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Abstract This article reports the use of Gallium phos-

phide (GaP) and Ag/GaP nanoparticles, which can harness

visible light to decompose organic dye in aqueous solution.

The Ag(1.139 wt%)/GaP and Ag(5.225 wt%)/GaP nano-

particles were prepared by the liquid phase reduction of

silver nitrate with hydrazine hydrate. The application of

X-ray fluorescence and high-resolution transmission elec-

tron micrograph morphology has provided direct evidence

of the presence of silver on the GaP nanoparticles. Under

visible light, the experiments on the photocatalytic degra-

dation of crystal violet in solution over the GaP and

Ag/GaP nanoparticles were carried out. The results reveal

that small size and number density of Ag domains depos-

ited on GaP nanoparticles have enhanced photocatalytic

efficiencies, as compared to large size and number density

of Ag domains. This study suggests the potential of both

GaP and Ag/GaP nanoparticles as photofunctional materi-

als for waste-water cleaning.

Introduction

Gallium phosphide (GaP) is an important semiconductor

material with indirect band gap (Eg,ind = 2.272 eV, 300 K)

[1]. The temperature and pressure dependences of Eg,ind for

GaP crystal are dEg,ind/dT = -5.2 9 10-4 eV K-1 [2] and

dEg,ind/dp = -1.4 9 10-6 eV/kg cm-2 [3], respectively.

There has been intense interest in studying GaP nanoma-

terials, particularly dots, rods, wires, belts, trees and related

structures, because of the potential applications in opto-

electronics [4–15]. Much work laid the emphasis on the

studies examining the morphology and characterization of

GaP nanomaterials. However, little literature is available

on the photocatalytic and photoelectrocatalytic properties

of GaP nanomaterials.

Photocatalytic efficiency can be expressed quantitatively

by quantum yield, which is diversely proportional to the

sum of transfer rate and recombination rate of photoin-

duced charged carriers. So far, many approaches have been

explored to control the recombination rate of charged

carriers and to enhance the visible light response of wide

band gap (UV-active) photocatalysts. The deposition of

noble metals onto photocatalyst surfaces is an effective

way of enhancing photocatalyst activity. It has been proved

that an appropriate number density of Pt deposits on TiO2

can lead to increase in charge carrier separation distance

and to decrease in charge carrier recombination [16].

Supported Ag nanoclusters are often used for applications

in photocatalysis [17–22].

As part of systematic study of the optoelectronic char-

acteristic of GaP nanoparticles [23–26], in the current

research the photocatalytic activities of GaP nanoparticles

and Ag/GaP composite nanoparticles under visible light

were investigated.

Experimental

Synthesis of Ag/GaP nanoparticles

GaP nanoparticles are synthesized by the reaction of anhy-

drous gallium (III) chloride (GaCl3) with sodium phosphide

(Na3P) in dimethylbenzene at 373 K. The detailed synthetic

procedure was reported originally elsewhere [26], therefore,
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no modification of that procedure to prepare the GaP nano-

particles will be described here.

The Ag/GaP nanoparticles, theoretical wt% Ag of 1 and

5%, respectively, were prepared from suspensions of 1 g of

as-prepared GaP nanoparticles in 20 mL of water, plus

appropriate volumes of 0.1 mol L-1 AgNO3. These slur-

ries were magnetically stirred for 6 h. Then, 0.5 mL of

50% hydrazine hydrate (N2H4�H2O) solution were added

slowly with continuous, rapid stirring for 6 h. The sus-

pensions were filtered, washed with water, and the solid

photocatalysts dried in an oven maintained at 323 K.

Characterizations of GaP and Ag/GaP nanoparticles

The GaP and Ag/GaP nanoparticles were characterized by

X-ray diffraction (XRD) using an X-ray diffractometer

(D/max-rC) with nickel-filtered Cu Ka radiation. A XRF-

1800 X-ray fluorescence (XRF) spectrometer was used in

the identification of Ag element and quantitative analysis.

High-resolution transmission electron micrograph

(HRTEM) images were recorded on a JEM-2010F micro-

scope operated at 200 kV. Fluorescence spectrum of the

GaP nanoparticles was measured on a fluorescence spec-

trophotometer (F-7000 FL) using Xe lamp with excitation

wavelength of 300 nm at room temperature. Diffuse

reflectance measurements on optically thick GaP and

Ag/GaP nanoparticles were collected using a Shimadzu

Spectrometer UV-2501 Pc. Barium sulfate (BaSO4) was

chosen as the reference standard.

