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Low-cost and scalable preparation, high photocatalytic activity, and convenient recycle of ZnO nanopowders (NPs) would de-
termine their practical application in purifying wastewater. In this contribution, ZnO NPs were scalably synthesized via the 
simple reaction of Zn powder with H2O vapor in autoclave. The structural, morphological and optical properties of the samples 
were systematically characterized by X-ray diffraction, scanning electron microscopy, Fourier transform infrared spectra, 
transmission electron microscopy, Micro-Raman, photoluminescence, and ultraviolet-visible spectroscopy. The as-prepared 
ZnO NPs are composed of nanoparticles with 100–150 nm in diameter, and have a small Brunauer-Emmett-Teller surface area 
of 6.85 m2/g. The formation of ZnO nanoparticles is relative to the peeling of H2 release. Furthermore, the product has big 
strain-stress leading to the red-shift in the band gap of product, and shows a strong green emission centered at 515 nm reveal-
ing enough atomic defects in ZnO NPs. As a comparison with P25, the obtained dust gray ZnO NPs have a strong absorbance 
in the region of 200–700 nm, suggesting the wide wave-band utilization in sunlight. Based on the traits above, the ZnO NPs 
show excellent photocatalytic activity on the degradation of rhodamine B (Rh-B) under solar light irradiation, close to that un-
der UV irradiation. Importantly, the ZnO NPs could be well recycled in water due to the quick sedimentation in themselves in 
solution. The low-cost and scalable preparation, high photocatalytic activity, and convenient recycle of ZnO NPs endow them-
selves with promising application in purifying wastewater. 
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1  Introduction  

Environmental pollution derived from urbanization and 
heavy industrialization is a global menace to man’s health, 
and the magnitude of it is increasing day by day. Especially, 
wastewater released from chemical industries is one of the 
main pollution sources because it has high concentration of 
large organic molecules which are extremely toxic and car-
cinogenic in nature. So far the environmental remediation 
technologies, including adsorption, biological oxidation, 

chemical oxidation, and incineration, have been used to 
treat all types of organic and toxic wastewater; therein one 
of the typical environmental remediation methods is chem-
ical degradation. In chemical degradation methods, photo-
catalytic degradation involving photons and a catalyst is 
widely used to treat organic wastewater [1]. Therefore, de-
veloping solar light-driven photocatalysts is the optimal 
treatment for organic wastewater.  

To date, many photocatalytic nanomaterials, including 
metal oxides, metal sulfides, metal nitrides, heterojunction 
nanocomposites, oxynitrides, oxysulfides, and graphitic 
carbon nitride, have been exploited to actualize the photo-
catalytic degradation of organic pollutants in wastewater 
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[2–4]. However, most reported photocatalysts have some 
evident disadvantages such as high cost, small scale, low 
photocatalytic activity, and difficult recycle, which deter-
mine their unpractical applications in wastewater. Compara-
tively speaking, TiO2- and ZnO-based nanomaterials show 
the most promising applications in environmental remedia-
tion field due to their low cost, high photocatalytic activity 
and no second pollution [5,6]. For example, Degussa P25, a 
typical and commercially applied TiO2 product, has so far 
been most extensively used, and has become a worldwide 
reference in lab. However, the P25 preparation, realized via 
the combustion of TiCl4 in O2/H2 mixed atmosphere, leads 
to acid mist and fouls the ambient. Furthermore, P25 has 
some other characteristics such as small density, small size, 
porous structure, and good suspension in water. Hence, it is 
difficult to recover P25 from water, limiting its further ex-
tensive application in wastewater. ZnO is also an ideal pho-
tocatalyst because of its band gap close to TiO2, nontoxicity, 
and abundance. Also, ZnO has some other evident ad-
vantages in the sense that it absorbs over a larger fraction of 
UV spectrum and has lower preparation cost in contrast to 
TiO2 [7]. Therefore, low-cost and scalable preparation, high 
photocatalytic activity, and convenient recycle of ZnO  
nanopowders (NPs) would be of significance, which deter-
mines their practical application in purifying wastewater.  

