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Figure 1. Crystal structure of Pt and SrTiOs.
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Figure 2. Schematics of a PLD apparatus equipped with a sputtering gun.
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Figure 3. X-ray diffraction patterns of Pt films fabricated on STO(100) substrates.
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Figure 4. RHEED patterns of Pt films fabricated on Figure 5. Schematics of a 2-D poly crystal and a reciprocal
STO(100). Ts=400 0O . lattice.
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Figure 6. Phase boundary and corresponding RHEED Table 1. Preferred orientation, surface structure and
patterns a Pt film grown at 700 O . morphology on growth temperatures.
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Abstract

O The shape and size controlled hierarchical Cu,O with reduced graphene oxide (rGO) interface by facial one
pot, electrostatic and self-assembly followed by low temperature synthesised successfully. The schematic Cu (11)-
complexation followed by reduction and self-aggregation into growth of hierarchical structure, and influence of rGO
hybrids were evaluated systematically. Resulting hybrid nanostructured catalyst exhibits excellent photocatalytic for
both H, production and 4-chlorophenol (4CP) oxidation reactions under visible light. The introduction of trace amount
of rGO with hierarchical Cu,O significantly improved the photocatalytic H, production efficiency of 30.72 pmol. g*.h™
compared with hierarchical Cu,O (i.e. 8.10 umol. g*.h™), corresponding apparent quantum efficiency of 1.35% for
Cu,0, and 2.29 % for Cu,0/rGO, and 4CP removal efficiency was 1.3 times higher when incorporation with rGO.
The higher photocatalytic activity further explored by particle sizes, surface area, band structure, alignment, x-ray
photoelectron spectroscopy (XPS) valence band (VB), conduction band (CB) maximum were determined by valence

band XP spectra.

1. INTRODUCTION

O The global energy crisis caused by using fossil fuels has attracted research in environmentally friendly renewable
resources’. The utilisation of solar energy is a favourable alternative to combat global energy and environmental
concerns®. Metal oxide semiconductors have exploitable properties, as they have narrow bandgaps and favourable
positioning of conduction and valence bands, which efficiently separate electron hole-pair recombination®. Copper oxide
is an abundant and low-cost p-type semiconductor with band gap ~2.17 eV and optical band gap 2.62 eV*, which is very
favourable overall photocatalytic water splitting to produce H, upon visible light (\<600 nm)°.

O Therefore, different structural modifications of Cu,O have been investigated to overcome such limitations. There has
been growing interest graphene is a 2-dimensional monolayer of sp® hybridised carbon atoms, which has gained interest
since its founding in 2004° as it has excellent physical and chemical properties’. Reduced graphene oxide (rGO) possess
reaction oxygen-containing groups so it can be used as effective support, as it can conjugate with semiconductors to
form hybrid semiconductors with superior photocatalytic properties®. The influence of electron accepting and trapping
2D carbonaceous support, such as graphene, reduced graphene oxide (rGO) sheet with narrow band gap ~2.4 eV(Cu,0),
enhanced the charge separation and migration between Cu,O to rGO, flexible conducting networks will be expected
higher the Cu,O catalytic performances, and rGO act as a protective layer of Cu,0, improved the overall stability’.

O Here, we have developed new method for synthesis of hierarchical Cu,O nanospheres (~450 nm and ~50 nm subunits)
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and well controlled Cu,0/rGO (~300 nm and ~20 nm subunits) hybrid via facile one-pot facial low hydrothermal
method. The fabricated hybrid photocatalysts have excellent H, production activity, 4CP model organic pollutant

oxidation and photoelectrochemical properties.

2. EXPERIMENTAL

2.1. Synthesis of Cu,O /rGO

O A dahlia flower like Cu,0O/rGO catalyst was synthesised by simple solution phase ambient conditions. Typically,
synthesised (our previous method)™ GO (2 mg) ultra-sonicated 30 min, than mixture of 50 mL of 0. 2 M copper
chloride, 5 mL of 0.06 M PEG-600 with 10mL water added to GO dispersion and ultra-sonicated for 10 min followed by
stirring continuously at 600 rpm at 60 °C for 30 min, resulting in a deep blue solution. In a separate measuring cylinder,
2 M NaOH (8 mL) first added into the above solution followed by 1M hydrazine monohydrate (H,N,.H,0) (1mL with
5mL D.l. water) added dropwise stirring continued for additional 5 min. Then the reaction mixtures transferred to 20
mL cold water in a multi-neck flask and N, purge for 30 min to let formation of Cu,O (brownish-yellow solids). Further
Cu,0 solids washed with H,0 followed by ethanol wash to make sure any residual PEG, finally the obtained solids in a

container vacuum dried for 24h and stored in desiccator.

