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An electrochemical method to prepare two-dimensional (2D) layered black phosphorus oxide with

an inhomogeneous and non-stoichiometric structure is developed and described. The localized

oxygen-related electronic states induce tunable photoluminescence (PL) between 620 and 670 nm.

After oxidation, several new Raman modes with frequencies below 300 cm�1 emerge and the A1
g

mode splits into two sub-bands. The frequency difference between the two sub-bands (D) exhibits a

monotonic dependence on the emission wavelength suggesting that PL is determined by the degree

of oxidation. Similar to graphene oxide, phosphorene oxide is a promising 2D structure with many

potential applications. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926727]

Although graphene consisting of a single atomic layer

of graphite possesses many fascinating properties,1–3 the

lack of a bandgap limits applications to logic semiconductor

devices such as field-effect transistors, and there is no photo-

luminescence (PL) from graphene. Fortunately, the develop-

ment of graphene oxide (GO) with the electronic structure

tunable by oxidation enables the production of graphene

derivatives exhibiting substantial luminescence4–6 as well as

realization of devices with an electronic bandgap.7–12

Similar to bulk graphite, black phosphorus (BP) which is the

most stable allotrope is a layered structure in which individ-

ual atomic layers of the puckered honeycomb lattices are

stacked by Van der Waals interactions.13 Recently, the elec-

tronic and optoelectronic properties of BP have generated

enormous excitement.13–18 Zhang and co-workers have

reported that field-effect transistors with a few layers of BP

possess excellent electronic properties such as a large on-off

ratio of 106 and carrier mobility of about 1000 cm2/(V s).13

Li et al. have produced a gated multilayered BP photodetec-

tor integrated into a silicon photonic waveguide operational

in the near-infrared band.14 The 11.5 nm- and 100 nm-thick

photodetectors can operate under a bias with a very small

dark current and show an intrinsic responsivity of up to 135

and 657 mA�W�1, respectively, at room temperature. The

photocurrent dominated by the photovoltaic effect has a

large response bandwidth exceeding 3 GHz. Moreover, as

reported by Park and Sohn, the large specific capacity and

good cyclability of the black P–carbon composite electrode

make it an attractive alternative anode in Li-ion batteries.15

In spite of recent advances, BP remains a relatively

unexplored two-dimensional (2D) semiconductor,16 and a

viable approach to tune the electronic structure of BP needs

to be developed to widen the applications. Similar to gra-

phene oxide, oxidation of BP may be an effective approach

and recent theoretical studies predict that the bandgap of

phosphorene oxide depends on the oxygen concentra-

tion,19–22 thereby suggesting that controlled oxidation can be

used to adjust the electronic structures. However, experimen-

tal evidence is still lacking. In this letter, we report a simple

electrochemical method to fabricate BP oxide. X-ray diffrac-

tion (XRD) and scanning electron microscopy (SEM) con-

firm the two-dimensional layered as well as inhomogeneous

and non-stoichiometric structures after oxidation. Both the

phonon and electronic properties can be tuned by controlled

oxidation. A localized electronic state with photolumines-

cence at about 650 nm appears and the PL wavelength

depends on the extent of oxidation, indicating that controlled

oxidation is indeed a viable approach to engineer different

electronic structures.

The orthorhombic BP single crystals were prepared by a

technique reported previously13 and BP oxide was produced

electrochemically. In brief, the electrochemical process was

conducted in a neutral phosphate buffered saline (0.1M

K2HPO4 and KH2PO4) using three electrodes connected to a

CHI 660D workstation (CH Instrument), with the BP crystal

anode serving as the working electrode, Pt mesh as the coun-

ter electrode, and Ag/AgCl (1 mol/l NaOH-filled) as the ref-

erence electrode, at 0.4 V for 40 min.

The Raman and PL spectra were collected at room tem-

perature using a backscattering geometry on a Jobin–Yvon

T64000 triple-grating spectrometer at an excitation wave-

length of 514.5 nm. SEM was performed on a Phenom ProX

desktop scanning electron microscope and XRD was per-

formed on a powder diffractometer (Rigaku Ultima III,

Japan) with Cu Ka radiation (k¼ 1. 54178 Å). X-ray photo-

electron spectroscopy (XPS) was carried out on a PHI 5000

VersaProbe.

Figs. 1(a) and 1(b) show the lateral- and top-view SEM

images of the pristine BP. The crystal is typical of a two-

dimensional planar layered structure with a thickness of tens

of micrometers. It consists of many sheet-like smaller crys-

tals aggregating tightly. After oxidation, the morphology is
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preserved (Figs. 1(c) and 1(d)) implying that the BP oxide is

different from the traditional products produced by phospho-

rus combustion such as P2O5. Moreover, it ensures that the

phosphorene oxide can be exfoliated from the bulk BP oxide.

