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ZnGeP,: A near-infrared-activated photocatalyst for hydrogen production
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In this work, we prepared ZnGePs (ZGP) photocatalyst using single flat temperature zone (SFT)
method in a vacuum quartz ampoule. The XRD, SEM, EDS, DRS and XPS were used to characterize
the crystal structure, morphology, elemental content, optical absorption and band gap structure of
ZGP. The results of photocatalytic hydrogen evolution and apparent quantum efficiency show that
ZGP is a promising photocatalyst for hydrogen production both under visible and near-infrared light
irradiation. In addition, it is also found that adding the common stabilizer H3PO5 and ultrasonic
treatment can efficiently improve the photocatalytic activity and stability of ZGP.
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1 Introduction

Since hydrogen production from water photolysis has been
discovered on semiconductor electrode in 1972[1], photo-
catalytic water splitting has gained enormous attention
at the aspect of directly converting solar energy resources
into chemical energy. A large number of researchers, in-
cluding chemist, physicist, materials scientists, and so on,
have devoted themselves to exploring efficient photocat-
alysts for hydrogen production [2-5]. Until now, thou-
sands of photocatalysts have been developed, such as
TiO4 [6, 7], CdS [8-10], Ag@AgCl [11], g-C3Ny [12, 13],
CH3NH,PbI; [14], and CsPbBrs_,I, [15]. However, the
hydrogen production efficiency of most photocatalysts is
not ideal. One of the important factors is the narrow scope
of light absorption. The solar spectrum contains about
3%—5% ultraviolet (UV, <400 nm), 42%-43% visiblelight
(Vis, 400-800 nm) and 52%-55% near infrared light (NIR,
>800 nm). However, a majority of photocatalysts only ab-
sorb UV or visible light, while the near infrared light,
which accounts for nearly half of the solar spectrum, is
wasted. Therefore, maximize the use of sunlight is ex-
pected to be a promising strategy to improve the activ-
ity of photocatalysts, in other words, developing near-
infrared-activated photocatalysts is urgent and important.

Actually, tremendous efforts have been made and nu-
merous near-infrared-activated photocatalysts have been
found. The main strategies contain introducing defect
bands and vacancies [16-20], sensitization with NIR re-
sponsive organic dyes [21], constructing upconversion

(UC)@semiconductor compounds [22-26] and develop-
ment of photocatalysts with intrinsic infrared light ab-
sorption [27-29].

Zinc germanium phosphide, ZnGePy (ZGP), a chal-
copyrite ternary ABCs type compound, is among the most
promising infrared nonlinear optical materials in the mid-
dleinfrared range. ZGP single crystal possesses peculiar
optical quality, stable physicochemical property and ex-
cellent mechanical character [30-32], which make it widely
used as an ideal non-infrared optical medium material for
optical parametric oscillations, optical parameter amplifi-
cation, secondary harmonic generation (SHG), and so on
[33-35]. These excellent properties of ZGP inspire us to
study on its photocatalytic activity of hydrogen produc-
tion. Furthermore, there are hardly any reports on the
application of ZGP in photocatalysis. In this paper, ZGP
photocatalyst was synthesized by single flat temperature
zone (SFT) method. The crystal structure, morphology,
optical absorption and valence band spectrum of ZGP
were also characterized. The photocatalytic activities for
hydrogen production of ZGP were measured under visible
and near infrared light irradiation. In addition, in order to
solve the problem that ZGP is easily oxidized by photo-
induced holes due to the existence of P37, we selected
to add the common stabilizer H3POs into the photocat-
alytic reaction solution to improve its reaction stability.
In addition, it was also discovered that ultrasonic treat-
ment can effectively enhance the photocatalytic activity
and stability of ZGP. Our work demonstrates ZGP could
be a promising photocatalyst for applications in energy
under visible and near infrared light irradiation.
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2 Experimental section

Highly pure P, Zn and Ge (99.99%) were purchased
from Alfa Aesar Co., Inc. N-Methyl pyrrolidone (NMP),
methanol, HoPtClg and H3POs were purchased from
Sinopharm Chemical Reagent Co., Ltd. All chemical ma-
terials were used without further purification unless par-
ticularly pointed out.

