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Highlights 

 A stable and affordable Z-scheme heterostructure between reduced titania and Cu2O with 

beneficial photocatalytic features is synthesized. 

 The role of reduced titania in the formation of effective and stable geometrical 

configuration at the Z-scheme heterostructure interface is well explored. 

 The effect of titania reduction degree over the performance of the Z-scheme heterostructure 

is studied. 

 Dynamic charge transfer within the Z-scheme photocatalyst and its consequent effects over 

Cu2O oxidation states are analysed in detail. 

 The underlying mechanism for stable photocatalytic conversion of CO2 and H2O to CH4 

by the Z-scheme photocatalyst is elucidated.   

 

Abstract 

 

Photocatalytic conversion of CO2 and water vapor to hydrocarbon fuels is a promising 

approach for storing solar energy while reducing greenhouse gas emissions. However, still certain 

issues including low product yields, limited photocatalyst stability and relatively high cost have 

hampered practical implementation of this technology. In the present work a unique strategy is 

adopted to synthesize a stable, and inexpensive photocatalyst comprised of earth-abundant 

materials: a reduced titania-Cu2O Z-scheme heterostructure. Under illumination for 6 hours, the 

optimized reduced titania-Cu2O photocatalyst enables 0.13% photoreduction of highly diluted CO2 

with water vapors to 462 nmol g
−1 of CH4 while showing excellent stability over seven testing 

cycles (42 h). Our studies show the Z-scheme inhibits Cu2O photocorrosion, while its synergistic 
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effects with reduced titania result in sustained CH4 formation in continuous flow photoreactor. To 

the best of our knowledge stability exhibited by the reduced titania-Cu2O Z-scheme is the highest 

for any Cu-based photocatalyst.   

 

Keywords 

Reduced titania; Oxygen vacancy; Photocatalysis; Z-scheme heterostructure; Copper oxide. 

Abbreviations 

RT, Reduced titania; Vo, Oxygen Vacancies; IFCT, interfacial charge transfer.  

 

1. Introduction 

Unwanted climate change is driving a global shift towards renewable energy sources [1,2].  

Solar-driven conversion of CO2 to fuel, particularly a fuel compatible with the current energy 

infrastructure, is a technology promising in its potential ability to resolve the interlinked issues of 

satisfying energy demand while minimizing deleterious environmental impacts [3,4].  

Photocatalytic CO2 reduction, relative to its peers i.e. thermo-catalytic, can enable a 

thermodynamic uphill reaction to occur even under ambient, non-concentrated sunlight [5].  

However while such a technology is immensely intriguing, and desirable, offering the ability to 

store and transport solar energy in the form of liquid or gas-phase fuel, a commercially enabling 

photocatalyst (low cost, stable, highly-efficient, etc.) has yet to be achieved [6] due to inherent 

limitations with the photocatalyst such as rapid (unwanted) charge recombination, limited solar 

spectrum response, and stability [3,7,8].  It is well established that reduced titania (RT), due to the 

inherent defect states (Ti3+ states and oxygen vacancies Vo), along with the use of metal co-
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catalysts may substantially overcome such limitations to viably convert CO2 to useful 

chemicals/fuels [9,10].  However literature indicates that precise control of defect state density is 

critical to achieving a high performance photocatalyst [11], and difficult to do without high 

temperature reduction processes [12]. Further, combining RT with noble metal based co-catalysts 

notable for promoting photocatalyst activity, e.g. Pt, Au, Ag, Rh, and Pd, results in a relatively 

expensive photocatalyst [13,14] not amenable to large scale implementation. However this concern 

can be allayed by the fabrication of photocatalyst comprised of RT, synthesized under mild 

conditions, with non-noble metals i.e. copper oxides CuO/Cu2O [15,16] active in response to 

visible-spectrum illumination.  

