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Photocatalytic activity of CuO towards HER in catalyst from oxalic acid
solution under simulated sunlight irradiation
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Abstract: CuO was synthesized by thermal decomposition of Cu(NO3),-3H,0 at various temperatures and characterized by powder
X-ray diffractometry (XRD) as well as scanning electron microscopy (SEM). The effects of calcination temperature, category of
sacrificial reagent, initial sacrificial reagent concentration, and Ag loading content on the photocatalytic activity of the as-obtained
CuO sample were investigated. The results show that the as-obtained CuO exhibits high activity for photocatalysis of H, evolution
reaction (HER) in oxalic acid solution under simulated sunlight irradiation. The highest photocatalytic activity of the as-obtained
CuO was achieved at the calcination temperature of 1 000 °C, and oxalic acid was used as the sacrificial reagent with the
concentration 0.05 mol/L. H, evolution rate is as high as 2.98 mmol/(h-g) with 2% (mass fraction) loaded Ag. The possible
photocatalytic reaction mechanism on the CuO photocatalyst for HER in oxalic acid solution was also discussed.
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1 Introduction

When considering the environmental pollution and
energy crisis, H, is deemed to be the best energy source
to resolve this two problems in the future. For this
purpose, searching new photocatalysts for photocatalytic
H, evolution, which can utilize solar energy from
renewable resources and natural energy sources, has been
attracted wide attention[1—2] since the Honda-Fujishima
effect was reported in 1972[3]. Despite a considerable
progress has been made, the conversion efficiency of
solar energy to H, energy is still undesirable. In this
work, we introduced CuO as a photocatalyst for H,
evolution from the oxalic acid solution under simulated
sunlight irradiation.

Copper oxide (CuO), a well-known p-type
semiconductor with a narrow band gap (£, = 1.2 eV), is
an important industrial material and has been widely
used, such as gas sensors[4], electrode materials[5],
magnetic ceramics[6], hydrogen storage materials[7],
solar cells[8], and photocatalysis[9]. At present, as for

the photocatalysis, most of the investigations have been
focused on the composite of CuO/TiO,. BANDARA and
co-workers[10] investigated the photocatalytic H,
production activity of CuO/TiO, in methanol solution
under UV light irradiation. JIN et al[ll] reported
CuO/TiO,  photocatalytic = H,  generation by
eosin-sensitization under visible light irradiation.
However, to our knowledge, there has been no report on
pure CuO for photocatalytic H, evolution under
simulated sunlight irradiation. In order to utilize sunlight
to produce H, from water, the semiconductor
photocatalyst materials should adsorb visible light
irradiation to generate electron—hole pairs, and the
bottom of the conduction band level is more negative
than the redox potential of H/H, (0 eV vs NHE). The
band gap of CuO is 1.2 eV, and thus CuO can efficiently
absorb sunlight, but is not active enough to release H,
from pure water because of the position of the
conduction band level. Therefore, selecting an excellent
sacrificial reagent is a key factor to photocatalytic H,
evolution with pure CuO as photocatalyst under
simulated sunlight irradiation.
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Sacrificial reagents (electron donors or hole
scavengers) play an important role in photocatalytic H,
evolution. It was reported[12] that sacrificial reagents
could not only effectively restrain the recombination of
the electrons and holes, but also prove whether
photocatalysts suitable valence band position for
oxidizing H,O to O, or suitable conduction band position
for reducing H,O to H,. There have been many reports
on sacrificial reagents, among which some act as electron
donors for water reduction (such as methanol, formic
acid, oxalic acid, Na,SO; and Na,S)[13—16], and some
act as electron scavengers for water oxidation (such as
AgNO;)[17]. Meanwhile, a few of redox couples have
been used in Z-scheme photocatalysis system for overall
water splitting, such as Ge’'/Ge*', Fe’'/Fe’* and
105 /T [18-20]. Here, we selected oxalic acid as the
sacrificial reagent. Oxalic acid is not only a common
pollutant in industrial wastewater[21], but also a strong
reductive reagent as electron donors[22]. The
photocatalytic decomposition of organic pollutants and
photocatalytic H, evolution take place simultaneously in
this work.

