less than 12 min. 

 We have investigated the morphology of our synthesized 

BP nanosheets using Atomic Force Microscopy (AFM) 

Transmission Electron Microscopy (TEM) and X-ray Diffraction 

(XRD). The AFM image shows a mix of large and small area 

nanoflakes (Figure S1). The height profile measurements 

shows that the thickness of these flakes can vary by up to 15 

nm (Figure S1) with a lateral size up to 5 µm indicating 

dispersed phosphorene nanoflakes of single to multilayers. 

Raman spectroscopy and spectral bandgap calculations 

(discussed in the following paragraphs) indicate that most of 

the flakes are bi-layers. The AFM results are supported by the 

TEM image (Figure 1a) which clearly shows dispersed 

nanosheets of various sizes. XRD patterns (Figure S2) show 

characteristic peaks that are identical to previous reports. 
15

 

The sharp peaks support a highly crystalline structure.  A high-

resolution TEM image (Figure S3) also shows that these 

nanosheets are crystalline with defined atomic fringes. 

Therefore, the material produces ordered diffraction spots in 

selected area diffraction (SAED) measurements as is shown in 

the inset of Figure 1c. These results are consistent with 

previously published results.
16, 32, 37

  

 
Figure 1. a) TEM image, scale bar 100 nm. Inset is the SAED pattern, b) Raman 

spectra, c). Deconvoluted P2p XPS spectra, and d) Deconvoluted O1s XPS spectra 

of BP-nanosheets. 

 We have probed the chemical nature and structural 

stability of few-layer BP using confocal Raman spectroscopy 

and X-ray photoelectron spectroscopy (XPS). The Raman 

spectrum exhibited characteristic Ag
1
, B2g, and Ag

2
 phonon 

modes at ~362, ~440, and ~467 cm
-1

, respectively, Figure 1b.
38

 

These are the signature phonon modes that are usually 

observed in BP nanosheets. The origin of the Ag
1 

mode is due 

to the out-of-plane vibrations of phosphorus atoms along the 

c-axis, and the B2g and Ag
2 

modes originate due to the in-plane 

vibrations of phosphorus atoms along the b-axis (armchair) 

and a-axis (zigzag), respectively.
39

 The intensity of the Ag
2
 

mode is disprotionately high with respect to that of the Ag
1 

and 

B2g modes, indicating that the BP-flakes are mainly bi-layers. 

The same result was observed by Favron et al.
32

 There was no 

peak observed at ~ 400 cm
−1

 which would have signified that 

the BP nanosheets were not partially oxidized.
32, 40

 

Additionally, another signature of low-oxidation levels, 

according to Fevron et al., is the absence of broad features in 
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the region under B2g and Ag
2
, and an intensity ratio of Ag

1 
/ Ag

2 

> 0.2.
24, 28

 These results show that these microwave-assisted 

few-layer BP nanosheets are structurally highly robust against 

ambient oxidation. This is also corroborated from the 

deconvoluted P2p and O1s XPS spectra. Background corrected 

(using the Shirley algorithm) and deconvoluted (using a 

Gaussian–Lorentzian function) P2p XPS  

 
Figure 2. a) UV-Vis spectra of BP-nanosheets, b) K-M plot for bandgap calculation using the formula (hνα)

n
. BP is considered as a direct bandgap semiconductor, and 

therefore n = 0.5, c) Cathodic scan for determining CBM position, d) Anodic scan for determining VBM position, and e) Mott-Schottky plot for determining CBM 

position. 

spectra shows P2p3/2 and P2p1/2 states for the P-P bond at ~ 

130 eV and 130.5 eV, and a bridge bonded P-O-P structure at 

~134 eV, respectively (Figure 1c).
15, 39

 The presence of P-O-P 

bonds indicates the inevitable adsorption of oxygen which was 

previously shown as beneficial for photocatalytic hydrogen 

evolution. Analysis of the chemical composition shows that 

only a small amount of oxygen is present in the BP nanosheets 

(see Figure S4). The absence of any P=O (dangling bonds) and 

P2O5 peaks in the deconvoluted O1s XPS spectra (Figure 1d) 

however indicate that the BP nanosheets are not oxidized. 
15, 

16, 39
  

 We have also studied the optical absorption properties and 

suitability of BP nanosheets as a hydrogen evolution (HER) 