The behavior of Cu/CuO/Cu2O based photocatalysts is well documented in the literatures 

[16,17].  For photocatalytic CO2 reduction the most agreeable oxidation state (+1) is possessed by 

Cu2O [18].  With a band gap of ~2.0-2.2 eV and highly energetic conduction band (i.e. -1.27 eV), 

Cu2O suffers from photocorrosion owing to the limited water oxidation capability of its holes; 

holes accumulate on the material surface and there oxidize Cu2O since its oxidation potential lies 

within its band gap [16,19]. However, stability can be maintained by the formation of a TiO2-Cu2O 

direct Z-scheme heterostructure. Upon illumination, electrons from the TiO2 conduction band (CB) 

scavenge holes from Cu2O while preserving the strongly reductive electrons on the CB of Cu2O 

[20–22]. Similarly, strong oxidative holes present at the TiO2 valence band (VB) are also 

preserved, and a spatial charge separation is achieved across the TiO2-Cu2O interface. Such charge 

separation, achieved by virtue of neutralizing the holes from Cu2O, assures the sustained supply 

of these preserved photo-generated charges (e-/h+) for photocatalytic CO2 reduction [23].  

It has been admitted that geometrical configurations by which both photocatalysts of the Z-scheme 

are attached to each other play a pivotal role in determining the activity [24]. Generally, a large 
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interfacial contact for such structures is highly desirable to garner more benefits [25]. To date 

various Cu based Z-scheme heterostructure symmetries have been fabricated which include; (i) 

surface deposited heterostructures, (ii) core-shell heterostructures and (iii) Janus-like systems 

[21,25,26]. Surface decorated systems despite their beneficial properties may corrode owing to 

exposure of interface to ambient environment which can be avoided by developing core-shell 

structure. In the core-shell structure, shell protects the core and interface from corrosion, however 

in such arrangement electrons/holes accumulated on masked core are unable to participate in 

photocatalytic reaction directly [27]. For curbing such constraints a configuration, which is capable 

of abating corrosion of the interface, with exposed surfaces of the both catalysts may surely prove 

conducive, interestingly Janus-like structure has the former feature but possessing later one is 

challenging for them [25].  

To the best of our knowledge few studies exist related to synthesis of ZnO-Cu2O heterostructure 

with exposed photocatalyst surfaces however, they lack insights into maintaining the stability 

[28,29]. Motivated from this, herein we synthesize, characterize, and test a Z-scheme 

heterostructured photocatalyst of reduced titania and Cu2O, abbreviated as RT-Cu2O, by a unique 

synthesis approach. We envision the disorder shell present over the periphery of RT paves the way 

for the formation well defined RT-Cu2O interface.  The synthesis strategy is based upon a low 

temperature thermochemical reduction of TiO2 followed by photo-deposition of Cu2O 

nanoparticles. The simple synthesis steps intrinsic to the RT-Cu2O Z-scheme heterostructure, 

which employ moderate reduction conditions for titania and relatively inexpensive precursors, 

result in relatively cost-affordable photocatalyst that demonstrates excellent sustained operational 

stability.   
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2. Experimental 

2.1. Materials and preparation methods 

2.1.1. Synthesis of reduced titania nanoparticles  

Optimally reduced titania nanoparticles, named as RT,  were synthesized by adopting a 

previously reported procedure [11]. In brief, P25 (200 mg) and NaBH4 (98%), procured from 

Degussa and Alfa Aesar respectively, were shear mixed using a mortar and pestle. The resultant 

mixture was reduced under Argon atmosphere in quartz tube furnace at 350 °C for 30 minutes. 

The reduced mixture was then washed five times with an ample amount of deionized (DI) water 

and ethanol, followed by drying of washed RT nanoparticles in vacuum oven at 90 °C for 12 h. In 

similar fashion, slightly reduced (RTs) and highly reduced titania (RTh), by adding 20 and 40 mg 

of NaBH4 respectively, were prepared and their photocatalytic performance was evaluated against 

the optimized RT sample.      

 

2.1.2. Synthesis of Cu decorated RT nanoparticles  

The as-prepared RT nanoparticles (100 mg) were mixed in different volumes (ml) of 

CuSO4·5H2O (Alfa Aesar 99%) standard solution (concentration of 1 mg/ml) following the 

method of [9]. Later, 5 ml of methanol and makeup DI water were added to above mixture to make 

a final volume of 25 ml. After mixing for 1 h under dark, the suspension was irradiated for 2 h by 

a 300 W Xe lamp (Newport), 1 Sun condition, resulting in photo-deposition of Cu upon the RT.  