2 Experimental

2.1 Photocatalyst preparation

All the chemicals used in experiments were in
analytical grade and with no further treatment. The
photocatalyst CuO was synthesized by thermal
decomposition of Cu(NOs),3H,0 at
temperatures. In a typical process, Cu(NO;3),:3H,0 was
milled for 10 min in an agate mortar, and calcined for 6 h
in air with a heating rate of 10 “C/min. The calcined
sample was slowly cooled to room temperature and
milled for 10 min again to get the final product.

The CuO powders with different Ag-loaded
contents were prepared by photodeposition method.
AgNO; was used as Ag precursor. A typical preparation
procedure was described as follows. CuO (3.0 g) powers
were dispersed into AgNOs; solution containing MeOH
(1%, mass fraction) in a Pyrex glass reaction vessel by
ultrasonic treatment for 30 min. The as-obtained mixture

various

was photoirradiated under a 250 W high-pressure Hg
lamp for 2 h under continuous stirring. The radiative
wavelength of the lamp was about 300—400 nm and the
intensity of illumination was 15 x 10° pW/cm?, then the
suspension was filtered, washed and dried at 373 K to get
the Ag-loaded photocatalyst.

2.2 Photocatalyst characterization

The crystal structure of the as-prepared
photocatalysts was identified by powder X-ray
diffraction method (XRD, Bruker DS) using Cu K,

radiation (/= 1.5418 A) with a scanning angle (26) of
10°—85° at a scan speed of 4 (°)/min and a voltage of 40
kV and current of 300 mA. The surface morphology of
the samples was characterized with a JEOL
JSM-5600LV scanning electron microscope (SEM)
operated at 25 kV.

2.3 Photocatalytic activity measurement

The photocatalytic activity of the as-prepared
photocatalyst was evaluated by measuring the amount of
H, evolution in the sacrificial reagent aqueous solution
under simulated sunlight irradiation. The H, production
experiment was carried out in an inner irradiation-type
reaction vessel made of Pyrex, and a Xe (250 W) lamp
was used as the simulated sunlight source. The reaction
setup was schemed in Fig.1. In all experiments, to keep
the reaction temperature at room temperature, water was
used as the external circulation cooling medium, and
electric fan and vacuum pump were employed as the
internal cooling method. Prior to irradiation, certain
amount of the as-prepared photocatalyst (0.6 g) was
dispersed in 100 mL of distilled water in an ultrasonic
bath and was put in the reactor. Then, the reactor was left
in dark and nitrogen flux was introduced into the system
for 30 min to remove O,. After that, the photocatalytic
reaction vessel was closed and exposed to the light
irradiation. During the irradiation, the mixture was
suspended by using a magnetic stirrer within the quartz
cell. The produced H, was collected in a water nanometer
and analyzed by gas chromatography (TCD, N, as gas
carrier, zeolite NaX column). And an eliminator
containing saturated NaOH solution was placed in front
of the collector of H, to remove CO,. The pure H, was
collected in the gas collector (Fig.1, D) by displacing the
water in the collector, and the volume of the as-generated
H, was taken as the volume of the displaced water
(Fig.1, H) at different intervals of irradiation time. Some

Fig.1 Device for photocatalytic H, production: (A) Reactor; (B)
Quartz jacket; (C) Xenon lamp; (D) Gas collector; (E)
Magnetic bar; (F) Magnetic stirrer; (G) Outlet of cooling water;
(H) Volumetric cylinder; (I) Entry of cooling water
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processes were repeated three times and the results were
reproducible within the experiment errors (£4%).

3 Results and discussion

3.1 Characterization

Fig.2 shows the XRD patterns of the as-obtained
CuO samples at different calcination temperatures. The
indexed results are in good agreement with the
monoclinic lattice of CuO reported in the JCPDS
database card (No. 80-1916). No peaks from any other
phases of CuO or impurities were observed, indicating
high purity of the as-obtained CuO catalysts. With
increasing the calcination temperature, the width at half
maximum of diffraction peaks becomes narrower and the
diffraction intensity becomes stronger, indicating the
improvement of crystallinity of the CuO samples.
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Fig.2 XRD patterns of CuO photocatalysts at different

calcination temperatures

Fig.3 illustrates the SEM images of the CuO
photocatalysts calcined at different temperatures. The
morphologies of all the samples synthesized by thermal
decomposition are in irregular, and the particle sizes
increase  gradually with increasing calcination
temperature because of aggregation.

