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A B S T R A C T   

The understanding of reaction mechanism is the theoretical premise for all the industrial improvement of cat
alysts. However, off-line characterization may mislead the study of catalytic mechanism if the catalyst itself is 
unstable during reaction. In this work, in-situ transmission electron microscopy (TEM) was emploied to inves
tigate the photocatalysis process of H2 evolution on Cu2O. Real time imaging identified the self-reduction of 
Cu2O to nano-Cu on particle surface and its catalytic activity was come from the self reduced nano-Cu. Further 
quantification results indicated that the degree of Cu2O self-reduction was highly matched with the Cu2O cat
alytic activity. The in-situ TEM here for the first time confirmed the in-situ formation of active site under reaction 
condition, these finding may beneficial for future catalyst design.   

1. Introduction 

Understanding how nanomaterials catalyse chemical reactions is 
important for the development of efficient catalytic materials for a wide 
range of energy and environmental technologies [1–7]. These 
nano-sized materials generally expose different surface sites with 
distinct reactivity for the turnover of reactants. The identification and 
characterization of the surface active sites or the site-specific reactivity 
is therefore attracting extensive attention in recent years [8–12]. How
ever, nano-sized catalysts often respond dynamically to the reaction 
environment or stimuli, because changes in the reaction environment 
affect the free energy of the exposed surfaces site. The surface structure, 
composition and reactivity are therefore related to the reaction condi
tions, thus, the identification of active sites and their properties in-situ 
during catalysis is extremely important. Although many in-situ and 
operando techniques are available, [13–17] it remains a challenge to 
obtain structure and composition of the active site of nanomaterials 
under real reaction environment and stimuli at atomic-scale. 

Heterogeneous catalysts are widely used in fields of energy, envi
ronment, and chemical industry [1, 2, 4–7]. The study of active sites is 
one of the key points of relative researches [1,4,9,11]. Based on a precise 
molecular understanding of the active sites, improving the selectivity 

and activity of these complex catalyst systems can be undertaken 
through the powerful structure–reactivity approach [18–21]. However, 
recent studies have shown that many catalysts are unstable during 
working. For instance, Ostwald ripening of Pt on carbon and the 
migration of soluble platinum species cause the platinum area loss of the 
Pt/C electrocatalysts in proton exchange membrane fuel cells.[22] 
Hydrogen and water lead to Pt agglomeration and redispersion in 
Pt/Al2O3 catalyst. [23] In the photocatalytic reaction of some semi
conductor catalysts, such as ZnO, BiVO4, et al., [24–27] oxygen defects 
occur on the surface of the catalysts, which leads to the corrosion of the 
catalysts. In these changes of catalysts, the active sites correspondingly 
varied in migration, agglomeration and reconstruction, which brought 
obstacles to the characterization of the active sites. 

Recently, the development of a liquid cell TEM enables the direct 
observation of nanoscale chemical reactions and the physical changes in 
a solution. With the aid of liquid cell chips, Zheng’s group [28,29] has 
realized in-situ TEM observation of colloid nanoparticles formation in 
solution. Liquid cell technology can avoid the influence of TEM vacuum 
system by sealing the atmosphere or liquid inside the chip. Hence it is 
feasible to simulate such a liquid/gas reaction inside TEM. However, the 
difficulty of the introduction of light source into the small space in liquid 
cell between the TEM pole pieces make photo induced in-situ TEM 
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studies hardly be reported until very recently. In order to conquer this 
problem, Yin and co-workers [30] employed the electron beam mimic a 
“light” source to initiate the water splitting on TiO2 nano-rods. However, 
electron beams are not completely equivalent to natural light. In Sui’s 
report, [31] light was introduce by the modify TEM and a regular liquid 
TEM holder was employed to investigate the photocatalytic water 
splitting on TiO2, but the modification of TEM is very expensive and 
complicated. 