2.2. Physicochemical Characterization

O Photophysical properties of the four catalysts were characterized by bulk and surface analytical methods. Powder
X-ray diffraction (PXRD) was performed using a Rigaku Ultima IV diffractometer with Cu K, radiation at 40 k\//40
mA with a step size of 0.02°. Band gaps (Eg) were calculated by diffuse reflectance UV-Vis spectroscopy (DRUVS) on
a Shimadzu UV-2450 spectrophotometer equipped with an ISR-2200 integrating sphere. High Resolution Transmission
electron microscopy (HRTEM) imaging was conducted using a JEOL JEM-2100HCKM instrument, and field emission
scanning electron microscopy (FE-SEM) imaging on a ZEISS ULTRA™ 55 instrument. X-ray photoelectron spectra
(XPS) were collected on an ULVAC-PHI ESCA 5800 spectrometer using a monochromated Al K, X-ray source
operated at 200 W. Energy referencing was performed using the C 1s peak for adventitious carbon set to 284.6 eV, and

peak fitting was undertaken using Casa XPS Version 2.3.16.

2.3. Photocatalytic H, evolution

0 Photocatalytic H, production was performed using hierarchical Cu,0 and Cu,O/rGO photocatalysts in a sealed quartz
photoreactor (384 mL volume) with a 200 W Hg-Xe arc lamp (Oriel Instruments 66002) and 420 nm cut-off filter to
remove UV light. Catalysts (20 mg) were dispersed in 45 mL water with 5mL methanol as a sacrificial hole scavenger
and sonication for 5 min to obtain a uniform distribution. The photoreactor was then purged with He for 1 h in the
dark to remove dissolved oxygen, prior to visible light irradiation. Aliquots of gas from the reactor headspace were
periodically withdrawn during irradiation using a 1 mL gas syringe and injected into a Shimadzu Tracera GC-2010 Plus

gas chromatography.

2.4. 4-CP photocatalytic degradation

0 Photocatalytic 4-CP degradation was performed in a sealed quartz photoreactor (260 mL) using a 200 W Hg-Xe arc
lamp with 420 nm cut-off filter. Catalyst (20 mg) was dispersed in 50 mL of 7.78 x 10° M aqueous 4-CP solution by
7 min ultrasonication in the dark and stirred for a subsequent 120 min in the dark to equilibrate molecular adsorption.

Aliquots (1 mL) were periodically withdraw from the reaction mixture for HPLC using Agilent Zorbax Eclipse plus C18
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column was employed at 35 °C using 1 mL/min of a 30 vol% acetonitrile/70 vol% water (HPLC grade) mobile phase,

and 280 nm detection.

3. RESULTS AND DISCUSSION

3.1. Structure, photophysical and electronic properties

O The morphologies of hierarchical Cu,O and the Cu,0/rGO nanocomposite were examined by SEM and TEM (Figures
1-2). The pure Cu,0 comprised ~400-500 nm aggregates of spherical Cu,0 nanoparticles (mean size ~50 nm) in good
agreement with SEM images (Figures 1). Corresponding TEM images of the hierarchical Cu,0/rGO nanocomposite
also present semi-transparent graphene oxide sheets that exhibit folds and wrinkles (Figure 2a-d) which are in intimate
contact with the Cu,O aggregates possibly driven by electrostatic interactions arising from reduction of the parent
graphene oxide™. Cu,O aggregates and individual particles in the nanocomposite were slightly smaller than those of the

free hierarchical Cu,0, being 250-400 nm (Figure 2a inset) and 15-30 nm (Figure 2c inset) respectively.

Figure 1. (a-b) SEM images of Pompon Dahlia-like hierarchical Cu,0O, (c-d) Cu,0/rGO nanocomposite.