3.2 Photocatalytic activity of CuO towards HER
3.2.1 Effect of calcination temperature

Fig.4 depicts the photocatalytic H, evolution
activity of CuO as a function of the -calcination
temperature. Obviously, in the range of the calcination
temperature from 400 to 1 000 °C, the photocatalytic
activity of CuO is improved with increasing calcination
temperature and achieves maximum value at 1 000 °C.
With further increasing the calcination temperature,
however, the photocatalytic activity decreases drastically.
As mentioned above, the improvement of CuO
crystallinity can be evidenced by the narrowing of the
half-width of diffraction peaks and the increase of

Fig.3 SEM images of CuO photocatalyst calcined at different
temperatures: (a) 400 °C; (b) 1 000 °C; (c) 1 200 °C
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Fig.4 Effect of calcination temperature on H, evolution activity
over CuO photocatalyst (Reaction conditions: photocatalyst
concentration, 1 g/L; initial oxalic acid concentration, 0.05
mol/L; distilled water volume, 600 mL)
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the diffraction intensity. Higher crystallinity is a positive
factor for improving the photocatalytic activity because
the higher the crystalline quality is, the smaller the
number of defects is. The defects act as trapping and
recombination centers for photogenerated electrons and
holes, resulting in a decrease in the photocatalytic
activity. On the other hand, as shown in Fig.3, with
increasing the calcination temperature, the particle sizes
increase because of aggregation. The particle size
determines the migration distance for photogenerated
electrons or holes to reaction sites at the particle surface,
and bigger size results in the increase of the
recombination probability, which is a negative factor to
the photocatalytic activity. The resultant photocatalytic
activity is dominated by the balance between these two
factors. However, higher crystallinity is often required
rather than bigger size for water splitting because the
recombination between photogenerated electrons and
holes is especially a serious problem for uphill
reactions|[3].
3.2.2 Effect of sacrificial reagent

Fig.5 describes the photocatalytic activity of CuO in
different kinds of sacrificial reagents under simulated
sunlight irradiation. The results prove that not all the
selected sacrificial reagents as electron donors are

appropriate for H, evolution using the CuO photocatalyst.

Especially, methanol is a good electron donor in the
process of reducing H,O to H, for many
photocatalysts[23—24], but for CuO photocatalyst, it is
not efficient. The maximum values for H, evolution in
Na,S, CH;COOH, and H,C,0, solutions are 0.30, 1.82,
and 2.46 mmol/(h-g), respectively. It has demonstrated
that oxalic acid is more efficient than other sacrificial
reagents, and acts as the sacrificial reagent to
consume the photogenerated holes so as to resist the
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Fig.5 Effect of category of sacrificial reagent on H, evolution
activity over CuO photocatalyst (Reaction conditions:
photocatalyst concentration, 1 g/L; initial sacrificial reagent
concentration, 0.05 mol/L; distilled water volume, 600 mL)

recombination of the photogenerated electrons—holes
pairs in the photocatalytic reaction procedure. This is
probably due to the influence of H' ions, which act as the
hydrated electron scavenger, converting to H atoms and
further combining to molecular hydrogen. The reaction
conditions in the present experiments differ from the
acidity of sacrificial reagent, and the acidic ranking of
sacrificial reagents is H,C,0, > CH;COOH > CH;0H >
Na,S, basically, in accordance with the law of the
increasing amount of H, evolution. However, CuO is
unstable in the oxalic acid solution. In the end of
photoirradiation, few NaOH solutions have been dripped
into the reaction vessel and some blue deposition
appeared. This reveals that Cu®" exists in the solution
through photoirradiating reaction.
3.2.3 Effect of initial concentration of oxalic acid