Photocatalytic reactor and procedures

The main experimental setup is comprised of a cylindrical

120 mL glass water jacketed static reactor, a 300 W Xe

lamp with an UV cutoff filter (providing visible light with

k[ 420 nm) mounted 35 cm above the water-cooled

jacket of the reactor. Photocatalytic degradation of crystal

violet (C25H30ClN3) in the aqueous solution was performed

with 0.060 g of the GaP or Ag/GaP nanoparticles sus-

pended in 30 mL of crystal violet solution at room tem-

perature and normal atmosphere pressure. The initial

concentration of crystal violet was 2.70 9 10-5 mol L-1.

At any given irradiation time interval, the dispersion was

continuously stirred, sampled (5 mL), and centrifuged to

separate the GaP or Ag/GaP nanoparticles. The supernatant

liquid was monitored by the absorbance at 610 nm with an

UV/Vis spectroscopy.The photocatalytic degradation ratio,

D, of crystal violet is given by

D ¼ C0 � Ct

C0

� 100% ð1Þ

where C0 is the concentration of crystal violet initially

(at t = 0), Ct is the concentration at a later time t.

Results and discussion

XRF and XRD analyses of Ag/GaP nanoparticles

The elemental analysis by microprobe X-ray fluorescence

indicates that two Ag/GaP samples contain 1.139 and

5.225 wt% Ag, respectively.

Figure 1 shows the X-ray diffraction spectra of the

Ag(1.139 wt%)/GaP and Ag(5.225 wt%)/GaP nanoparti-

cles, respectively. The (hkl) values assigned to peaks cor-

responding to the cubic GaP and Ag are in agreement with

standard JCPDS values (GaP: 80-0015; Ag: 04-0783). The

XRD pattern of the Ag(1.139 wt%)/GaP nanoparticles

show no presence of Ag. This arises mainly because XRD

procedures are less successful in identifying Ag deposits on

the GaP nanoparticles, where the nominal wt% Ag ranges

from 0 to 2%.

TEM analysis of GaP and Ag/GaP nanoparticles

Representative TEM micrographs of the GaP and Ag/GaP

nanoparticles are given in Fig. 2. It can be seen that the

GaP nanoparticles are not spherical, but ellipsoidal to some

extent with serious mutual aggregation. Roughly, the

equivalent diameter ranges from about 15 to 35 nm. The

typical HRTEM image of the Ag(1.139 wt%)/GaP nano-

particles reveals that many small Ag clusters (several

nanometer in diameter) are attached to the surface of the

GaP nanoparticles, in addition to the large Ag nanoparticles

located nearby. By contrast, for the Ag(5.225 wt%)/GaP

nanoparticles the small Ag clusters disappear and more

large Ag nanoparticles are observed. The Ag nanoparticles

are subglobular in shape. A careful observation of the

typical images suggests that the Ag domains of both
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Fig. 1 X-ray diffraction spectra of Ag(1.139 wt%)/GaP (a) and

Ag(5.225 wt%)/GaP (b) nanoparticles
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Ag(1.139 wt%)/GaP and Ag(5.225 wt%)/GaP samples are

not well-distributed on the surface of the GaP nanoparticle

aggregates. It seems that the Ag clusters and Ag nanoparti-

cles are inclined to deposit together on some certain micro-

regions. Taking account of the fact that the wt% Ag of

Ag(5.225 wt%)/GaP is greater than that of Ag(1.139 wt%)/

GaP by approximately five times, it appears that the number

density of Ag domains on GaP of Ag(5.225 wt%)/GaP can

exceed significantly that of Ag(1.139 wt%)/GaP.

Fluorescence spectrum of GaP nanoparticles

Figure 3 shows the room temperature fluorescence spec-

trum of the GaP nanoparticles. An outstanding feature is

that four emitting bands, including a strong blue emission

centered at around 2.64 eV, one weak blue band centered

at around 2.74, and two broad violet bands centered at

around 3.00 and 3.10 eV, respectively, have been

observed. The origin of two broad violet emissions can be

attributed to the direct, momentum-conserving transitions

near the C point of the Brillouin zone between the C1

conduction band state and C15 valance band, that is,

C6c - C8v (3.00 eV) and C6c - C7v (3.10 eV), respectively.

Fig. 2 TEM micrographs of GaP and Ag/GaP nanoparticles
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Fig. 3 Fluorescence of GaP nanoparticles at room temperature
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The origin of two blue emissions (2.74 and 2.64 eV) can be

attributed to the indirect transitions between the X1 con-

duction band state and C15 valance band, that is, D5c - C8v

(2.64 eV) and D5c - C7v (2.74 eV), respectively.