XRD further confirms that the atomic layer structure is not

destroyed. The XRD spectra of the pristine BP and BP oxide

are shown in Fig. 1(e). The sharp peaks verify the good crys-

tallinity of both BP and BP oxide. All the diffraction peaks,

including the small ones at 26.9� and 40.4�, match the base-

centered orthorhombic structure with the space group of

Cmca. No crystalline impurities are detected and both

spectra exhibit three predominant peaks corresponding to the

stacked puckered layers. The two spectra are almost the

same, indicating very little change in the crystal structure af-

ter electrochemical oxidation. Our results also reveal that

electrochemical oxidation only occurs on the surface (see

below) and the resulting oxidized states do not modify the

structure of BP. This is the reason why the XRD peak posi-

tions do not change.

Electrochemical oxidation of BP is verified by XPS. The

P 2p core level XPS spectrum of the pristine BP is shown in

Fig. 2(a) which shows two peaks, one at about 130 eV attrib-

utable to the 2p binding energy of elemental phosphorus and

the other in the high-energy region (around 133 eV) indica-

tive of oxidation.23 It has been reported that BP is sensitive

to water and oxygen18,23,24 which may absorb onto the sur-

face when exposed to air.24 However, previous theoretical

results suggest that oxygen adsorption may not degrade the

phosphorene structure.21,22 Our results to be presented below

indicate that partial oxygen adsorption under natural condi-

tions is different from artificial oxidation and does not mod-

ify electronic states and phonon properties of BP. The P and

O atomic concentration ratio is 1:0.9 for the pristine BP.

After the electrochemical treatment, the coverage of oxygen

increases and similar to graphene oxide, the BP oxide struc-

ture is non-stoichiometric. The XPS spectra acquired from

three random areas on the BP oxide are depicted in Figs.

2(b)–2(d). The P:O ratios range from 1:3.37 to 1:1.12 and

the P 2p core level results show that the proportion of peaks

in the high-energy region decreases with oxygen concentra-

tion. As shown in Figs. 2(b) and 2(c), almost all the P 2p

core level spectra only show the signal in the high-energy

region suggesting nearly complete coverage of oxygen after

the electrochemical treatment.

The PL and Raman scattering studies are conducted on

the T64000 micro-Raman system. As shown in Fig. 3, the

PL and Raman spectra are acquired simultaneously from the

same location enabling direct comparison between the

Raman and PL results. With regard to the pristine BP, no PL

signal is observed with the exception of the three sharp

Raman bands. It is generally accepted that the bandgap of

bulk BP is as small as �0.3 eV (Ref. 13), and it is thus rea-

sonable that no PL signal is observed within the detected

spectral range. In fact, owing to the quantum confinement

effect, the bandgap of phosphorene increases rapidly as the

layer number decreases. Strong PL peaks at 961, 1268, 1413,

and 1558 nm are observed from the two-, three-, four-, and

five-layered phosphorene, respectively.25 The emitted light

FIG. 1. SEM images: (a) and (b) BP and (c) and (d) BP oxide for which (a)

and (c) and (b) and (d) are lateral-view and top-view, respectively. (e) XRD

patterns of BP (black) and BP oxide (red).

FIG. 2. P 2p core level XPS spectra:

(a) Pristine BP and (b)–(d) BP oxide

from three different spots.
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from the monolayer is around 1.3 eV (ca. 953.8 nm)26 but lu-

minescence in the visible wavelength range has not been

reported so far. Here, the BP oxide shows a PL band at

4000 cm�1 (about 650 nm). Obviously, electrochemical oxi-

dation introduces radiative electronic states, whereas natural

oxidation in air does not affect the electronic structures gov-

erning luminescence.

As shown by previous theoretical analyses, different

degree of functionalization of phosphorene by oxygen leads

to various electronic structures.19–22 As confirmed by XPS,

the BP oxide prepared electrochemically is inhomogeneous

and therefore, different electronic structures are expected at

different locations on the single BP oxide crystal. By utiliz-

ing the confocal microscopy setup, PL and Raman spectra

are acquired from the BP oxide from five random points.