ZnO NPs were preferentially prepared via wet chemical 
routes due to the simple, less expensive, high yielding, and 
scalable process, in which some Zn-containing salts were 
decomposed in liquid-phase reactions [8]. However, the 
obtained products suffered from either low photocatalytic 
activity or difficult recycle, probably owing to small size, 
porous structure and low crystalline degree of nanoparticles. 
As known, these features usually lead to photocorrosion and 
fast electron-hole recombination [9–13]. Very recently, 
some new techniques such as coating or doping with transi-
tion metal ions have been developed to delay photocorro-
sion and prevent fast electron-hole recombination [14,15]. 
However, these additional operations would have to in-
crease the cost of ZnO-based photocatalysts, and ultimately 
limit their practical application in wastewater. In our previ-
ous report, ZnO NPs were cheaply and scalably prepared by 
the soluble salt-assisted route via the simple oxidation of 
Zn-Na2SO4 mixture, and the as-prepared products showed 
high efficiency and good recycle on the degradation of rho-
damine B (RhB) [16]. In this study, ZnO NPs were scalably 
synthesized via the simple reaction between Zn powder and 
H2O vapor in autoclave. The as-prepared products are 
composed of nanoparticles with 100–150 nm in diameter, 
and show excellent photocatalytic activity on the degrada-
tion of RhB under solar light irradiation. On comprehen-
sively balancing all issues of ZnO NPs, such as low-cost 
and scalable preparation, high photocatalytic activity, and 
convenient recycle, the as-synthesized ZnO NPs have 
promising application in purifying waste water.  

2  Experimental  

2.1  Materials preparation  

The schematic diagram of preparation set up is shown in 
Figure 1. Namely, 5.000 g of zinc powder (steel gray, 
99.99%, 200 mesh, seen in Figure S1, Supporting Infor-
mation online) and a weighing bottle filled with 10 mL H2O 
were put into a 100 mL teflon-lined autoclave. The auto-
clave was sealed and maintained at 230 °C for 10 h in oven 
and then cooled to room temperature naturally. Finally, the 
product was dried in an oven at 80 °C for 3 h and 6.043 g of 
dusty gray powder was obtained. The yield of ZnO was ca. 
97%, based on the amount of Zn powder used. The little 
loss of the product is from the transferring process.   

2.2  Materials characterization  

The product was systematically characterized by scanning 
electron microscopy (SEM, JEOL JSM-6300, Japan), X-ray 
diffraction (XRD, Philips X’pert Pro diffractometer, Japan), 
Fourier transform infrared spectra (FT-IR, Nicolet Magna 
560 FT-IR spectrometer, USA, at a resolution of 2 cm1), 
field emission gun transmission electron microscope (TEM, 
JEOL JEM 2100F, Japan) equipped with energy-dispersive 
X-ray analysis (EDX), Brunauer-Emmett-Teller (BET)  
surface area (Micromeritics ASAP 2020, USA), micro- 
Raman spectroscopy (excited with an Ar+ laser at 488 nm), 
photoluminescence spectrum (PL, Bowman Series-2 spec-
trometer, Amino, USA, excited with a Xe+ line at 294 nm) 
and ultraviolet-visible (UV-Vis) diffuse reflectance spectra 
(VARIAN Cary-5000 UV/Vis/NIR spectrophotometer, USA). 