2.1 Preparation of bulk ZnGePy

Highly pure P, Zn and Ge (Alfa Aesar, 99.99%) were
directly mixed according to stoichiometric amounts in
quartz ampoule. The quartz ampoule was evacuated to
a pressure lower than 2.0 x 1072 Pa and then placed in a
muffle furnace. The detailed temperature control process
was as follows: initially, the temperature was raised up to
530 °C in 10 h and held for 12 h. Subsequently, the tem-
perature was raised up to 630 °C at a rate of 4 °C/h and
then to 1070 °C at a rate of 20 °C/h. Finally, after kept at
1070 °C for 8 h, the temperature was cooled to room tem-
perature in 3 h. The product was denoted as bulk ZGP.

2.2 Preparation of ZGP powders

Firstly, the above bulk ZGP was grinded in ethanol solu-
tion thoroughly, after the ethanol evaporated, ZGP was
dispersed in ethanol solution again and repeated the above
process three times. After that, 20 mg of the as-prepared
ZGP was dispersed in 20 mL of NMP under ultrasonic
treatment for 10 h. To remove the bulk ZGP, the disper-
sion was centrifuged at 2000 rpm for 20 min. The super-
natant sample was removed and retained carefully, and
then was redispersed in NMP solution under ultrasonic
treatment for 6 h. Finally, the above dispersion was cen-
trifuged at 12 000 rpm for 20 min three times. After dried
in an oven at 60 °C overnight, the ZGP powder was ob-
tained. For the sake of distinction, the samples before and
after ultrasonic treatment were labeled as ZGP (before)
and ZGP (after).

2.3 Characterization of catalysts

The powder X-ray diffraction (XRD) pattern was char-
acterized by using a Bruker AXS D8 Advance powder
diffractometer with a Cu Ka X-ray tube (A=0.154056 nm)
and a step size of 0.02° at room temperature. Field emis-
sion scanning electron microscopy (FE-SEM, Hitachi, S-
4800) was used to study the morphologies of as-prepared
samples. UV-vis diffuse reflectance spectra (DRS) were
carried out using ShimadzuUV 2600 spectrophotometer
equipped with an integrating sphere, using 100% BaSQOy4
as reflectance standard. X-ray photoelectron spectroscopy
(XPS) spectra were measured in a Thermo Fisher Scien-
tific Escalab 250 X-ray photoelectron spectrometer with
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a monochromatic Al K« radiation, and C 1s (284.6 V)
was used to calibrate the peak position of the elements.

2.4  Hydrogen evolution measurements

To evaluate the photocatalytic hydrogen evolution of ZGP
samples, a reaction vessel (10 mL) sealed tightly with
a rubber septum was used. In a typical photocatalytic
measurement, the as-prepared sample was suspended in
aqueous solution (3 mg/mL) containing 2 mL methanol
as a sacrificial agent and HaPtClg (Pt 1.0 wt%) as a co-
catalyst. In order to avoid the occurrence of photocor-
rosion, 1 mL H3PO,; was also added. Before the experi-
ment began, the mixture was degassed with high purity No
for 30 min. The temperature was maintained at 15 °C. A
300 W Xe arc lamp (PLS-SXE 300, Beijing Trusttech Co.
Ltd.) with an optical filter (A > 420 nm or A > 800 nm)
was used to provide the visible light or near infrared light
source. The amount of Hs produced in this photocatalytic
process was determined by a gas chromatograph equipped
with thermal conductivity detector.