In this work, for the first time, we achieved the direct TEM obser
vation of photocatalytic reaction on instable Cu2O catalyst through a 
homemade in-situ TEM holder and liquid cell. Cu2O catalyst in-situ 
structure change during light induced hydrogen production was 
captured. It was proved that surface layer of Cu2O cube was self-reduced 
to nano-Cu. Further quantitative analysis indicates that the degree of 
Cu2O self-reduction was highly matched with the photocatalytic 
hydrogen production rate. In this work, the role in-situ formation of 
active site on nanocatalyst during the photocatalytic hydrogen produc
tion was first identified and investigated by in-situ TEM, which brings a 
new method for further understanding catalysis mechanism of catalyst. 

2. Experimental details 

2.1. Preparation of Cu2O nanoparticles 

Cu2O nanoparticles with uniform size were prepared by seed method 
[32]. Typically (Figure S1), aqueous solution was prepared containing 
copper sulfate (1.0 × 10− 3 M) and sodium dodecyl sulfate (SDS, 3.3 ×
10-2 M). Transfer 10 mL mixed solution into 50 mL centrifuge tube and 
mark as A. Three parts of 9 mL mixed solution were transferred into 
another three 50 mL centrifugal tubes, marked as B, C and D. Add 250 u 
L sodium ascorbate solution (SA, 0.2 M) to A and rotate for 5 s. Then add 
500 u L NaOH water solution (1 M) and shake for another 5 s. The so
lution quickly turns yellow. Immediately transfer 1 mL solution from A 
to B as seed and rotate for 10 s. Repeat the previous operation of A, add 
250 μL sodium ascorbate aqueous solution (0.2 M), shake for 5 s, then 
add 500 μL NaOH aqueous solution (1 M), shake for 5 s. Immediately 
transfer 1 mL of further growing seed solution from B to C, and rotate for 
10 s. The same process was repeated for the preparation of C and D. After 
the completion of all operations, aging 2 h. The yellow precipitate in D 
was separated by centrifugation and washed with ethanol and deionized 
water for 3 times respectively. Finally, the solid product was dispersed in 
10 mL of deionized water, and was signed as dispersion D. For XRD 
analysis, dispersion D was centrifuged and the yellow precipitate dried 
at 60 ◦C in vacuum overnight. 

2.2. Characterizations 

The X-ray diffraction (XRD) patterns of the catalysts were checked 
using an XRD-6000 X-ray diffractometer (Shimadzu). 

The electron paramagnetic resonance (EPR) signal was examined at 
77 K on EPR JES FA200 (JEOL) spectrometer. 

Atomic absorption spectroscopy (AAS, analytik jena novAA350/ 
ZEEnit650p) was employed to measure the concentration of Cu, Ag ions 
in catalyst digestion solution. 

Off-line and in-situ transmission electron microscopy (TEM) experi
ments were carried out on a JEM-2100 instrument operated at 200 kV. 
HAADF-STEM images were obtained on a Talos F200 s instrument under 
STEM mode at 200 kV. The introduction of liquid in TEM system was 
realized by a liquid cell chip, and light was introduced by a modified 
TEM holder with an optical fiber through it. A high-power Xenon light 
source (Ocean Optics, HPX-2000) was employed as an external light 
source, and was connected to TEM holder through a SMA905 optical 
fiber patch cord. The light intensity at viewing window of liquid cell was 
about 120 mW/cm2. It should be noted that in order to minimize the 
effect of electron beam and avoid reduction by it, we only turn the beam 
on 0.1 s during image acquisition, and the electron beam remained 

blanked within four hours of illumination. The amount of electron beam 
irradiation was 3 e/Å2/s in in-situ TEM experiments. Extra experimental 
details for in-situ TEM, qualitative and quantitative analysis of Cu2O 
self-reduction (Scheme S1) were showed in supporting information. 