A schematic drawing of the synthesis procedure is shown in Fig. S1. The final product was washed 

with DI water and dried under vacuum at 90 °C for 12 h. A number of samples were prepared in 

which the Cu content varied, using different volumes of the CuSO4·5H2O standard solution. The 

resultant samples were designated as RT-Cux, (where x represents the weight percentage of the Cu 
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for various values of x = 0.25, 0.50, 0.60, 0.75, 0.90 and 1.00 wt.%). The term RT-Cux is utilized 

for representing effect of amount of Cu loading on various photocatalytic properties, while RT-

Cu2O is a general terminology representing the Z-scheme formed among RT and Cu2O after Cu 

loading. Following the described procedure, the control samples P25- Cu0.75, RTs- Cu0.75 and RTh-

Cu0.75, were also synthesized. Cu2O (Sigma Aldrich, 99%) was utilized as a standard for 

characterization with RT-Cu2O. 

2.2. Characterization methods 

X-ray diffraction patterns were acquired using a PANalytical, Empyrean X-ray diffractometer with 

Cu kα radiation (λ = 1.54 Å) working at applied voltage and current of 40 kV and 30 mA, 

respectively. Elemental mapping and lattice fringe dimensions were recorded by field emission 

transmission electron microscopy (FE-TEM), Hitachi HF-3300 at 300 kV. Light absorption 

properties, in the range of λ = 200-800 nm, were determined by a Cary series UV-visible near 

infrared spectrophotometer equipped with an integrating sphere accessory providing UV-visible 

diffuse reflectance spectra (UV-vis DRS). Photoluminescence (PL) spectroscopy was performed 

with a Cary Eclipse fluorescence spectrophotometer (excitation λ = 320 nm). The Ti 2p, O 1s, and 

Cu 2p spectra were recorded using a Thermo VG, K-alpha using Al Kα line as the X-ray source in 

X-ray photoelectron spectroscopy (XPS). A Jeol-FA100 spectrometer was used at 100 K for 

recording the electron paramagnetic resonance (EPR) spectrum. Fourier-transform infrared (FTIR) 

analysis of pressed powder samples prepared in KBr was performed using a Thermo Scientific 

Nicolet Continuum spectrometer. Time-resolved PL measurements were performed using a home-

built optical microscope system at room-temperature. The sample was excited by a pico-second 

pulsed diode laser (PicoQuant, LDH-P-FA-355) with a 355 nm wavelength (FWHM = 56 ps) and 

Jo
ur

na
l P

re
-p

ro
of



 8 

repetition rate of 40 MHz. The excitation source was focused from 40× (NA = 0.6) objective 

(Nikon).  

2.3. Photocatalytic testing 

The experiments for photocatalytic CO2 reduction in the presence of water vapor were 

performed under ambient conditions in a flow photoreactor, shown in Fig. 1 [30]. Briefly, 40 mg 

of photocatalyst was uniformly distributed over a porous ceramic disc placed inside a gas tight 

stainless steel photoreactor equipped with manually controlled gas inlet and outlet valves. Gas 

flow, controlled by a mass flow controller, was passed through a water bubbler for saturation 

resulting in ‘moist’ CO2. Prior to each experiment the photoreactor was preconditioned three times 

with purging and evacuation (6.5 x 10-3 torr) by moist CO2, at a flow rate of 40 ml/min. After 

purging the flow rate was adjusted to 1.0 ml/min, and the photocatalytic CO2 experiment was 

carried out under simulated solar light illumination (1 Sun), provided by100 W solar simulator 

(Oriel, LCS-100) with an AM 1.5 filter. Photoreactions were monitored by an online gas 

chromatograph (Shimadzu, GC-2014, Restek-Rt-Q-bond column, length = 30 m and ID = 0.53 

mm) with a flame ionization detector (FID) and He carrier gas. While for H2 detection molecular 

sieve column (5A, G3591-7003 2 m x 1/8 inch, 2 mm SS packed) with Ar as carrier gas was used 

in Agilent (7890B) GC. The GC was programmed to analyze products from the photoreactor 

through an automated gas sampling valve every 0.5 h. Each catalyst was tested for 6 h, then 

regenerated through vacuum annealing at 100 °C for 2 h in accord with previous reports [9]. The 

stability of the optimized photocatalyst was determined by performing repeated CO2 

photoreduction experiments after regeneration. 