The apparent quantum efficiency (QE) was also mea-
sured under the same photocatalytic reaction conditions.
A 300 W Xe arc lamp with a band-pass filter of 420 nm,
450 nm, 520 nm, 600 nm or 850 nm and a masked area
of m cm? was used to provide irradiation light. The pho-
ton flux of the incident light was determined by a PL-
MW2000 spectroradiometer (Perfect Light, China). The
average power energy density of the irradiation light in
this experiment was measured to be about 57.92, 64.19,
70.50, 77.01 and 81.24 mW /cm?, respectively. The appar-
ent QE was calculated using the ratio of the number of
reacted electrons during hydrogen evolution to the num-
ber of incident photons by using the expression [36]:

2 x the number of evolved hydrogen molecules

QE =

the number of incident photons
x100%.

3 Results and discussion

The powder XRD pattern of ZGP sample is shown in
Fig. 1. It can be seen that all XRD peaks of ZGP are coin-
cided with standard PDF No. 73-1235, and no impurities
such as Ge, are detected, indicating that ZGP sample with
good crystallization is obtained under the synthetic condi-
tions of this paper. Figure 2 shows the SEM images of ZGP
samples before and after the ultrasonic treatment. As can
be seen from Fig. 2(a), prior to the ultrasonic treatment,
most of ZGP samples are of irregular micron particles with
large size. Figure 2(b) shows a representative larger par-
ticle with the particle size of ~20 pm in length, ~10 pm
in width and ~3 pm in thickness. In addition, it is also
found that there is several smaller size particles scattered
on the surface of the large particles. However, the larger
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Fig. 1 The powder XRD pattern of ZGP sample.

Fig. 2 The SEM images of ZGP (a, b) before and (c, d)
after ultrasonic treatment.

ZGP particles were broken into smaller nanosheets with
irregular shape by ultrasonic treatment, as shown in
Figs. 2(c, d). Figure 3 shows the energy dispersive spec-
trometer (EDS) results and corresponding element con-
tent tables of ZGP samples before and after the ultrasonic
treatment. It can be seen that the ZGP samples before and
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Fig. 3 The EDS and corresponding element content tables
of ZGP (a) before and (b) after ultrasonic treatment.
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after ultrasonic treatment both contain the only three ele-
ments of Zn, Ge and P, and the atomic content of Zn:Ge:P
is approximately 1:1:2, which is close to the theoretical
value. The above experimental results show that the ul-
trasonic treatment only changes the particle size of the
samples, and have no effects on the element composition
of the samples.

UV-Vis-NIR diffuses reflectance spectrum (DRS) and
band gap energy (E,) of ZGP sample are shown in Fig. 4.
The results show that ZGP has a wide light absorption
range covering both visible and near infrared regions, and
its absorption band edge is about 1200 nm [Fig. 4(a)]. Ac-
cording to the DRS spectrum in Fig. 4(a), the band gap
energy of ZGP sample can be calculated using the fol-
lowing formula: ahv = A(hv — E,)%, where o, h,v, E,
and A are the absorption coefficient, Plank constant, light
frequency, band gap energy and a constant, respectively.
And the value of n in above formula depends on the optical
transition form of semiconductors (n = 1 is direct transi-
tion, n = 4 is indirect transition) [37]. It is reported that
ZGP is a direct band semiconductor [38-41], so the E, of
ZGP can be determined from a plot of (ahr)? versus en-
ergy (hv), as shown in Fig. 4(b), the value of E is 1.47 €V,
which is larger than the earlier reported theoretical val-
ues of 1.1 eV [42-44]. The deviation between the theoret-
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Fig. 4 (a) UV-Vis-NIR diffuses reflectance spectrum (DRS) and (b) band gap energy (E,) of ZGP sample.