2.3. Photocatalytic H2 generation test 

The photocatalytic hydrogen evolution reactions were carried out in 
a top-irradiation type vessel linked to a gasclosed glass system (Ceau
light CEL-SPH2N-D, Ceaulight, Beijing, China) under an irradiation of 
the 300 W Xe lamp with the 420 nm cut-off filter. Dispersion D (10 mL), 
H2O (80 mL), and ethanol (10 mL) were mixed in a quartz reactor. N2 
bubbling for 1 h, followed by vacuuming to maintain anaerobic condi
tions in the system. The temperature of the solution was kept around 6 
◦C. The amount of generated hydrogen was automatically collected and 
determined by using an online gas chromatograph equipped with a 
thermal conductive detector. Argon was used as the carrier gas for gas 
chromatography. The mass of Cu2O was 0.5 mg (supplementary infor
mation, measurement of mass of Cu2O in dispersion D). 

2.4. Computational method 

The density functional theory (DFT) calculations were carried out by 
the Vienna Ab-initio Simulation Package [33,34] (VASP), taking 
advantage of the Projected Augmented Wave [35] (PAW) method. The 
Perdew-Burke-Ernzerhof (RPBE) functional was used to describe the 
exchange and correlation effects [36]. For all the geometry optimiza
tions, the cutoff energy was set to be 500 eV. The Monkhorst-Pack grids 
[37] were set to be 9 × 9×9 and 4 × 4×1 for performing the calculations 
of bulk and surface Cu2O, respectively. A 20 Å vacuum thickness was 
added in the z-direction of the simulation box, preventing the in
teractions between the adjacent slabs. 

3. Result and discussions 

3.1. Structure of fresh Cu2O 

Cu2O is a p-type semiconductor with high carrier mobility, which has 
satisfactory H2 generation activity. [38] Cu element in Cu2O has +1 
valence, thus the catalyst has two possible transformation paths in the 
photocatalytic H2 generation process: self-oxidation or self-reduction. 
Kakuta et al. [39] believed that Cu2O was easily oxidized to CuO 
under light conditions, which led to catalyst inactivation. Toe et al. [40] 
systematically studied the effects of photogenic electrons and holes on 
the stability of Cu2O in photocatalytic H2 generation process and ob
tained similar conclusions. In contrast, some researchers believed that 
Cu2O was reduced to Cu by accumulating photogenic electrons under 
light illumination. [41,42] Formation of Cu was considered to be unfa
vorable to the photocatalytic hydrogen generation reaction on Cu2O 
catalyst. [38,41] It seems that whether self-reduction or self-oxidation 
occurs, it is not conducive to the hydrogen production reaction on the 
Cu2O catalyst. However, in Zhen’s work, [43] Cu as a co-catalyst was 
added to Cu2O catalyst, and the catalytic activity of catalysts increased 
significantly. Cu was believed to improve the photoelectron transfer 
efficiency in the catalyst, thus promoting the catalyst activity. Similar 
phenomena has also been reported by Lou. [44] They believed the 
localized surface plasmon resonance effect of nano-copper contributed 
to the photocatalytic H2 production reaction on Cu2O catalyst. So far, it 
is still controversial whether self-reduction or self-oxidation of Cu2O is 
dominant, and whether change of Cu2O is beneficial or harmful to the 
photocatalytic hydrogen production. 

According to literatures, [45] the charge separation efficiency on 
various exposed facets of Cu2O is different, which leads to the aniso
tropic catalytic activity of Cu2O. Therefore, to study the photocatalytic 
hydrogen production process on Cu2O, we need to prepare Cu2O 
nanoparticles with uniform and controllable structure to avoid 
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introducing too many variables. In this work, Cu2O nanoparticles with 
uniform size were prepared by crystal seed method. [32] As shown in 
Fig. 1a-b, the X-ray diffraction (XRD) and selected area electron 
diffraction (SAED) patterns showed that the prepared sample had a 
single Cu2O phase without other impurities. TEM images (Fig. 1c) 
confirmed that the morphology of Cu2O samples was nanocube with side 
length of 140 nm. In the locally magnified TEM image (Fig. 1d), it was 
observed that the crystal lattice stripes parallel and perpendicular to the 
eight exposed surfaces of the Cu2O cube were all 0.214 nm, belonging to 
the Cu2O {200} facets. Therefore, it was determined that the 6 exposed 
surfaces of the Cu2O cubes were all Cu2O {100} facets. The Cu2O edge 
section had an angle of 45◦ with the exposed Cu2O {100} crystal planes, 
which indicated that 12 edges of Cu2O cubes exposed Cu2O {110} facets. 
According to the results of scanning electron microscopy (SEM, Fig. 1e), 
in addition to the exposed {100} and {110} facets, there was the third 
kind of exposed facets on the eight vertexes of the Cu2O cubes. Since 
Cu2O belonged to the cubic syngony, and the Cu2O particles in the SEM 
and TEM images were uniform cubes, thus the vertex of Cu2O was 
exposed {111} facet. Based on the analysis above, pure Cu2O particles 
have been successfully synthesized, of which the morphologies are 
uniform cubes with side length of 140 nm, and exposed {100}, {110} 
and {111} facets (Fig. 1f). 