Jo
ur

na
l P

re
-p

ro
of



 9 

 

 

 

 

 

 

Fig. 1 Schematic illustration of the experimental setup for photocatalytic CO2 reduction. 

 

An isotopic labeling experiment was performed with 13CO2 (Aldrich, 13C 99% and 1000 

ppm in He) to fix the carbon source responsible for hydrocarbon generation. The resultant 13CH4 

was identified by GC-MS (Shimadzu, GC–MS-QP2010 ultra; Restek-Rt-Q-bond column, length 

= 30 m and ID = 0.32 mm). Three other control experiments were performed to confirm the validity 

of our results, one without the presence of a photocatalyst and second under dark and last one after 

replacing the feed gas mixture (1000 ppm 12CO2 in He) with pure He. Identical conditions for 

testing and analysis were constantly maintained except for the isotopic, CO and H2 detection 

experiments conducted in a batch reactor with products analyzed at 1 h increments.   

 

3. Results and Discussions 
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Fig. 2. (a-c) HR-TEM images of a RT-Cu0.75 sample in which the inter-planar spacing of TiO2, 

Cu2O and CuO are observed.   

X-ray diffraction (XRD) patterns obtained for P25, RT and various RT-Cux samples are 

shown in Fig. S2. It is obvious that no significant change appears in the TiO2 crystalline phases 

with all samples displaying prominent peaks of both anatase and rutile phases, being thus 

composed of mixed crystalline phase after thermochemical reduction and Cu photo-deposition 

[31]. The XRD peaks corresponding to Cu are not observable, presumably due to their low 

concentration [32]. However, the presence of Cu is confirmed by employing TEM-based elemental 

mapping, Fig. S3. The high resolution transmission electron microscopy (HR-TEM) images for a 

representative RT-Cu0.75 sample, Fig. 2(a-c), exhibits a clear depiction of lattice fringes with inter-

planar spacing of 0.35 nm and 0.33 nm, which are ascribed to the (101) and (110) planes of anatase 

and rutile TiO2, respectively [33]. The outer shell of the crystalline TiO2 (Fig. 2a) looks to be 

amorphous as pointed by white arrows, which is attributed to the defects induced by the reduction 

process [11]. Such phase disordering within the shell region is further supported by Raman shift 

towards a higher wavenumber as well as peak broadening of the RT sample, shown in the inset of 

Fig. S4 [34]. The lattice spacing of 0.21 nm and 0.23 nm (Fig. 2c) correspond to the Cu2O (101) 

and CuO (111) planes, respectively [35,36]. These copper oxides form an apparent and 
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distinguishable interfacial contact with the TiO2, as indicated by the dashed yellow lines, after 

which it is challenging to detect the defected shell [29]. This interface is formed along the 

circumference of the crystalline core where trapped photogenerated electrons in the shell attract 

and then reduce the Cu ions during photodeposition process [25]. As a result, formed interface at 

the shell resists its oxidation due to enriched electron density and also, it endows crystalline core 

to exhibit its optical and catalytic features. We envisage these remarkable features may give it the 

potential to fix the challenges faced by different geometrical arrangements. 

 

Fig. 3. (a) UV-vis DRS spectra for P25, RT, and various RT-Cux samples, and (b) energy band 

diagrams for P25, RT and Cu2O. 

Fig. 3a shows the UV–vis diffuse reflectance spectra of P25, RT, and various RT-Cux 

samples. As compared to P25, RT samples exhibit a red shift in absorbance with a significant 

increase in absorption intensity in the visible range. This red shift is attributed to defect formation 

in the RT, with the generated mid-gap states narrowing the band gap [31,34]. Upon Cu deposition 

the optical absorbance is further extended (inset Fig. 3a), specifically in the range λ = 400-500 nm, 

which can be ascribed to interfacial charge transfer (IFCT) from VB of RT to Cu2O/CuO [37]. 
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However, among the Cu deposited RT samples the absorption edge did not change significantly. 