The experimental and normalized PL spectra are displayed

in Figs. 4(a) and 4(b), respectively. Similar to the PL from

GO,27 the PL spectra are broad with bandwidths larger than

100 nm. Electrochemical oxidation induces the formation of

some localized luminescent electronic states, and the non-

stoichiometric configurations result in a broad distribution of

these localized states. The localized states are different from

the bandgap ones. The latter ones are typically used to

describe a periodic crystal structure. XRD reveals that the

crystal structure is preserved after oxidation and hence, the

bandgap does not change significantly as confirmed by the

diffusion reflectance spectra (Fig. S1, supplementary mate-

rial29). The peaks at different wavelengths imply that differ-

ent oxidation levels exist on a much smaller scale than the

laser spot size. Optical transitions between these localized

states give rise to the broad emission band. Moreover, the PL

peak positions range from 620 to 670 nm due to the inhomo-

geneity, implying that the localized states are tunable by

oxidation.

The in situ Raman results are presented in Fig. 5 to under-

stand the PL origin. The pristine BP shows three Raman

peaks. The B2
g mode at 443 cm�1 and A2

g mode at 469 cm�1

correspond to the vibrational modes when the atoms oscillate

within the layer plane. The A1
g mode at 365 cm�1 represents

vibration of out-of-plane phosphorus atoms.24 It is well known

FIG. 3. Typical PL and Raman spectra acquired simultaneously from BP

(black) and BP oxide (red) by confocal microscopy.

FIG. 4. (a) PL and (b) normalized PL spectra acquired from BP oxide from

random regions. Curves 1–5 are from five random points.

FIG. 5. (a) Raman spectra of BP and BP oxide obtained in situ during the

PL measurements. The serial numbers in Figures 4 and 5 have the same

meaning and are from the same regions. (b) Relationship between splitting

(D) of the A1
g mode and emission wavelength.
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that the Raman intensities of the B2
g and A2

g modes depend on

the polarization angle due to the strong anisotropy.25,26,28 The

Raman results acquired from the BP samples are in good

agreement with those in the literature,25,26,28 further confirm-

ing that natural oxidation of BP in air does not produce the

luminescent electronic structures. After electrochemical oxi-

dation, the Raman intensity decreases and the B2
g mode nearly

vanishes. On the other hand, several new modes with frequen-

cies below 300 cm�1 emerge and they can be ascribed to

vibrations of oxygen-related functional groups such as the

wag modes of the P¼O groups and bending of P–O–P.20 The

A1
g mode splits into two sub-bands after electrochemical oxi-

dation. As shown in Fig. 5(b), the frequency difference

between the two sub-bands (D) exhibits a monotonic relation-

ship with emission wavelength. Density functional theory

(DFT) calculation is performed to study the splitting of the A1
g

phonon mode in the presence of surface dangling oxygen

(Fig. S2, supplementary material29). The calculated Raman

spectrum reproduces the experimental results with one mode

on the high frequency side and the other on the low frequency

side. Ziletti et al.20 have also predicted that the P–O bond

length increases as the surface oxygen number decreases.

Consequently, the Raman mode redshifts towards to the low-

frequency side. Compared to our experimental results

acquired from spots 1 to 5 in Fig. 5, the low-frequency Raman

mode shows clear redshift with increasing oxygen concentra-

tions and this is consistent with theoretical prediction.

In our experiments, the used single crystal has a thick-

ness of tens of lm and contains lots of sheet-like smaller-

size crystals aggregating together [Fig. 1(a)–1(d)]. To study

the oxide thickness, after mechanically removing the �5 lm

thick surface oxide layer, the Raman spectrum no longer

shows the splitting of the A1
g mode and the corresponding PL

spectrum also vanishes (Fig. S3, supplementary material29).

It indicates that the oxidized layer thickness is less than

5 lm. With regard to the PL spectra, as predicted theoreti-

cally by Ziletti et al.,20 the bandgap of planar P4O2 is about

1.91 eV (�650 nm) and the energy gap increases with O con-

centration. This is the case in the PL spectra in Fig. 4. The

oxygen concentration decreases from spots 1 to 5 and as a

result, the PL redshifts. The above analysis provides clear

evidence that the Raman and PL spectra are closely related

to the oxidization states on the surface.

In summary, an electrochemical method to prepare BP

oxide is developed and the electronic structure of BP can be

tuned by oxidation. The BP oxide retains the two-

dimensional layered structure ensuring subsequent exfolia-

tion of phosphorene oxide. Similar to graphene oxide, the

BP oxide is non-stoichiometric and inhomogeneous. The

oxygen-related localized electronic states with an emission

range between 620 and 670 nm are introduced by electro-

chemical oxidation and the phonon properties are varied by

oxidation. Our results demonstrate that controlled oxidation

is an effective way to tailor the properties of BP to widen

their applications.
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