Figure 2. (a-b) TEM
images of Pompon Dahlia-
like hierarchical Cu,O/rGO
nanocomposite. Insets show
particle size distributions (a)
for the aggregates and (b) a
corresponding SEM image.
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O Phase analysis by XRD confirmed the exclusive formation of crystalline Cu,0O (Figure 3a) in the hierarchical Cu,O
and Cu,O/rGO nanocomposite, indicated by peaks at 20=29.56°, 36.41°, 42.31°, 61.36°, and 73.50° associated with
characteristic (110), (111), (200), (220), (311), and (222) reflections of pure Cu,O phase (JCPDS 03-0898)" . The
absence of reduced graphene oxide reflections ~25° peaks is ascribed to its very low concentration (<1 wt%) in the
nanocomposite™. Volume-averaged crystallite sizes calculated from the Scherrer equation reveal similar (15 nm) Cu,O
nanoparticles for both materials, suggesting the rGO matrix exerts little impact on the precipitation and reduction of
the copper precursor. Textural properties of the hierarchical Cu,O and Cu,O/rGO nanocomposite revealed identical,
low BET surface areas of 13 m°.g™ (Table 1) comparable to those previously reported for single crystal Cu,0-rGO
composites™. Optical absorption properties of the two materials were studied by DRUVS (Figure 3b); although both
exhibited broad absorbances between 200-600 nm consistent with literature reports****, the band edge of the Cu,0/rGO

nanocomposite was red-shifted.

Table 1. Photophysical properties of Pompon Dahlia-like hierarchical Cu,O and Cu,0/rGO nanocomposite.

Crystallite Particle size”/ | BET surface | BJH mesopore d CB edge
Sample o e, 2 1 104 | Band gap / eV e
size” / nm nm area’/ m°.g volume/ cm* potential” / eV
Hierarchical
15.3 400-500 13 0.064 2.42 -1.28
Cu,0
Hierarchical
14.7 250-400 13 0.054 2.13 -1.31
Cu,0/rGO
*XRD, "TEM. °N, porosimetry. “DRUVS. “Calculated from valence band XPS and DRUVS.
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Figure 3. (a) XRD patterns, (b) DRUV spectra of Pompon Dahlia-like hierarchical Cu,O and Cu,0/rGO nanocomposite.

0 Band energies were investigated by valence band XPS (Figure 4a-c); the VB potential maxima of hierarchical Cu,0O
and the Cu,0/rGO nanocomposite were +1.14 eV and +0.82 eV respectively, and corresponding CB minima edges
(derived from the optical band gap and valence band XP spectra) were -1.28 eV and -1.31 eV for Cu,0-hs/rGO-s. The

CB minimum is therefore unaffected by formation of the Cu,O/rGO heterojunction, albeit more negative than previous



reports'®, and in both cases much greater than required for photocatalytic hydrogen production from water (O 0.65 eV

at pH 7)".
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Figure 4. Valence band XP spectra of Pompon Dahlia-like hierarchical Cu,0 and Cu,O/rGO nanocomposite.

O The surface copper oxidation state was quantified from high resolution Cu 2p XP spectra (Figure 5a), with the
hierarchical Cu,0 and Cu,O/rGO nanocomposite dominated by spin-orbit split doublets with 2p,, binding energies of
932.2 eV and 934.4 eV indicative of Cu,O and Cu(Il) carbonate dihydroxide respectively, and a weak shake-up satellite
at 943.4 eV associated with Cu(ll) species. The absence of Cu(ll) XRD features suggests that Cu,(OH),CO; arises from
the post-synthetic reaction of Cu,O nanoparticle surfaces with the surrounding atmosphere®®. Spectral fitting reveals

that the surfaces of both hierarchical materials predominantly comprise Cu,O (Table 2) with that of the nanocomposite

somewhat enriched (88 % versus 79 %).

Table 2. Fitted Cu 2p XP spectra Pompon Dahlia-like hierarchical Cu,O and Cu,0/rGO nanocomposite.

Catalyst Cu(l) atom % | Cu (1) atom % | Cu(l):Cu(ll)
Hierarchical
78.8 21.2 3.72
Cu,O
Hierarchical
88.5 11.5 7.70
Cu,0/rGO

Table 3. Fitted C 1s XP spectra of Pompon Dahlia-like hierarchical Cu,0 and Cu,0/rGO nanocomposite.

Catalyst (C-O) /% (C=0)/% (-0-C=0) /%
Hierarchical
40.8 32.3 26.9
Cu,0
Hierarchical
42.7 27.3 30.0
Cu,0/rGO
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Figure 5. (a) Cu 2p and (b) corresponding C 1s XP spectra of Cu,O and Figure 6. O 1s XP spectra of Pompon
Cu,O/rGO nanocomposite. Dahlia-like hierarchical Cu,O and

Cu,0/rGO nanocomposite.