Such type of trend is often observed when small amount of Cu is deposited on TiO2 edges to form 

the clear interface. This trend is remarkably different from Cu doped samples where absorption 

edge shifts to higher wavelengths significantly [38]. This type of clear interface IFCT is perhaps 

most easily understood by combining the results obtained from the Tauc’s plot (Fig. S5a) and VB-

XPS results (Fig. S5(b-d)) to sketch the energy band diagrams shown in Fig. 3b [34]. The resultant 

band alignment suggests the heterostructure formation at the RT-Cu2O interface which ultimately 

facilitates the rapid charge transport.  

Fig. S6a shows the XPS survey scan for a representative RT-Cu0.75 sample, revealing the   

presence of Ti, O, and Cu. The actual elemental composition of the Cu for this sample, determined 

from the XPS is 0.64% which corroborates the presence of majority Cu on the surface. Literatures 

suggest that an equilibrium is always established between Cu deposited and present in precursor 

solution during photodeposition process under specific set of conditions. However, interplay of 

these conditions, i.e. irradiated light intensity, photodeposition time, precursors (CuSO4·5H2O) 

and hole scavenger concentration, can assist to extend the Cu loadings [39]. XPS spectra of Ti 2p 

and O 1s for P25 and RT, shown respectively in Fig. 4a and Fig. S6b, generally exhibit identical 

peak shapes except for a slight shift towards lower binding energies for RT. Such a shift in binding 

energy is always observed when electrons are transferred from reducing agent to oxygen of TiO2 for 

creating Vo and then these provided electrons at Vo  are transferred to Ti4+ for generating Ti3+ states 

[40,41].  The Cu 2p XPS spectra for RT-Cu0.75 (Fig. 4b) display two peaks appearing at binding 

energies of 932 eV and 951.8 eV corresponding to Cu 2p3/2 and Cu 2p1/2 respectively; these binding 

energies are commonly attributed to the presence of Cu1+ [42]. The signatory satellite peak for 

Cu2+, which appears in the region of  940-945 eV, is not observed in the XPS spectra [43], a result 
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in accordance with prior studies wherein this oxidation state is often undetected in XPS analysis 

despite the presence of  Cu2+ [26,44]. XPS analysis for tested RT-Cu0.75 (6 cycle), as shown in Fig. 

4c, reveals a further shift towards lower binding energy, which suggests reduction of Cu2+ to Cu1+ 

and ultimately Cu0 by electron injection from RT [45–47].  

Charge transfer across RT-Cu2O interface is further confirmed by the difference in EPR 

spectra of fresh and tested (1 cycle) RT-Cu0.75, Fig. 4d. The EPR signal appearing at g = 1.99 

indicates the occurrence of Ti3+ states while signals at g =  2.1 corresponds to traces of EPR active 

Cu2+ [26]. Such presence of Cu2+ is often detected in combination with Cu1+ while synthesizing 

Cu2O [26,44]. It can be conceptualized herein that the relative ratio of Cu2+/Cu1+ oxidations states 

depends upon the ability of RT to provide photogenerated electrons for reducing Cu2+ ions during 

photodeposition process. We believe an optimally reduced titania can guarantee the propitious 

number of electrons for reduction [48]. However, it could be speculated that when certain amount 

of the Cu is deposited the diffusion pathway for electrons increases. In this scenario, a smaller 

number of electrons reach the surface for Cu reduction leading to an increase in deposition of the 

Cu2+ [26]. After photocatalytic testing the Cu2+ signal intensity decreased, which indicates gradual 

transformation, under light illumination, of EPR active Cu2+ to Cu1+/Cu0 caused by electrons from 

RT [49]. Another, possible reason to help avert oxidation of the Cu can be the continuous removal 

of the produced oxygen owing to the flow photoreactor. However, a portion of that oxygen is not 

capable to desorb from the photocatalyst because CO2 dissociated over Vo partially heals it, 

consequently sharpness of Ti3+ labelling signal for tested sample is decreased [5,50].  Jo
ur

na
l P

re
-p

ro
of



 14 

 

 Fig. 4. (a) Ti 2p XPS spectra for P25 and RT samples; Cu 2p spectra for (b) fresh RT-Cu0.75 and 

(c) tested RT-Cu0.75; (d) EPR spectra of fresh and tested RT-Cu0.75 samples. 