2.3  Photocatalytic activity of the synthesized materials  

The photocatalytic activity of ZnO samples was evaluated 
by the photodegradation of rhodamine B (Rh-B) aqueous 
solution with an initial concentration of 12 mg/L, and com-
pared with P25 under the same condition. Herein solar light 
was used as the preferential light source and a 36 W mer-          

    

Figure 1  Schematic diagram of preparation set-up. 
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cury lamp (=365 nm) was used sometimes for a consulted 
UV light source. The sunlight experiments were carried out 
between 10:00 a.m. and 14:00 p.m. during the days of Janu-
ary (environment temperature is in range of 0–5 °C) at 
Shangrao City. Unless otherwise noted, 50 mg of catalyst 
powder was added to 35 mL of Rh-B solution in a quartz 
cup, corresponding to a catalyst dosage of 1.4 g/L. Before 
solar irradiation, the whole system was placed in the dark 
for 30 min to ensure an adsorption/desorption equilibrium. 
At given time intervals, about 2 mL aliquots were sampled, 
and centrifuged. Then, the top clear solution was analyzed 
by recording variations in the absorption in UV-Vis spectra 
of Rh-B. According to the standard curve between concen-
tration and absorption, the value of (1C/C0) was calculated, 
which is denoted as the degradation ratio.   

3  Results and discussion 

3.1  Morphological observations and structural 
analysis of the photocatalyst  

3.1.1  SEM images, XRD pattern, and FT-IR spectrum 
Figure 2(a, b) shows the SEM images of the dust gray 
product. It is seen that many nanoparticles with the mean 

size of several hundred nanometers in diameter were con-
gregated to form a large particulate. Also, the sizes of ZnO 
NPs particulates correspond to the size of primal Zn powder 
(Figure S1), indicating most original Zn particulates did not 
break up thoroughly into many individuals after undergoing 
the poignant reaction with water in autoclave. Figure 2(c) is 
the XRD pattern of the product, and the strident peaks re-
veal the wurtzite ZnO phase and high crystalline degree of 
ZnO NPs. As a comparison with our previous ZnO NPs, the 
size and crystalline degree of ZnO NPs in this contribution 
are larger and higher [16], which might delay photocorro-
sion and suppress electron-hole recombination, and ulti-
mately enhance the photocatalytic activity [9–13]. Herein, 
ZnO NPs were synthesized via the simple reaction of Zn 
powder with water: Zn+H2O=ZnO+H2↑.The release of H2 
played a key role of peeling newly formed ZnO nanoparti-
cles from micrometers-sized Zn matrix. Thus the latter reac-
tion could successfully go along. If there is no release of gas, 
the new formed ZnO may cover Zn particulate, and inhibit 
the latter reaction. For instance, heating micrometer-sized 
Zn powder in air at 700 °C could not harvest ZnO powder in 
our previous report just because of no release of gas during 
the reaction: 2Zn+O2=2ZnO [16]. Since the releasing rate of 
H2 is uncontrollable in this reaction, the final ZnO nanopar-
ticles are irregular, and their sizes are varied. Figure 2(d) 
shows a typical FT-IR spectrum of as-formed ZnO NP.  

 

Figure 2  SEM images (a, b), XRD pattern (c) and FT-IR curve (d) of obtained ZnO NPs.  
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There is only one intense peak at 455 cm1 associated with 
the characteristic stretching vibration mode of Zn–O bond-
ing [17]. The absorption peaks observed between 2300 and 
2400 cm1 are from the existence of CO2 molecule in air. 
The absence of absorption peak at ca. 3400 cm1, usually 
coming from normal polymeric O–H stretching vibration of 
H2O, discloses that ZnO NPs adsorb less water vapor and 
have less porous structure and small surface area. Less po-
rous structure and small surface area of the product are also 
helpful to inhibit photocorrosion [9–13]. So, the results re-
flected from SEM, XRD, and FT-IR support ZnO NPs as an 
excellent photocatalyst. 

3.1.2  TEM, HRTEM images, and EDX pattern 
A little ZnO NPs were dispersed in ethanol under ultrasonic 
condition for 30 min, and a droplet of suspension was 
dripped onto copper grids coated with ultrathin carbon film. 
Thus TEM operation was undertaken and TEM image is 
shown in Figure 3(a). It is seen that, the ZnO NPs obtained 
have a mean diameter in size of ca. 100–150 nm and are 
monodispersed in ethanol after ultrasonic treatment. The 
irregular hexagonal morphologies of ZnO particles are 
clearly seen (indicated by red circles), consistent with the 
previous reports that nonlayered compounds with hexagonal 
phase are inclined to the formation of hexagonal cross sec-
tions in the high reactant concentrations [18,19]. It was  