UV–Vis diffuse reflectance spectra of GaP and Ag/GaP

nanoparticles

The radiation transfer through a scattering and absorbing

nonhomogeneous medium can be described by the equa-

tion of radiative transfer (ERT). There are various theories

leading to an approximate solution of the ERT [27, 28].

The loose layers investigated in this article have the

thickness on the order of millimeter and therefore exhibit

nonisotropic scattering preferentially directed forward. The

incident radiation of the spectrometer belongs to direc-

tional illumination. Consequently, the three-flux approxi-

mation was used instead to analytically solve the ERT. The

three-flux approximation results in the following relation

between the diffuse reflectance, R?, of a directional illu-

minated, isotropically scattering, optically thick sample

and the ratio of absorption coefficient to scattering coeffi-

cient, Ea/Es

Ea

Es

¼ 6

5ðR1 þ 4Þ �
ð1� R1Þ2

2R1
ð2Þ

The measured diffuse reflectance of optically thick samples

and the ratio Ea/Es calculated by using the three-flux

approximation (Eq. 2) of the GaP and Ag/GaP nanoparti-

cles are shown in Figs. 4 and 5, respectively.

It is clear from Figs. 4 and 5 that the reflectance and the

ratio Ea/Es difference between the GaP and Ag(1.139 wt%)/

GaP nanoparticles is not sharp. There is little, if any,

difference between them. In contrast to this, the apparent

reflectance or the ratio Ea/Es difference lies between the GaP

and Ag(5.225 wt%)/GaP nanoparticles. For the GaP and

Ag/GaP nanoparticles, scattering is the dominate effect of

radiation attenuation (Ea/Es \ 1). In the wavelength range

from about 450 to 800 nm, the absorption of the Ag/GaP

nanoparticles is enhanced to a small extent, because of the

plasmon resonance of Ag. In other words, the ratio Ea/Es of

the Ag/GaP nanoparticles increases with increasing the Ag

coverage. However, by comparison with the GaP nanopar-

ticles, the absorption of the Ag(5.225 wt%)/GaP nanoparti-

cles is decreased to some extent in the ultraviolet region. The

high Ag coverage impedes the absorption of the GaP

nanoparticles.

Photocatalytic activity of GaP and Ag/GaP

nanoparticles under visible light

On the basis of the experimental procedures described

above in ‘‘Photocatalytic reactor and procedures’’, the

photocatalytic degradation of crystal violet in aqueous

solutions was investigated. Before illumination, the sus-

pensions were magnetically stirred in the dark for

*30 min to ensure establishment of an absorption/

desorption equilibrium of the dye on the sample surfaces.

As the irradiation time increases, the decomposition of the

dye over the GaP or Ag/GaP nanoparticles progresses, as

showed in Fig. 6. In view of the fact that crystal violet can

harvest visible light, experiment with the dye decomposi-

tion under visible light irradiation condition without the

GaP and Ag/GaP nanoparticles was carried out. In the

experiment, the dye concentration remained unchanged as

a function of time, indicating that the GaP and Ag/GaP

nanoparticles are the photocatalysts responsible for the dye

degradation under visible light.
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Fig. 4 Diffuse reflectance spectra of GaP and Ag/GaP nanoparticles.

In the present photocatalytic experiment, an UV cutoff filter providing

visible light with k[ 420 nm was used
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It was found from Fig. 6 that under visible light irradi-

ation the photocatalytic degradation ratio of crystal violet

over the Ag(1.139 wt%)/GaP nanoparticles was approxi-

mately 1.13 times higher than that over the GaP nanopar-

ticles, while the Ag(5.225 wt%)/GaP nanoparticles

provided a lower photocatalytic degradation ratio of crystal

violet, i.e., 1.19 times lower than the GaP nanoparticles in

15 min reaction. The photocatalytic degradation ratio of

crystal violet over the GaP and Ag(1.139 wt%)/GaP

nanoparticles reached above 95% in 60 min reaction, but

that over the Ag(5.225 wt%)/GaP nanoparticles was lim-

ited within 80%, which confirmed that the Ag(5.225 wt%)/

GaP nanoparticles had a worse photocatalytic activity.

The conduction band edge energy of GaP at the point of

zero charge (Ecs
0 ) can be calculated by [29]

E0
cs ¼ Ee � X þ 1=2Eg ð3Þ

where Ee is the energy of free electrons on the hydrogen

scale (&4.5 eV), X is the electronegativity, and Eg is the

energy band gap. The electronegativity of GaP can be

calculated as the geometric mean of the electronegativities

of Ga and P atoms. The atomic electronegativity is also

given by the Mulliken definition, that is, the arithmetic

mean of the atomic electron affinity and the first ionization

energy. The energy band gap of the GaP nanoparticles is

2.64 eV, as indicated in Fig. 3. Substitution of this value

into Eq. 3 with X(GaP) = 4.24 gives Ecs
0 = 1.58 eV.