0 Corresponding C 1s XP spectra revealed almost identical distributions of three distinct chemical environments for
both hierarchical materials at 284.6, 286.2, and 288.3 eV (Figure 5b), respectively assigned to the alcohol and ether
functions of PEG and surface carbonate®™ *°.

A small increase in the sp” carbon environment was observed for the Cu,0/rGO nanocomposite consistent with graphene
incorporation (Table 3)*. O 1s spectra were consistent with these assignments, exhibiting three distinct chemical
environments at 531.4, 533.4, and 535.8 eV arising from Cu,O, carbonate, and PEG ether species (Figure 6), with an
enhanced Cu,O contribution for the nanocomposite consistent with a higher Cu(l):Cu(ll) atomic ratio and less surface

carbonate.

3.2. Photocatalytic H2 production
[0 The photocatalytic activity of the hierarchical Cu,0 and Cu,0/rGO nanocomposite for H, evolution by water splitting
was assessed under visible light irradiation in the presence of methanol as a sacrificial hole scavenger (Figure 7a-b). No

evolved oxygen was observed for either catalyst. Hydrogen productivities of 18.10 pmol.g™.h™ and 30.72 umol.g™.h™*
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Figure 7. Visible light photocatalytic H, production over Pompon Dahlia-like hierarchical Cu,0 and Cu,0/rGO
nanocomposite. Reaction conditions: 0.02 g catalyst, 200 W Hg-Xe (A>420 nm).
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were measured for the hierarchical Cu,0 and Cu,0/rGO nanocomposite respectively. Interfacing the Cu,O
semiconductor with rGO nanosheets to form a heterojunction almost doubles the specific activity, consistent with the

narrow band gap (greater visible light absorption) and superior charge carrier lifetimes of the nanocomposite®.

3.3. Photocatalytic 4-CP removal

0 Visible light photocatalytic degradation of 4-CP was subsequently studied over the Pompon Dahlia-like hierarchical
Cu,0 and Cu,0/rGO nanocomposite for the initial rates and A.Q.E. for 4-CP removal (Figure 8a-b). Initial rates and
A.Q.E. for 4-CP removal by the nanocomposite were slightly higher than for the hierarchical Cu,O aggregates (0.18
versus 0.16 mmol.g™.min*, and 7.84 versus 6.94 % respectively). Removal efficiency (i.e. conversion) of 4-CP reached
95 % for hierarchical Cu,0/rGO after 60 min reaction, compared with 73 % for the Cu,O aggregates alone, and only 28
% by photolysis in the absence of any catalyst. Since photogenerated holes in the nanocomposite have a lower oxidation
potential (less +ve VB maximum) its superior performance for 4-CP degradation must reflect faster charge transfer

kinetics from Cu,O to the adsorbed molecule®; the oxidation potential of 4-CP is ~+0.6-0.8 eV at neutral pH**.
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Figure 8. Visible light photocatalytic 4-CP degradation over Pompon Dahlia-like hierarchical Cu,O and Cu,0/rGO
nanocomposite: (a) initial rates of 4-CP removal and (b) corresponding apparent quantum efficiencies after 15 min reaction.

4. CONCLUSIONS

O A hierarchal Cu,0/rGO nanocomposite was fabricated by electrostatic self-assembly and subsequent low
temperature hydrothermal processing. The resulting nanocomposite comprised 300-500 nm aggregates of 15-30 nm
Cu,O nanocrystals arranged in a Pompom Dahlia (flower)-like structure, in contact with X % of rGO nanosheets.
This architecture offers excellent transfer rates and separation of visible light photogenerated charge carriers across
the semiconductor-carbon interface, resulting in high activity for photocatalytic H, production from water, and 4-CP
degradation predominantly to (low toxicity) fumaric acid, without recourse to precious metal co-catalysts. Unique
photophysical properties offered by such hierarchical Cu,0/rGO nanocomposites may provide a low-cost approach to
solar fuels and chemical (via CO, reduction) production, and the environmental remediation of recalcitrant wastewater

pollutants.
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Figure 1. (a) Photograph for poly(BA-r-HEA) and (b) frequency dependence of storage (G') and loss moduli (G") for
poly(BA-r-HEA) at a strain amplitude of 1.0 %.
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