photocatalyst using diffuse reflectance spectroscopy and 

electrochemical characterization. Figure 2a, b shows the UV-

Vis spectra and a corresponding Kubelka-Munk (K-M) plot, 

respectively. A bandgap of ~2.2 eV has been extrapolated from 

the K-M plot. This UV-Vis spectra has shown good agreement 

with theoretical absorption spectra (see Figure S5). The 

conduction band minimum (CBM) and valance band maximum 

(VBM) of the BP nanosheets were determined using linear 

potential scans.
41, 42

 In a linear potential scan, the creation of 

accumulation/inversion layers above the CBM potential and 

below the VBM potential, respectively, can lead to the 

emergence of cathodic/anodic current.
41

 The extrapolated 

CBM and VBM values from cathodic and anodic scans are 

−0.68 and 1.5 V vs SHE (standard hydrogen electrode), 

respectively (Figure 2c, d). This results in a bandgap equal to 

2.18 eV which is in a good agreement with that obtained from 

optical absorption spectra. We further checked and confirmed 

the CBM position from impedance spectroscopy in which 

Mott–Schottky (M–S) plots were acquired at an AC frequency 

of 1 kHz. The negative slope in the M-S plot indicates that our 

BP nanosheet sample is a p-type semiconductor (Figure 2e). As 

is shown in Figure 3a, the CB position (- 0.68 V vs. SHE) is more 

negative than the proton reduction potential (H+/H2 = 0.0 V vs 

SHE), and therefore provides sufficient electronic potential to 

meet the thermodynamic requirements of the HER. 

 The as-prepared BP nanosheets were then subjected to a 

photocatalytic hydrogen production test. Despite suitable CB 

and VB positions for water-splitting, we only observed 

hydrogen production of 1.3 µmol h
-1 

from pure water while 

there was zero oxygen evolution (Figure 3b). We suspect that 

the quantity of evolved oxygen is much lower than the 

detection limit of our Gas Chromatograph. Tian et al. also 

observed only hydrogen evolution when photocatalytic testing 

was performed in pure water.
16

 We then focused on hydrogen 

evolution by suppressing oxygen evolution. We used 

triethanolamine as a sacrificial agent to scavenge holes to 

suppress the oxygen evolution. The TEOA becomes oxidized by 

the holes in the photocatalytic hydrogen production process. 

BP nanosheets can produce hydrogen from water-

triethanolamine (10 vol. %) at a rate of 17.9 µmol h
-1

 under 

visible light irradiation (300 W Xe lamp with 420 nm cut-off 
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filter) without any co-catalyst (Figure 3b). The calculated 

apparent quantum efficiency (AQE) is 3.9 % at 420 nm. To the 

best of our knowledge, this is the highest AQE demonstrated 

to date for hydrogen production on standalone black 

phosphorous derivatives as a photocatalyst (see the Table S1) 

in the absence of a cocatalyst.  

 We also evaluated the hydrogen production on metal-free 

carbon nitride (CN), carbon dots (CD) and red-P (RP) under 

identical photocatalytic experimental conditions for 

comparison. The measured hydrogen production rates were 

5.5, 0.0, and 1.3 µmol h
-1

 for CN, CD and RP, respectively. 

Clearly, microwave exfoliated BP nanosheets exhibit superior 

performance compared to that of CN, CD and RP. We then 

extended our research to assess the cocatalyst activity of BP-

nanosheets when incorporated with CN, CD and RP (see the 

Supplementary Notes 1, and associated supplementary figures 

for details). Interestingly, BP-nanosheets showed comparable 

performance to that of noble metal Pt- indicating the 

suitability  

 

 
Figure 3. a)  Hypothetical schematic presentation of energy level of conduction band (ECB) and valence band (EVB) with respect to Fermi energy level (EF), showing BP-

nanosheets have sufficient electronic potential to drive HER, b) Rate of hydrogen production DI water and water-triethanolamine solution, respectively under visible 

light (420 nm) irradiation, c) Cyclic hydrogen production under visible light (420 nm) irradiation for probing photocatalytic stability, d) Wavelength dependent 

hydrogen production, and e) Understanding the probabilistic distribution of charge carriers through FDTD simulations. 

of BP-nanosheets to be used as Pt substituted metal-free 

cocatalyst. It is strongly desirable to avoid Pt for scalable and 

low-cost hydrogen production, therefore this is a highly 

interesting result for shifting the paradigm from a Pt to a non-

Pt era. 