reported that hexagonal platelike ZnO had much positive 
effect on its photocatalytic activity because larger polar 
faces at hexagonal platelike ZnO surface were present [20]. 
A ripplelike contrast observed in the TEM image is due to 
the strain-stress in ZnO NPs [21]. Inset in Figure 3(a) is a 
selected area electron diffraction (SAED) pattern, indicating 
single crystal structure and very high crystalline degree of 
the product. EDX pattern shows Zn, O, and Cu elements; 
thereof the atomic ratio of Zn to O is 37.95:38.80, ap-
proaching 1:1, and the Cu element is from the Cu grids. 
There are no mesopores in every ZnO nanoparticle. The 
HRTEM images (Figure 3(c, d)) show distinct particles with 
well-defined crystalline boundaries resulting from highly 
crystallized material. The spacing of 4.93 Å between adja-
cent fringes corresponds to the d-spacing of (101) planes in 
hexagonal ZnO. The highly crystalline degree of the prod-
uct is helpful in preventing itself from photocorrosion [10]. 
Also, there are high densities of stacking faults on (101) 
planes, suggesting as-prepared product might be an excel-
lent photocatalyst [8].     

3.2  BET surface area of the photocatalyst 

Surface area and pore structure of the photocatalyst are di-
rectly related to its photocatalytic activity. Figure 4 shows 
the corresponding nitrogen adsorption/desorption isotherms  

 

Figure 3  TEM image (a), EDX pattern (b), HRTEM image (c), and the corresponding Fourier transform (d) of obtained ZnO NPs. Inset of (a) is a SAED 
pattern. 
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Figure 4  Nitrogen adsorption-desorption isotherm and BJH pore-size 
distribution plot (insert) of the as-prepared ZnO NPs.  

and Barrett-Joyner-Halenda (BJH) pore-size distribution 
curve of the ZnO NPs. These isotherms belong to Type IV 
H3 loops of the ZnO NPs comprising aggregates of nano-
particles forming slit-like mesopores [22]. The pores with 
2.1 and 3.5 nm are from the interstices between ZnO nano-
particles. The examined BET surface area of the ZnO prod-
uct is 6.85 m2/g. On the other hand, the surface area of the 
product can be theoretically expressed by the formula 
SBET=6000/dρ (where ρ is the density of ZnO with a value of 
5.8, and d is its average diameter of ca. 100 nm as shown in 
Figure 3), since there is no porous hole for the approxi-                  

mately ball-shaped ZnO nanoparticles (Figure 3(a, c)). The 
calculated surface area of the prepared product is in the 
range of 6.9–10.3 m2/g. Therefore, the actual surface area of 
the products might suggest a little conglomeration for the 
ZnO NPs powder, though showing monodisperse state for 
ZnO NPs in ethanol. 

3.3  Optical properties of the photocatalyst 

ZnO NPs were also investigated by Raman spectroscopy 
(Figure 5(a)). The peak at 434 cm1 is attributed to ZnO 
nonpolar optical phonon high E2 mode. The peak at 95 cm1 

is from its low E2 vibration. The peak at 329 cm1 is as-
signed to the second-order Raman spectrum arising from 
Brillouin zone boundary (M point) phonon 2-E2(M). The E2 
mode is usually used to analyze the stress state in films due 
to its high sensitivity to stress [23]. Compared with E2 (high) 
mode of bulk ZnO (437 cm1), E2 (high) peak of our sample 
shows red shift. Such a shift cannot be attributed to the 
quantum confinement effect of an optical phonon since all 
ZnO nanoparticles have radii larger than the bulk ZnO ex-
citon Bohr radius (~2.34 nm). The frequency shift of the E2 
mode (high) may be attributed to the strain-stress in ZnO 
NPs (also reflected from TEM images in Figure 3), which 
allegedly resulted from more defects such as oxygen va-
cancy [24]. Oxygen vacancies in ZnO can act as potential 
wells to trap electrons, aiding electron-hole pair separation 
and hence increasing the photocatalytic activity [20]. The  