A coumarin dye test, the details of which are provided in the supplementary text, was 

performed to further understand charge separation across the RT-Cu2O interface and type of 

heterostructure formed [51]. In this test charge separation is directly related to the concentration 

of luminescent 7-hydroxycoumarin. As shown in Fig. S7, RT-Cu0.75 exhibits higher fluorescence 

intensity indicating abundant photocatalytic generation of hydroxyl radicals (•OH), which 
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ultimately reacts with coumarin to produce more 7-hydroxycoumarin (Coumarin + •OH → 7-

hydroxycoumarin). Cu2O is incapable of responding to a coumarin dye test as its VB edge, 

evidenced from VB-XPS results (Fig. S5a), lies above the required oxidation potential (2.3 eV vs 

NHE) for OH-/•OH transformation [51,52].  The enhanced oxidation capability of holes achieved 

with the optimized RT-Cu2O, and so too the electron transfer from RT to Cu2O, unequivocally 

endorse the Z-scheme charge transfer mechanism at the RT-Cu2O interface.  

PL studies provide a valuable information for studying charge transport and their 

separation across such heterostructures. PL spectra, Fig. 5a, indicate decreased intensity for RT in 

comparison to P25 which is attributed to mid-gap state localization of electrons which, in turn, 

ultimately favors their separation [53,54]. Further, the PL intensity decreased significantly for the 

RT-Cu0.75 sample indicating effective charge separation and transport across the RT-Cu2O 

interface [55]. To gain further insight time resolved PL was performed and the acquired decay 

traces were bi-exponentially fitted, Fig. 5b, using Eq. S1 based on decay times (τ) and their 

amplitudes (A) [56]. The average emission life time (τavg), is generally a combination of fast decay 

component (τ1) and slow decay component (τ2), was calculated from Eq. S2 and summarized in 

Table S1 [57]. The average life time for P25, RT and RT-Cu0.75 decreased respectively which is 

consistent with trends of steady state PL emissions. The reduced life time for RT compared to P25 

can be attributed to capturing of photogenerated charges by V0 and shortest life time for RT-Cu0.75 

is interlinked with spatial charge separation across the Z-scheme RT-Cu2O interface [58]. This 

spatial charge separation which prolongs recombination of electrons and holes is achieved on 

account of Z-scheme charge transfer mechanism [23].  
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Fig. 5. (a) PL; (b) and time resolved PL curves for P25, RT and RT-Cu0.75 samples. 

Photocatalytic reduction tests for P25, RT, and RT-Cux samples found CH4 as the primary 

product with trivial amounts of other products like C2H4, and C2H6. The CH4 production rate for a 

6 h test is shown in Fig. 6a and summarized in Table S2. It can be seen that P25 exhibited negligible 

photocatalytic activity, but showed improved CH4 yield after reduction to RT. CH4 yield was found 

to increase for the RT-Cux samples up to an optimum Cu concentration of 0.75 wt.% (RT-Cu0.75), 

after that it showed a decline in performance. That optimized sample, RT-Cu0.75, showed an 

accumulative yield of 462 nmol g
−1 in 6 h at a rate of 77 nmol g

−1
 h

−1 which is 10 times higher than 

RT. Such trends in photocatalytic performance are obtained when ideal charge separation is 

obtained by formation of an optimum interface between RT and Cu2O [23]. A five-fold 

enhancement in CH4 yield is observed for the optimized sample as compared to control sample 

P25-Cu0.75 (Fig. S8). This enhanced photocatalytic activity lies in effectiveness of Vo in RT to 

capture the photogenerated electrons than P25 which lacks this feature [11]. Further, synergistic 

effects of Cu1+ and RT that have been proven efficacious for expedient destabilization and 

reduction of CO2 to spur the activity [5]. These effects are further pronounced by the beneficial 
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attributes of a Z-scheme heterostructure: better charge separation, strong reductive electrons and 

oxidative holes [23,59]. Another, possible reason for the improvement in stability can be attributed 

to the continuous flow reaction mode [30]. Usually, in gas phase photo-reactions under-

stoichiometric oxygen, a byproduct of photocatalytic CO2 reduction, is observed which is possibly 

due to its adsorption over the photocatalyst [60]. The removal of the oxygen from the reaction 

medium is essential because other than healing Vo the molecular oxygen competes with CO2 for 

electron intake [32]. Thus, flow reaction mode attempts to relieve the gaseous products 

uninterruptedly by which yield is improved. A separate study is needed to understand the in-depth 

mechanism by which presence of oxygen hampers the activity of the photocatalyst.      