Figure 7 shows the positions of the top of the GaP

valence band and bottom of conduction band relative to the

vacuum level of 0, combined with the relative positions of

the work function of bulk Ag and a single atom of Ag,

based on electron affinity measurements. The electron

affinity of a gas phase Ag atom is reported to be 1.302 eV

below vacuum level [30], placing the ground state of

Ag- well above the bottom of the GaP conduction band

(= -X ? 1/2Eg = -2.92 eV). The literature value for the

work function of bulk Ag is reported to be 4.74 eV below

vacuum level [31], positioning it within the GaP band gap

(top of valence band = -2.92 - 2.64 = -5.56 eV).

Based on these energy levels, as shown in Fig. 7 for

Ag/GaP system, it appears that small Ag clusters on GaP

are capable of accepting photoelectrons from the bottom of

GaP conduction band. Large Ag nanoparticles, however,

are considered to function as recombination sites, based on

their ability to capture both photoelectrons and holes.

Gerisher [32] has pointed out the importance of the rate

of oxygen (O2) reduction by photoinduced electrons in

preventing recombination of the photoinduced charge car-

riers during photocatalytic processes utilizing semicon-

ductor particles, and suggested that the superoxide radical

ion (O2
-) formation might be the slowest step in the

photocatalytic processes resulting in the oxidation of

organic molecules by �OH radicals or directly by photo-

induced holes. For the Ag(1. wt%)/GaP nanoparticles, a

major role of surface deposition of Ag clusters is attributed

to acceleration of O2
- formation, with the effect of

decreasing recombination of photoinduced charge carriers

and increasing product yields initiated by photoinduced

holes or �OH radicals.

e�cb þ ðAgÞn=GaP! ðAgÞ�n =GaP ð4Þ

O2 þ ðAgÞ�n =GaP! O�2 þ ðAgÞn=GaP ð5Þ

But for the Ag(5.225 wt%)/GaP nanoparticles, as the

number and size of the Ag nanoparticles become large,

the silver deposits may begin to function as recombination

centers of the photoinduced charge carriers and the
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Fig. 6 Irradiation time dependence of photocatalytic degradation

ratio of crystal violet in solution over GaP and Ag/GaP nanoparticles

under visible light
Fig. 7 Schematic diagram showing relative positions of top of

valence band and bottom of conduction band of GaP nanoparticles,

and work functions of bulk Ag and a single atom of Ag
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advantages of the metallic deposition are lost. For large

size and number density of Ag domains on GaP, reaction

(6) competes with reaction (5).

hþvb þ ðAgÞ�n =GaP! ðAgÞn=GaP ð6Þ

Consequently, large size and number density of Ag

domains are considered to function as recombination sites,

based on their ability to capture both photoinduced elec-

trons and holes. This is shown schematically in Fig. 8.

Gerisher’s comments are consistent with the photocat-

alytic degradation of crystal violet in solution over the Ag/

GaP nanoparticles of the present investigation. Here, the

photocatalytic degradation ratio of crystal violet over the

Ag(1.139 wt%)/GaP nanoparticles was approximately 1.3

times higher than that over the Ag(5.225 wt%)/GaP

nanoparticles at a time t after the start of the reaction, as

shown in Fig. 6.

Conclusions

The GaP and Ag/GaP nanoparticles show high activity to

degrade crystal violet in aqueous solution under visible light

irradiation. It has been observed from the experimental results

that the small size and low number density of Ag deposits on

GaP has enhanced photocatalytic efficiency, demonstrating

the effectiveness of Ag(1.139 wt%)/GaP photocatalysts in

increasing the rate of photoinduced electron transfer to O2 by

electron trapping at the sites of the Ag clusters and nanopar-

ticles. However, as the size and number density of Ag deposits

on GaP increase, the recombination of photoinduced charged

carriers is regarded as more competitive with processes

leading to degradation of organic species.

The photocatalytic activity of the GaP and Ag/GaP

nanoparticles is currently limited to the degradation of

crystal violet in aqueous solution. Comparison between the

photocatalytic efficiency of the GaP and Ag/GaP nano-

particles with other similar ones is an interesting problem

requiring further research. On the other hand, an interesting

application of the Ag/GaP nanoparticles is its use in water

splitting under visible light irradiation to evolve H2 from

aqueous solution containing sacrificial reagents. To inves-

tigate issues in exploring such photocatalytic activities is

among the future research goals.
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