 

Figure 5  Raman (a), room-temperature photoluminescence (b), UV-Vis diffuse reflectance (c) spectra, and plots of (αhγ)2 vs. the energy of absorbed light 
(d) for the as-synthesized ZnO NPs. Insets of (c) are the corresponding photographs of ZnO NPs and P25.    
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strong E2H peak and the weak E1L peak reveal the high 
crystalline degree of ZnO NPs, agreeing with the examina-
tions by XRD, FT-IR, and HRTEM. The peak at 562 cm1

, 
usually attributed to the E1L mode, is caused by the oxygen 
vacancy, zinc interstitial, or their complexes. As known, the 
oxygen vacancy in ZnO would sensitively influence the 
luminescence properties. ZnO NPs are further evaluated by 
room-temperature PL spectra, as shown in Figure 5(b). The 
weak UV emission at ∼366 nm corresponds to the near band 
edge (NBE) emission. The violet emission at 406 nm is 
commonly attributed to the oxygen dangling bonds on the 
glass surface or the interface between glass substrate and 
ZnO nanostructures (Note: ZnO NPs were placed on glass 
substrate when operating PL spectrum experiment) [25]. 
The blue luminescence at 470 nm could be attributed to zinc 
vacancy. The green emission, centered at 515 nm in the 
range of 500–570 nm, was said to be from the recombina-
tion of electrons with holes trapped in singly ionized oxy-
gen vacancies (VO

+) and is commonly seen in ZnO materi-
als synthesized under oxygen-deficient conditions [26]. The 
orange emission centered at 608 nm can be attributed to 
only oxygen interstitials. The large ratio of green PL inten-
sity to NBE PL intensity indicates that the as-grown ZnO 
NPs are indeed rich in atomic defects (oxygen vacancies), 
which might result in high densities of stacking faults in 
ZnO NPs (Figure 3(d)), and help to enhance the photocata-                
lytic activity [20]. 

Figure 5(c, d) shows UV-Vis diffuse reflectance spectra 
of ZnO NPs and the referenced P25. It is seen that the ZnO 
NPs have a wider absorption in the UV range than P25. So, 
the prepared ZnO NPs can use fully the most UV light in 
sunlight than P25, suggesting that the ZnO NPs would be a 
more ideal photocatalyst under the solar light irradiation. 
There is an asymmetric tail toward the higher wavelengths 
ranging from 400 to 700 nm in ZnO NPs, just because of 
the colored product (dust gray, see photographs of ZnO NPs 
and P25, insets in Figure 5(c)). The plot of (αh)2 vs. the 
energy of absorbed light shows the direct allowed band gaps 
of ZnO NPs and P25 are 3.147 and 3.175 eV, respectively. 
The absorption edges of ZnO are red-shifted (bulk ZnO, 
3.36 eV) probably due to the increased intra-stress in parti-
cles (also proved by TEM images in Figure 3(a) and Raman 
spectrum in Figure 5(a)) [16]. 

3.4  Photocatalytic activity of ZnO NPs and their recycle 

3.4.1  Photocatalytic degradation of RhB over ZnO NPs 
and P25 under solar light and UV irradiation 
Photocatalytic activity of ZnO NPs was tested by the deg-
radation of RhB under solar light/UV irradiation, and P25 
was also evaluated under the same photocatalytic condition 
for comparison. As shown in Figure 6, the degradation ratio 
of RhB was almost 100% over the ZnO NPs in 40 min un-
der solar light irradiation, and it is ca. 90% for P25. The  

 

Figure 6  Degradation ratio of Rh-B over ZnO NPs and P25 photocatalysts under solar light (a) and UV (b) irradiation for different times and correspond-
ing kinetic study (c, d).  