 We also evaluated the photocatalytic stability of few-layer 

BP. As is shown in Figure 3c, we didn’t observe any noticeable 

degradation in cyclic hydrogen production indicating the 

photocatalytic stability of BP-nanosheets. We have probed the 

structural stability by measuring the XRD and XPS spectra of 

the sample before and after photocatalytic reactions. BP 

nanosheets retain the identical spectra before and after 

photocatalytic reactions (see Figure S6), and therefore confirm 

the structural stability. To confirm that hydrogen is evolved 

only via photocatalytic processes, we carried out wavelength 

dependent hydrogen production. We observed that the 

wavelength dependent hydrogen production roughly followed 

the absorption spectra (see Figure 3d). There was no hydrogen 

production in the dark. Although BP-nanosheets showed a 

broad absorption spectra that extended to the near infrared 

(NIR), we didn’t detect any hydrogen production beyond 550 

nm. This could plausibly be because: (i) the electrons that were 

generated by excitation of photons having wavelengths higher 

than 550 nm might not have sufficient energy to reach the 

conduction band or undergo rapid trapping in deep/shallow 

traps states, and/or (ii) forbidden  π-nπ* transition of electrons 

from the valence band to the conduction band.
43

 However, 

more research is needed to unveil the actual reasons.   

 We extended our investigations to determine the statistical 

charge carrier generation and the accessibility of charge 

carriers to the surface of the BP-nanosheets for carrying out 

the proton reduction reaction. Gradual decreases in hydrogen 

production with increasing wavelength can be correlated to 

asymmetric/non-homogeneous charge carrier generation in 

the material as well as the corresponding availability of 

electrons that are active for the proton reduction reaction. To 

probe this possibility, the identification of the catalytically 

active sites considering photogeneration is necessary. 

However, there have been no such prior studies for BP-

nanosheets. To assess this, we carried out finite difference 
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time domain (FDTD) simulations.
44, 45

 When few-layer BP is 

subjected to irradiation from the UV-VIS to NIR, the 

probabilistic distribution pattern of the generation of charge 

carriers within a given area of the nanosheets will provide an 

idea of the active site locations for catalytic reactions. 

 In the FDTD simulations, a BP-nanosheet was subjected to 

illumination from a continuum electro-magnetic light source to 

acquire the absorption spectra that matches the experimental 

data (Figure S3). The lateral sizes of the modelled nanosheets 

was set to 1 – 1.4 nm. The simulated distribution of 

photogenerated charge carriers is shown in Figure 3e. From 

the simulation results, the rate of generation is found to be 

inversely proportional to the distance from the surface to the 

bulk. We have noticed a strong absorption of photon energy 

on the surface, and therefore generation of charge carriers is 

more significant at a distance up to 0.4 nm from the surface. 

Above 0.4 nm, this generation rate gradually decreased and 

eventually reached zero at some points. This indicates that the 

photogeneration of charge carriers in BP-nanosheets is 

inhomogeneous, and the probability of accommodating 

catalytic active sites with electrons therefore is high within a 

distance of 0 – 0.4 nm from the surface. It also means that 

vectorial transfer of electrons requires travel of a distance of 

about 0.4 nm to reach the surface which seems very promising 

for enhanced proton reduction. Despite the short migration 

distance for electrons, a low rate of hydrogen evolution could 

presumably be due to high surface and bulk recombination of 

electron-hole pairs, and/or resistive pathways for transferring 

electrons to the surface.
43, 46, 47

   

Conclusions  

In conclusion, microwave exfoliated p-type few-layer BP (BP-

nanosheets) has been demonstrated as a photocatalyst for 

hydrogen production. The physicochemical characterizations 

and FDTD simulations revealed some of the intriguing 

properties of these nanosheets such as a low-oxidation level 

that prevents degradation, suitable bandgap and band edges, 

high surface electrons concentrations, and minimum distance 

for electron transfer from bulk to catalytic sites. All these 

properties cumulatively resulted in a record high hydrogen 

production with an AQE of ~3.9 % from 10 vol. % water-

triethanolamine at 420 nm under visible light irradiation 

without a noble-metal cocatalyst. This result therefore opens a 

new avenue of study for hydrogen production independent of 

noble-metal cocatalysts. BP-nanosheets can also be combined 

with an oxygen evolution photocatalyst to realize overall 

water-splitting. For further increases in hydrogen production, 

studies are needed to understand the percolation of charge 

carriers, and the complex interaction of recombination, 

trapping and transport of charge carriers from the point of 

generation to the surface. 
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