3.2. Self-oxidation or self-reduction 

Since the size of Cu2O cubes are about 140 nm, the size of Cu or CuO 
generated owing to the possible self-reduction or self-oxidation during 

photocatalytic H2 production will be smaller. Such a small Cu can be 
easily oxidized to CuO in air. Therefore, predictably, the off-line 
experiment exposed in air will seriously interfere with the understand
ing of the structural changes of Cu2O in photocatalytic H2 generation 
process. In order to avoid the interference of air, in-situ TEM analysis 
was employed. In-situ TEM instrument contains liquid cell chips and a 
modified TEM holder (Fig. 2). Light is introduced into the in-situ TEM 
system by modifying the TEM holder with an optical fiber through it 
(Fig. 2a-c). One end of the optical fiber is processed into a concave 
mirror, which focuses the light to the viewing window of the liquid cell 
chip. The liquid cell (Fig. 2d-e) is composed of top and bottom chip, 
between which a cavity with thickness of 200 nm is sealed to place the 
TEM sample. The small window in the center of the chip is a TEM 
viewing window (10 μm × 100 μm), through which the electron beam 
can image the sample. The viewing window is sealed by silicon nitride 
film about 10 nm thick. In this work, simulated reaction solution con
taining cuprous oxide (H2O:EtOH = 9:1) was injected into liquid cell 
chip by capillary tube and sealed (supplementary information, in-situ 
TEM section). 

As showed in Fig. 3a, Cu2O cubes were separated in the liquid cell. 
The SAED result (Fig. 3d) showed that the fresh Cu2O sample was a 
single crystal phase of Cu2O. The liquid cell with reaction solution sealed 
in it was then illuminated for 4 h. Due to the reducibility of the electron 
beam, the electron beam was blanked during illumination to avoid the 
influence of the electron beam on Cu2O except imaging. Within 4 h of 
illumination, the morphologies of Cu2O cubes were basically unchanged 
(Fig. 3a-c, g, h). However, diffraction spots of metal Cu gradually 

Fig. 1. (a) XRD pattern, (b) SEAD pattern, (c, d) TEM images, (e) SEM image, and (f) schematic diagram of Cu2O cubes.  
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appeared in the SAED patterns with the duration of illumination 
(Fig. 3b-f, i, j), which directly proved that Cu2O reduced to Cu. 

In the presence of aqueous solution, Cu2O is sensitive to electron 
irradiation dose. Therefore, in order to further observe the change of 
Cu2O self-reduction with different light shining time, we emptied the 

liquid in the liquid cell at certain time, and HRTEM characterization was 
performed on the local structure of Cu2O after light. As shown in Fig. 4, 
the morphologies of Cu2O cubes hardly changed within 1 h of illumi
nation. When the light lasted for 2 h, the surface of Cu2O gradually 
became rough, and Cu particles first appeared in the corner (Fig. 4b). 

Fig. 2. Modified TEM holder with an optical fiber through it: (a, c) schematic diagrams, (b) real photo, and liquid cell chip: (d) schematic diagram, (e) real photo.  