Fig.6 illustrates the effect of initial oxalic acid
concentration on the photocatalytic activity of CuO. No
H, is detected without any oxalic acid in the aqueous
solution. However, the presence of oxalic acid can
markedly improve the amount of H, evolution. The
results demonstrate that oxalic acid is a strong reductive
reagent and can effectively consume the photogenerated
holes. With the increase of the initial oxalic acid
concentration, the photocatalytic H, evolution activity is
enhanced obviously and the optimized value is achieved
at 0.05 mol/L. But with further increasing the
concentration of oxalic acid, the photocatalytic activity
decreases pronouncedly. It is possible that oxalic acid has
three forms in the aqueous solution, and the
reactivity decreases in the order of HC,04 > C,0,% >
H,C,04[25]. In the solution of an appropriate
concentration with the HC,04 form as the prevailing
species of oxalic acid, the reactivity is the best and the
consumption of the photogenerated holes is more
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Fig.6 Effect of initial concentration of oxalic acid on
photocatalytic H, evolution activity of CuO photocatalyst
(Reaction conditions: photocatalyst concentration, 1 g/L;
distilled water volume, 600 mL)
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effective than other two forms. H,C,0, is dominant
when the addition of oxalic acid is excessive, leading to a
decrease of the photocatalytic activity of CuO.
3.2.4 Effect of Ag loading content

Fig.7 illustrates the photocatalytic activity of CuO
samples with different contents of Ag loading under
simulated sunlight irradiation. The results clearly reveal
that the photocatalytic activity increases with increasing
Ag contents to a maximum of 2% (mass fraction), and
the highest H, evolution rate is 2.98 mmol/(h-g). While
the Ag loading content exceeds the optimum value, the
photocatalytic activity decreases markedly. As a noble
metal, Ag is a good co-catalyst on the surface of
photocatalysts. Generally, co-catalyst is used to
introduce active sites[3], which behaves as electron traps
to promote the separation of the electrons and holes in/on
the photocatalyst and decline the probability of
photogenerated electron—hole pairs recombination,
resulting in the increase of photocatalytic activity. When
the Ag loading content is too low, the size of Ag
particles covered on the surface of catalyst is small and
Ag is uniformly dispersed. The small amount of the Ag
loading may cause the failure of effective separation of
the electrons and holes, and thus leads to the low
photocatalytic activity. When the Ag loading content is
higher than the optimum value of 2% (mass fraction), Ag
particles covered on the surface of catalyst are excess,
causing the aggregation of Ag particles and the
formation of larger size Ag clusters, which can scatter
the visible light, leading to the failure to trigger the
catalyst and the decrease of photocatalytic
activity[13, 15].

3.3 Mechanism of H, production in oxalic acid
solution
The reaction is initiated by the photoexcitation of
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Fig.7 Effect of different contents of Ag deposited CuO on
photocatalytic H, evolution activity (Reaction conditions:
photocatalyst concentration, 1 g/L; initial oxalic acid

concentration, 0.05 mol/L; distilled water volume, 600 mL)

CuO particles to form photogenerated electron-hole pairs.
Then the photogenerated electron (e") and hole (h") can
be transferred to electron acceptor H' and electron
donors C20427, HC,0,, H,C,04 and surface hydroxyl
groups on CuO, respectively. The formed hydroxyl
radical can continuously oxidize oxalic acid species.
Meanwhile, CuO is unstable in the oxalic acid solution.
According to Refs.[21, 25], the reaction mechanism is
summarized as

CuO+hv—>CuO(e +h") (D)
H+e —H-—>1/2H, )
OH +h'—OH- 3)
HC,04 +h™—HC,04 4)
HC2047+OH'—>HC2O4'+OH7 (5)
H(:z();f—>'COzi‘i‘C()2‘*'HJr (6)
-CO, +H'—CO0,+1/2H, (7)
CuO+HC,0, —>CuC,0,+0H" (8)
CuC,04+2h"—Cu*'+C,0, 9)
-C,04+H"—2CO,+1/2H, (10)

4 Conclusions

1) No H, was detected for CuO photocatalyst in
pure water under simulated sunlight irradiation. Oxalic
acid, used as an excellent sacrificial reagent, can greatly
improve the photocatalytic activity of CuO touards HER,
and the optimal initial concentration is 0.05 mol/L.
However, CuO is unstable in the oxalic acid solution.

2) Calcination temperature also affects the
photocatalytic activity. When the calcination temperature
is 1 000 °C, the optimized photocatalytic H, evolution
activity under simulated sunlight irradiation can be
achieved.

3) As a co-catalyst depositing on the surface of CuO,
Ag also can greatly improve the photocatalytic activity,
and the highest H, evolution amount is 2.98 mmol/(h-g)
when the Ag loading content is 2% (mass fraction).
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