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Following our previous findings on hydrogenated black TiO2 nano-

particles, here, we would like to present our exciting findings on

hydrogenated black ZnO nanoparticles, which have displayed long-

wavelength absorption and excellent photocatalytic performance.

This further demonstrates that hydrogenation is a powerful tool to

enhance the optical and photocatalytic performance of

nanomaterials.
Hydrogenation has been demonstrated in successfully modi-
fying the structural, electronic and optical properties of TiO2

nanoparticles, along with its improved photocatalytic perfor-
mance.1,2 In our original study, hydrogenated black TiO2

nanoparticles were obtained by heating white crystalline TiO2

nanocrystals in a high-pressure pure hydrogen environment.1a

This treatment induced a thin disordered layer near the surface,
surrounding a crystalline core.1a–d This layer was believed to
introduce extra electronic states in the bandgap and the long-
wave length absorption. The hydrogenated black TiO2 nano-
particles showed excellent and stable photocatalytic perfor-
mance in photocatalytic hydrogen generation and pollutant
(methylene blue and phenol) decomposition.1a–d The enhance-
ment was partially attributed to the efficient electron and hole
trapping in the disordered layer to allow better charge separa-
tion on the surface. Hydrogenated black TiO2 nanoparticles
have also been developed with other fabrication approaches as
well, such as electrochemical hydrogenation2f,g and hydrogen
plasma.2h So far, hydrogenated TiO2 nanocrystals have
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displayed superior performance in lithium-ion battery,3 super-
capacitor,4a fuel cell,4b eld emission,4c and microwave absorp-
tion,4d besides the excellent photocatalytic performance.

On the other hand, ZnO has also attracted tremendous
interests as a semiconductor material for applications in pie-
zotronics,5a–c electrochromics,5d solar cells,5e photocatalysis, etc.
ZnO is a large bandgap semiconductor material, with a bulk
bandgap of 3.2 eV.5 This large bandgap limits its overall effi-
ciency in photocatalytic application due to its absorption of
sunlight only in the ultraviolet (UV) region, which is less than
5% of the entire solar spectrum. Hereby, we demonstrate that by
treating white ZnO nanoparticles with hydrogen, hydrogenated
black ZnO nanoparticles with long-wavelength absorption can
be successfully synthesized, and they have showed much better
performance in photocatalytic decomposition of methylene
blue than pure ZnO nanoparticles.

Pristine ZnO nanoparticles were prepared from a precursor
solution consisting of sodium hydroxide, zinc acetate, ethanol
and water.5f In a typical synthesis, 5 mmol zinc acetate dissolved
in 50 mL ethanol was mixed with 7 mmol sodium hydroxide
dissolved in 50 mL ethanol at 0 �C. The white sol was ltered,
washed and dried overnight at 120 �C to obtain pristine ZnO
nanoparticles. Hydrogenated ZnO nanoparticles (H-ZnO) were
obtained by heating pristine ZnO nanoparticles under hydrogen
atmosphere, e.g. at 400 �C for 2 h. Fig. 1A shows the XRD
patterns of pristine and hydrogenated ZnO nanoparticles.
Fig. 1 (A) XRD patterns and (B) UV-visible reflectance spectra of (a)
pristine, (b) hydrogenated ZnO nanoparticles.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 TEM images of pristine (A) and (B) and hydrogenated (C) and (D)
ZnO nanoparticles.
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Clearly, both samples were highly crystalline, as seen from their
strong diffraction peaks.5g The average crystalline grain size can
be calculated using the Scherrer equation: s ¼ (Kl)/(b cos q),
where s is the mean size of the ordered (crystalline) domains,
which may be smaller then or equal to the grain size, K is the
shape factor with a typical value of 0.9, l is the X-ray wavelength,
b is the line broadening full width at half maximum (FWHM)
peak height in radians, and q is the Bragg angle.6 The average
crystalline grain size of pristine and hydrogenated ZnO nano-
particles was 14.3 and 18.8 nm, respectively. For comparison,
we also heated pristine ZnO nanoparticles in air (calcined ZnO),
and found their average crystalline grain size was 19.1 nm from
XRD analysis (Fig. S1†). As the average sizes of the crystalline
phase of both hydrogenated and calcined ZnO nanoparticles
were much larger than pristine ZnO nanoparticles, the crystal-
line grain growth of ZnO nanoparticles seemed to be caused by
heating at high temperature. Meanwhile, the average size of the
crystalline grains in the hydrogenated ZnO nanoparticles was
slightly smaller than calcined ZnO nanoparticles. This sug-
gested that some disordered phase was likely formed on the
outside of the crystalline phases of ZnO nanoparticles aer
hydrogenation. This was consistent with our previous study of
hydrogenated black TiO2 nanoparticles,1a,b where hydrogena-
tion caused the outer layer of the nanocrystals to become
disordered.