Fig. 3. In-situ TEM observation of Cu2O in photocatalytic H2 evolution process: (a, b, c, g, h) TEM images and (d, e, f, i, j) SAED patterns. (The stimulated reaction 
solution was a mixture of dispersion D sample and ethanol, where the ratio of ethanol to water by volume is 1:9. The light intensity at viewing window of liquid cell 
was about 120 mW/cm2. In order to avoid electron beam effect, beam was only turned on 0.1 s when acquiring images.). 
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When the illumination continued for 3 h, Cu on Cu2O surface spread 
from the corner to the edge of Cu2O cubes (Fig. 4c). 

In order to further verify the generation of Cu, we exposed the Cu2O 
with reaction solution to light for 4 h under the protection of inert at
mosphere, then injected AgNO3 solution into the system after turning off 
the light (supplementary information, qualitative and quantitative 
analysis of Cu2O self-reduction). The color of the simulated reaction 
solution after illumination changed from yellow to black rapidly, when 
AgNO3 solution was injected (Figure S2a-b). Both CuO and Cu2O are 
inert to AgNO3, whereas Cu can reduce Ag+ to Ag, of which the nano
particles are black. The change of reaction solution color indicates that 
Cu2O self-reduced to Cu in the process of photocatalytic hydrogen 
production. Owing to the limited observation area of TEM, the possi
bility of Cu2O self-oxidation could not be completely excluded according 
to above results. Electron paramagnetic resonance (EPR) test was con
ducted to explore whether self-oxidation occurred. As showed in 
Figure S2c, both the fresh Cu2O sample and the metal Cu have no EPR 
signal. For the CuO sample, EPR signal of Cu2+ was detected (g˔ = 2.07), 
[46] as the Cu2+ electron structure is [Ar]3d9 with a single electron. 
After the light was turned on, we sampled the simulated reaction solu
tion every 1 h. There was no EPR signal of Cu2+ in the simulated reaction 
solution during the 4 h illumination, which indicated that the 
self-oxidation of Cu2O did not occur in the process of photocatalytic 
hydrogen production. Interestingly, the EPR signal of Cu2+ appeared 
when air was pumped into the reaction solution after illumination, 
which indicated that the Cu self-reduced by Cu2O in photocatalytic 
hydrogen production could be oxidized by air, which proving that the 
in-situ observation of the dynamic change of the catalyst is necessary. 

3.3. How did self-reduction happen 

In order to understand the process of Cu2O self-reduction, the illu
minated Cu2O samples were treated by AgNO3 to avoid the oxidation of 
nano-copper in air. By measuring the ratio of Ag and Cu through atomic 

absorption spectroscopy (AAS) analysis (supplementary information, 
structural and quantitative analysis of Cu2O self-reduction), the self- 
reduction degree of Cu2O can be quantified. It was found that Cu2O 
quickly reduced under illumination (Fig. 5a), whereas self-reduction 
barely occurred in dark. Surprisingly, the self-reduction process of 
Cu2O was not continuously linear. It had an outbreak period from 2 h to 
3 h, and stopped when the amount of self-reduced Cu accounted for 4.7 
% of the total Cu content. 

The simulated reaction solution sampled the suspension during the 
outbreak period of Cu2O self-reduction (2 h light exposure). After 
AgNO3 treatment, TEM observation was carried out on the treated 
sample. By tilting the sample 20◦ and -20◦, three representative seg
ments of the Cu2O self-reduction were observed (Fig. 5b-d) and relative 
structure were identified (insert figure). At the early stage, Ag occupied 
8 top corners of the Cu2O cubes as shown in Fig. 5b. Subsequently, Ag 
not only occupied 8 top corners of the Cu2O cubes, but also gradually 
stretched towards the edge (Fig. 5c). At the end, in Fig. 5d we can see 
that Ag particles were distributed on the top corner, edge and facet of the 
Cu2O cubes. In order to further verify whether there was a temporal 
connection among these three segments, more TEM images and dark 
field images of Cu2O samples at the beginning, middle and end of self- 
reduction were obtained. When Cu2O self-reduction started 
(Figure S3), white spots represented Ag in dark field images mostly 
located at vertexes of Cu2O cubes. When the self-reduction of Cu2O 
entered the outbreak stage (Figure S4), the white bright spots in the dark 
field images gradually spread to the edges and facets Cu2O cubes. When 
the self-reduction of Cu2O reached saturated (Figure S5), Ag particles 
wrapped around Cu2O cubes. Ag permutation could only occur in the 
position where Cu was, so the position of Ag could refer to the position 
where Cu was generated by the self-reduction of Cu2O. Therefore, Cu2O 
self-reduction occur at the vertexes of Cu2O cubes first, then spreads to 
the edges, and finally occurs on the surfaces. According to the structure 
characterization of fresh Cu2O samples, the vertexes, edges and surfaces 
of Cu2O expose {111}, {110} and {100} crystal planes, respectively. 