23604-3

Xin Li, et al., Front. Phys. 15(2), 23604 (2020)



Feop

RESEARCH ARTICLE

ical and experimental values is mainly due to the insuf-
ficient treatment of exchange correlation energy during
calculating process by density functional theory [45, 46].
It is well known that the band structure of a semiconduc-
tor is closely related to its photocatalytic performance.
Therefore, XPS valence band spectrum of the ZGP sam-
ple is also tested and the result is shown in Fig. 5. It can
be seen that the valence band potential (Evp) of ZGP
is 0.548 eV, according to the formula: Ecp = Eyvp — E,
[47], the conduction band potential (Ecp) of ZGP can be
calculated to be —0.922 eV. The Ecp of ZGP is far be-
low the hydrogen evolution potential (0.00 eV), indicating
that ZGP has sufficient power to reduce H™ to H,.
Figure 6 shows Hs production of ZGP samples under
visible light (A > 420 nm) and near infrared light (A >
800 nm) irradiation. According to Fig. 6(a), ZGP shows a
weak photocatalytic Hy production activity in methanol-
water system. Even so, the amount of Hy production stops
increasing after 30 minutes of reaction, which is mainly be-
cause that ZGP is easily oxidized by photo-induced holes
due to the existence of P3~. When a certain amount of
common stabilizer H3POg is added into this reaction sys-
tem, the photocorrosion of ZGP is effectively alleviated,
and the photocatalytic Ho production activity and stabil-
ity are obviously improved. In addition, we also find that
the photocatalytic activity of ZGP treated by ultrasound
is much better than that of ZGP before ultrasonic treat-
ment, and the Hy production rate is increased by about
2.5 times. In order to eliminate the effect of H3POs on the
direct Hy production of the system, we carried out a blank
control experiment, namely, the Hy production of the re-
action system without any photocatalysts was tested. The
results show that a bit amount of Hs has also been de-
tected, which is very small compared to the Hy produced
by ZGP photocatalytic reaction, and can be ignored. The
Hs production of ZGP samples under near infrared irra-
diation are also detected, as shown in Fig. 6(b). It can
be seen that the ZGP sample also shows photocatalytic
activity of Hs production, and ZGP sample after ultra-
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sonic treatment displays the best photocatalytic activity
in the presence of common stabilizer H3POy, which is in
well agreement with the results of Hy production under
visible light irradiation.

The apparent quantum efficiency (AQE) of ZGP sam-
ple was measured to further evaluate its photocatalytic Hy
production performance, and a Xe arc lamp equipped with
band-pass filters (420 nm, 450 nm, 520 nm, 600 nm or
850 nm) with a masked area of 7 cm? was used to provide
light source. As shown in Fig. 7, the apparent quantum
efficiencies for Hy production of ZGP are 0.47%, 0.48%,
0.49%, 0.40%, and 0.18% at the wavelength of 420 nm,
450 nm, 520 nm, 600 nm, and 850 nm, respectively. In ad-
dition, the variation tendency of the AQE of ZGP sample
is consistent with its light absorption. The photocatalytic
hydrogen evolution of ZGP sample under the illumination
of AM 1.5 G was also measured, as shown in Fig. 8. It can
be seen that ZGP displays a certain photocatalytic activ-
ity in hydrogen production from water under simulated so-
lar irradiation. All of the above experimental results show
that ZGP is a promising photocatalyst for hydrogen pro-
duction both in visible and near-infrared light irradiation.
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Fig. 5 The XPS valence band spectrum of ZGP sample.
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Fig. 6 Time courses of Hy production under (a) visible light (A > 420 nm) and (b) near infrared light (A > 800 nm)

irradiation.
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Fig. 8 Time courses of Hy production of ZGP under the
illumination of AM 1.5 G.

4 Conclusions

In summary, we prepared ZGP photocatalyst using single
flat temperature zone (SFT) method in a vacuum quartz
ampoule. The crystallization, morphology, light absorp-
tion and band structure of ZGP were also characterized,
and the results display that ZGP meets the basic require-
ments of photocatalytic hydrogen production. The results
of photocatalytic hydrogen evolution and apparent quan-
tum efficiency show that ZGP is a potential photocatalyst
for hydrogen production, both in visible and near-infrared
light. Our work will provide a new insight for the design
and exploration of near-infrared-activated photocatalysts
for hydrogen production.
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