Fig. 1B shows the UV-visible spectra of pristine and hydro-
genated ZnO nanoparticles. Pristine ZnO nanoparticles were
white and reected 94% of light in the region of 400–1000 nm
back, and started to absorb light around 400 nm. The optical
bandgap was around 3.2 eV (391 nm at 50% reection point).
Hydrogenated ZnO nanoparticles showed less than 45%
reection in the region of 400–1000 nm (>55% black), and
absorbed all light below 400 nm. Absorption in the visible-light
region for hydrogenated ZnO nanoparticles seemed to be
related to the oxygen defects created by the heating and the
incorporation of hydrogen in the ZnO lattice during hydroge-
nation.7,8 Losing oxygen atoms in oxide materials are commonly
seen by heating at high temperatures, leading to the creation of
oxygen defects.7Hydrogen can exclusively act as a shallow donor
and be responsible for the n-type behavior of ZnO.8 Interstitial
hydrogen (Hi) can be incorporated in a bond-centered cong-
uration and an antibonding orientation,8a while substitutional
hydrogen occupying an oxygen substitutional site (Ho) accounts
for the n-type conductivity and has high thermal stability.8b

Oxygen vacancies in ZnO are deep level defects, and the
hydrogen atoms in ZnO are easily trapped in the oxygen
vacancies to form Ho.8b,d Thus the large absorption in the visible
light region was possibly due to deep oxygen vacancy defects
involved with hydrogen in these hydrogenated ZnO nano-
particles, while the absorption in the UV region was likely from
the bulk.

The microstructure and crystallinity of the pristine and
hydrogenated ZnO nanoparticles were analyzed with trans-
mission electron microscopy (TEM). As shown in Fig. 2A, the
average size of the pristine ZnO nanoparticles was around 12–16
nm. This matched well with the size of their average crystalline
grains calculated from XRD data, and suggested that the
This journal is © The Royal Society of Chemistry 2014
pristine ZnO nanoparticles were most likely single crystalline.
The high-resolution TEM (HRTEM) in Fig. 2B further shows
well-resolved lattice fringes with a distance of 0.254 nm between
the adjacent (101) planes of the wurtzite-type ZnO nanopartic-
le5g and its single crystalline nature. The average size of the
hydrogenated ZnO nanoparticles was 150 nm as shown in
Fig. 2C. From XRD analysis, the average crystalline grain size of
hydrogenated ZnO nanoparticles based on XRD results was 18.8
nm only. This difference on the size suggested that hydroge-
nated ZnO nanoparticles were made of smaller crystalline grain-
sized nanoparticles, likely from the aggregation of ZnO nano-
particles during the hydrogenation treatment. However, this
aggregation was likely due to the heating effect in the hydro-
genation process, as the TEM analysis of the calcined ZnO
nanoparticles had similar average particle size of around 180
nm (Fig. S2A†). The HRTEM of hydrogenated ZnO nanoparticles
in Fig. 2D did not reveal clear lattice fringes, suggesting that
amorphous/disordered phases existed in the hydrogenated ZnO
nanoparticles. Defects are commonly observed along the grain
boundaries in crystals.1a,b,6c On the other hand, heating ZnO
nanoparticles in air induced highly crystallized lattice with well
resolved lattice fringes under HRTEM analysis (Fig. S2B†). So,
overall, hydrogenation treatment caused the formation of
disordered phases in hydrogenated ZnO nanoparticles. This
was consistent with the ndings in hydrogenated TiO2 nano-
particles.1a–c Such structural disorders could contribute to the
long-wavelength absorption in visible-light region of the
hydrogenated ZnO nanoparticles.