Fig. 4. HRTEM images of Cu2O samples with different irradiated time: (a) 1 h, (b) 2 h, (c) 3 h, and schematic diagrams of (d) Cu2O structure change under 
irradiation. 
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Therefore, the reasonable priority order of Cu2O self-reduction is {111} 
> {110} > {100}. 

Cu2O self-reduction requires electrons. In order to explore the rea
sons of self-reduction priority on different exposed facets of Cu2O, the 
lowest unoccupied molecular orbit (LUMO) energy of {111}, {110} and 
{100} facets were calculated. As showed in Fig. 6, the order of LUMO 
energy of different facets followed {111} < {110} < {100}. Photogenic 
electrons tend to deposit on the crystal surface with low LUMO energy. 
Hence, the priority order of photogenic electron deposition on facets of 
Cu2O was {111} > {110} > {100}, which was consistent with the pri
ority order of Cu2O self-reduction. Considering a reduction reaction 
requires extra electrons, it was inferred that the accumulation of 
photogenic electrons on exposed facets of Cu2O was the driving force of 
Cu2O self-reduction. 

3.4. Whether self-reduction is positive or negative 

It was noted that the self-reduction process of Cu2O was not 
continuously linear. When the amount of reduced Cu accounted for 4.7 
% of the total Cu content, the self-reduction process stopped. If, as 
described in some literatures, [38,41] the formation of Cu would led to 
poisoning of Cu2O catalyst, the photocatalytic activity of Cu2O should 
remain constant when Cu2O self-reduction stopped. However, the ac
tivity of Cu2O in literatures [44,47,48] decreased gradually with the 
increase cycle runs of photocatalytic H2 evolution, which contradicted 
the saturation value in the self-reduction process of Cu2O. To explore the 
role of Cu2O self-reduction, photocatalytic H2 evolution performance on 
Cu2O was investigated. As shown in Fig. 7, Cu2O photocatalytic 
hydrogen production had an induction period of about 2 h. After 2 h, the 
hydrogen production rate raised quickly, and reached its maximum in 1 
h, then within left 21 h of the test, the hydrogen production rate of Cu2O 
almost kept constant. Surprisingly, the variation trend of hydrogen 
production rate with time was strikingly similar to the degree of Cu2O 
self-reduction (Fig. 7b and c). The time when Cu2O started to self-reduce 
coincided with the time when Cu2O started to produce hydrogen. After 
the Cu2O self-reduction stopped, the hydrogen production rate on the 
Cu2O catalyst remained constant, and the total amount of hydrogen 
production increased linearly with time. Therefore, we speculate that 
nano-Cu generated on Cu2O cubes are the active sites of photocatalytic 
hydrogen production. 

Similar to Au and Ag, Cu has been reported to have a localized sur
face plasmon resonance effect. [44,49,50] Plasmonic nanostructures 
support the formation of resonant surface plasmons in response to a 
photon flux, localizing electromagnetic energy close to their surfaces. 
The interaction of localized electric fields with the neighboring semi
conductor allows for the selective formation of electron/hole pairs in the 
near-surface region of the semiconductor [51–54]. Moreover, irradi
ating metal nanoparticles near their plasmon resonance frequency can 
generate intense local electric fields near the surface of the 

Fig. 5. (a) Quantitative results of Cu2O self-reduction, scanning transmission electron microscope (STEM) images of reduced Cu2O in outbreak period: (b) Ag located 
on 8 vertexes of Cu2O cubes, (c) Ag located on both vertexes and edges of Cu2O cubes, (d) Ag located on vertexes, edges and surfaces of Cu2O cubes. All the STEM 
images were obtained after AgNO3 treatment. Therefore, the positions of Ag were where Cu2O self-reduced to Cu. 