148 Lv et al.   Sci China Chem   January (2016) Vol.59 No.1 

better photocatalytic activity of ZnO NPs than P25 is at-
tributed to their full absorbance of sunlight wave-band due 
to their dust gray. Under UV (36 W) irradiation, the ZnO 
NPs also showed comparative photocatalytic activity to P25. 
Importantly, the solar catalytic activity of ZnO NPs is com-
parative to the UV catalytic activity, suggesting their prac-
tical application in wastewater. The reaction kinetics was 
further depicted by the curve of ln(C0/C) to reaction time t, 
and pseudo-first-order reaction could be inferred. The reac-
tion rate constant (denoted as k) over ZnO NPs (0.077 for 
solar light and 0.09 for UV) is a little higher than over P25 
(0.059 for solar light and 0.079 for UV). Compared with our 
previous ZnO NPs (the full degradation of RhB needs the 
time of 4 h) [16], the prepared ZnO NPs in this study show 
far better photocatalystic activity (the full degradation time 
is 40 min), just due to much better crystalline degree (Fig-
ures S2–S4). Therefore, the highly crystalline degree of the 
product plays an important role in enhancing the photocata-
lytic activity. In general, the enhanced photocatalytic activi-
ties of ZnO NPs can be mainly attributed to such facts as 
high crystalline degree (proved by XRD pattern, HRTEM 
image, and SAED pattern), having less mesopores (from the 
FT-IR curve and TEM images), large size of nanoparticles 
(seen in TEM image), and plenty of stacking faults (re-
vealed by HRTEM image, BET curve, Raman, and PL 
spectrum), which could prevent the photocorrosion of the 
product and provide enough high-energy reaction sites for 
photochemical reaction [9–13]. Therefore, the wide band 
light and photogenerated electrons and holes would be used 
much more efficiently in the photocatalytic reaction, thus 
improving the quantum efficiency.  

3.4.2  The recycle of ZnO NPs 
The convenient reuse of photocatalysts is essential to their 
practical applications in purifying wastewater. After com-
pleting every photocatalystic test, the top degraded solution 
was poured out quickly, and 35 mL of RhB solution was 
added to the quartz cup again for the next photocatalytic test. 
Figure 7 shows the reusability of ZnO NPs and P25 photo-           

 
Figure 7  Reusability of ZnO-NPs and P25 photocatalysts for the photo-
catalytic degradation of RhB under UV light (36 W) irradiation. 

catalysts for the photocatalytic degradation of RhB under 
UV light (36 W) irradiation. It is noted that ZnO NPs pow-
der has good reusing capacity; even though the reuse time 
number reached 4, the degradation ratio of RhB is still as 
high as ca. 80% in 40 min. The excellent self-recycled abil-
ity of ZnO NPs is due to large size, heavy density (5.8 
m/mL), and small surface area of ZnO NPs (see TEM im-
ages and BET curve), which help in the quick self-precipi- 
tation of ZnO NPs in water [16]. In contrast, P25, a most 
extensively used commercial photocatalyst, had bad recov-
ery ratio as low as less than 10% after several times of recy-
cling due to the small size and porous structure [16]. 

Through the comparative test of reuse of photocatalysts, the 
ZnO NPs in this study have a practical application in puri-
fying wastewater.  

4  Conclusions   

ZnO NPs were harvested via the reaction of Zn powder with 
H2O vapor in autoclave. After systematic characterizations, 
the ZnO NPs composed of hexagonal platelike nanoparti-
cles showed high crystalline degree, large size of 100–150 
nm in diameter, small BET surface area of 6.85 m2/g, a little 
red-shift as a comparison with bulk ZnO band gap because 
of the existence of strain-stress in ZnO NPs, and had a 
strong green emission due to plenty of atomic defects. The 
obtained ZnO NPs showed excellent photocatalytic activity 
on the degradation of RhB under solar light irradiation, and 
repetitious recycle due to their quick sedimentation in water. 
Therefore, the ZnO NPs prepared from Zn powder have a 
wide and promising application in purifying the wastewater.  
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