The existence of the disordered phase in the hydrogenated
ZnO nanoparticles was also supported by the results from
Raman measurements (Fig. 3A). Pristine ZnO nanoparticles
showed clear and sharp Raman peaks at around 115, 228, 350,
459, 697, 969, 1136, and 1479 cm�1, due to the E2,low, 2TA (A1)
(2E2,low), A1 (E2, E1), E2,high, A1 (2TO), A1 (TO + LO), A1 (LO) and
2E1 (LO) vibrational modes, respectively.8d,9a The sharp Raman
RSC Adv., 2014, 4, 41654–41658 | 41655
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Fig. 3 (A) Raman and (B) ESR spectra of (a) pristine and (b) hydroge-
nated ZnO nanoparticles.

Fig. 4 Comparison of (A) the time profile and (B) ln(C0/C) of methy-
lene blue decomposition with (a) pristine and (b) hydrogenated ZnO
nanoparticles, in comparison with (c) Degussa P25, a standard catalyst.
The y axis represents the optical density of the methylene blue solu-
tion, whereas the x axis is the solar light irradiation time. (C) Cycling
tests of solar-driven photocatalytic activity in methylene blue
decomposition with hydrogenated ZnO nanoparticles. (D) Proposed
mechanism for the improved photocatalytic activity of hydrogenated
ZnO nanoparticles on methylene blue decomposition.
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peaks meant that the ZnO nanoparticles were well crystalline.
Meanwhile, a luminescent background was also observed. This
background was likely due to the defects in the ZnO nano-
particles. Hydrogenated ZnO nanoparticles only had weak
Raman peaks at around 115 and 459 cm�1, but a much larger
luminescent background. The weak Raman peaks and large
background suggested that there were a large number of defects
in the hydrogenated ZnO nanoparticles. Large luminescence
background in the Raman spectrum due to defects has been
observed previously in hydrogenated TiO2 nanoparticles and
TiO2 nanoparticles with oxygen vacancies.9b So, similar assign-
ment of the luminescence background is reasonable.

The existence of the defects was examined with electron spin
resonance (ESR) spectroscopy. Pristine ZnO nanoparticles had a
smaller signal at g ¼ 1.962, while hydrogenated ZnO nano-
particles showed a larger signal at g ¼ 1.962 and an apparent
signal at g ¼ 2.004 (Fig. 3B). The signal with a g-factor at about
1.962 is generally attributed to the shallow donor, and usually
assigned to a singly ionized oxygen vacancy defect, but some-
times attributed to unpaired electrons trapped at oxygen
vacancies and even attributed to free carriers in the conduction
band.10 The signal in the ESR spectrum with a g-factor close to g
¼ 2.004 is commonly attributed to a Zn vacancy.10 Apparently,
hydrogenated ZnO nanoparticles had large amount of zinc
vacancy defects, besides more oxygen vacancy defects than the
pristine ZnO nanoparticles had. Combined with their UV-visible
reectance spectra, this suggested that the increase of oxygen
vacancy defects did not cause apparent light absorption in the
visible light region, but the large absorption in the visible-light
region of the hydrogenated ZnO nanoparticles might also be
due to the co-existence of zinc and oxygen vacancy defect.