Fig. 6. LUMO energy of Cu2O crystal planes.  
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nanoparticles. The electric field intensity of local plasmonic “hot spots” 
is much higher than the incident electric field, and thus, the 
electron-hole pair generation rate is accelerated [55–57]. Based on 
previous reports, a possible explanation for the role of Cu2O 
self-reduction in photocatalytic hydrogen production was proposed. 
When Cu2O is illuminated in an anaerobic environment, it was excited 
and generated photogenic electron-holes on its surface. The holes are 
consumed by the ethanol sacrifice agent in the reaction solution, 
whereas the photogenic electrons which cannot be consumed in the 
anaerobic environment were accumulated. Driven by the accumulation 
of photogenic electrons, Cu2O was self-reduced to form nano-Cu. The 
newly generated nano-Cu further accelerates Cu2O reduction due to its 
localized surface plasmon resonance effect, which is also the possible 
reason for the outbreak period of Cu2O self-reduction. With the growth 
of Cu nano-particles, the tendency of photoelectron reducing Cu2O 
decreased gradually. When Cu2O self-reduction reaches saturation, 

photoelectron generation mainly participates in hydrogen generation 
reaction. 

Considering that in the previous EPR experiment, it has been proved 
that Cu self-reduced by Cu2O would be oxidized to CuO when it was 
exposed in air. If Cu could actually accelerate the generation of H2, when 
oxygen was introduced, the activity of catalyst would be reduced. To 
verify the hypothesis mentioned above, we treated Cu2O catalyst with 
different atmosphere in the photocatalytic hydrogen production cycle 
test. As shown in Fig. 8a, the activity of Ar protected Cu2O catalyst 
remained consistent in the three H2 evolution cycles. In the first cycle, 
there was a 2 h induction period of photocatalytic hydrogen production 
reaction, and the induction period was obviously shortened in the sec
ond and third cycles. It is speculated that Cu has been generated on the 
surface of Cu2O in the first cycle, and the rate of H2 production rate is 
accelerated throughout the second and third cycles. On the contrary, 
when the reaction solution containing Cu2O was pretreated with air 
before the second and third cycles, the hydrogen production activity of 
the Cu2O catalyst decreases, and induction period existed in each cycle 
test. In addition, EPR signal of Cu2+ (g˔ = 2.07) [46] was detected in 
curve of the Cu2O catalyst treated by air after 3 photocatalytic H2 evo
lution cycles, whereas no EPR signal of Cu2+ was found in Ar protected 
Cu2O catalyst (Fig. 8b). It is further verified that Cu self-reduced by 
Cu2O is beneficial to photocatalytic hydrogen production. The catalyst 
exposure in air will lead to the oxidation of Cu, which was harmful to the 
photocatalytic hydrogen production on Cu2O catalyst. 

4. Conclusions 

In this work, the in-situ formation of active site on Cu2O catalyst 
under stimuli of light irradiation was observed through liquid cell TEM 
with light induced. Cu2O cubes self-reduced to nano-Cu during photo
catalytic H2 evolution, and the sequence of self-reduction occurred on 
Cu2O exposed facets followed {111} > {110} > {100}. The accumula
tion of photogenic electrons was supposed to be the driving force of 
Cu2O self-reduction. The variation trend of hydrogen production rate 
with time was highly matched with the degree of nano-Cu formation, 
which indicated nano-Cu generated by self-reduction were the photo
catalytic active sites. The localized surface plasmon resonance effect of 
Cu nanoparticles was considered to be the reason of excellent activity of 
Cu2O catalysts. When exposed to air and the nano-copper oxidized, 
catalyst no longer have catalytic activity, which further confirmed the 
in-situ formed nano-Cu was the active site of reaction. 
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