The photocatalytic activity was studied with the decomposi-
tion of methylene blue under simulated sunlight irradiation.
The solar simulator had a 150 watt Xe lamp with an AM 1.5 air
mass lter. 1.0 mg of catalyst was added into 3.0 mL methylene
blue solution (optical density of 1.0). The UV-vis absorption
spectrum of methylene blue was monitored at 664 nm over time
aer the photocatalytic reaction started. The contribution of the
adsorption was removed aer stirring the samples in the dark
for 30 min before the photocatalytic reaction. Fig. 4A shows the
comparison of the solar-driven photocatalytic activity of pristine
and hydrogenated ZnO nanoparticles under the same experi-
mental conditions, along with the comparison with Degussa
P25, a standard catalyst. Aer 30 min irradiation, 55% of
41656 | RSC Adv., 2014, 4, 41654–41658
methylene blue was decomposed with pristine ZnO nano-
particles, and 97% for hydrogenated ZnO nanoparticles,
compared to 87% for Degussa P25. The hydrogenated ZnO
nanoparticles had better performance over the Degussa P25.
When the initial concentration of dye is very small, the degra-
dation of dyes can be described by an apparent rst-order
equation with a simplied Langmuir–Hinshelwood model:
ln(C0/C) ¼ kat, where C0 is the initial concentration of dye, C is
the concentration of the dye, ka is the apparent rst-order rate
constant, and t is the illumination time.11 The rate constants ka
was 0.87 and 4.46 for pristine and hydrogenated ZnO nano-
particles, respectively, compared to 2.54 for P25 (Fig. 4B), given
the time unit of 30 min. Therefore, the photocatalytic activity of
ZnO nanoparticles was improved 512% by hydrogenation
treatment. Meanwhile, hydrogenated ZnO nanoparticles
showed good stability in cyclic photocatalytic decomposition of
methylene blue as shown in Fig. 4C. No apparent activity
decrease was observed. This suggested the excellent stability of
the photocatalytic performance of the hydrogenated ZnO
nanoparticles. The improved photocatalytic performance was
likely related to the co-existence of zinc vacancy defects and the
structurally disordered layer which were benecial for charge
trapping and photocatalytic reactions and the long-wavelength
absorption.1 Fig. 4D illustrates the proposed mechanism of the
photocatalytic decomposition of methylene blue on hydroge-
nated ZnO nanoparticles. Aer ZnO is excited by the light with
energy greater than its band gap, excited conduction band
electrons and valence band holes are generated and migrate to
the surface of ZnO. The photoelectrons react with oxygen when
they reach the surface of ZnO nanoparticles to form superoxide
This journal is © The Royal Society of Chemistry 2014
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radical anions (O2c
�). The photoinduced holes react with

surface hydroxyl to form reactive hydroxyl radicals (OHc). The
superoxides and hydroxyl radicals then oxidize methylene blue
eventually into CO2, H2O and other nal compounds.11f As the
surface chemical reactions normally occur on the time scale of
milliseconds, most of the excited electrons and holes will
recombine either in the bulk or on the surface of ZnO nano-
particles due to their short lifetimes (on the order of picosec-
onds to nanoseconds).11g This largely causes the low
photocatalytic efficiency of ZnO nanoparticles. On the other
hand, hydrogenated ZnO nanoparticles have larger amount of
defect levels on the disordered surface along with possible
hydrogen dopants resulted from the hydrogenation process.
The localized defect states may enhance the charge separation
in space.1d The trapped electrons and holes normally have
extended lifetimes on the order of nanoseconds to milli-
seconds.11g This increases the charge transfer opportunities on
the surface for the chemical reactions to decompose methylene
blue molecules. Thus, the photocatalytic performance of
hydrogenated ZnO nanoparticles is largely enhanced over pris-
tine ZnO nanoparticles.

In a summary, we have demonstrated here that black ZnO
nanoparticles can be obtained by hydrogenation treatment, and
have displayed stable and better photocatalytic performance.
This improvement was possibly due to the contributions from
higher optical absorption, better charge separation beneted
from disordered structure and more zinc vacancy defects
created by hydrogenation.
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