To evaluate the relative effect of defect sites induced by reduction of TiO2, the CH4 yield 

obtained for RT-Cu0.75 was compared with slightly reduced TiO2 (RTs-Cu0.75) and highly reduced 

TiO2 (RTh-Cu0.75) having similar Cu deposition. The CH4 yields obtained for the mentioned 

samples are shown in Fig. 6b. It can be observed that both the samples i.e. RTs-Cu0.75 and RTh-

Cu0.75 exhibit lower CH4 yields as compared to the optimized sample, RT-Cu0.75, hence 

corroborating the effect of defected sites induced by reduction process to be a significant aspect of 

photocatalytic performance. Limited defects are not conducive enough to change the bandgap 

appreciably which may eventually reflect in double faceted effect; as not only limited 

photogenerated charges will curtail the Cu deposition but also the photocatalytic performance will 

descend when such under optimized interface will be illuminated [11]. Interestingly, large density 

of defects reduces the bandgap appreciably, but in turn over-optimized defected states also serve 

in fast recombination of the photogenerated charges. However, during Cu photodeposition, higher 

flux of electrons and holes can be readily accepted by Cu2+ ions and methanol respectively, by 

which presumably excess amount of Cu is deposited. As discussed already, with the propagation 
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of Cu thickness, inactive oxidation state (Cu2+) starts dominating [61]. Furthermore, the efficacy 

of the defected sites can be explained on the account of charge generation, and separation among 

variable defected states, and formation of RT-Cu2O interface. In summation, a tradeoff should be 

considered in degree of reduction and exhibited optical properties to achieve better yields. Thus, 

optimally reduced titania resulted in the formation of well-defined interface with desirable 

oxidation states which have led to better performance. Apparently, it seems our tested 

photocatalysts are producing yield in nanomoles, but in terms of CO2 conversion, our optimized 

sample enabled 0.13% conversion of the highly diluted feed gas (1000 ppm CO2 in He). Despite 

of using highly diluted feed gas, this performance seems exceptional and we believe this could be 

enhanced while optimizing the dilution/concentration of the CO2 with improvement in other 

operating parameters like pressure, temperature etc. [30]. 

In addition to better performance, the RT-Cu0.75 samples showed excellent stability over the course 

of seven testing cycles, see Fig. 7a. After each 6 h cycle the photocatalyst was vacuum annealed 

at 100°C for 2 h, an un-optimized temperature and anneal duration. Vacuum annealing revamps 

the activity of almost dormant photocatalyst, presumably by regenerating Vo which have been 

cured during photoreduction by O atom of CO2 or decomposing and desorbing the formed 

intermediates which are harbored at active sites and difficult to decompose by the photocatalytic 

action [5,9]. These decomposed intermediates are further converted to a vulnerable form for photo-

reduction which eventually superimpose the yield from CO2 reduction, as evident from 3rd and 6th 

run. Also, some formed intermediates, like formates, serve as hole scavengers thereby improved 

electron availability adds to higher yield [62]. We noted such a vacuum anneal step could be 

readily implemented, if or as needed, within a computer-controlled system removing the need for 

physical handling of the photocatalyst.   
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Fig. 6. (a) Comparison of CH4 evolution over a 6 h test for P25, RT, and RT-Cux; (b) CH4 evolution 

for variable reduction degree from slightly reduced RTs-Cu0.75 to highly reduced RTh-Cu0.75. 

We believe the excellent stability is due to the direct Z-scheme charge transfer mechanism 

across well designed interface which inhibits Cu2O photocorrosion. Here, in contrast to earlier 

reports pertinent to heterostructure interfaces, upon illumination photogenerated electrons from 

the CB of RT are trapped at Vo in defected shell. This electron-enriched shell stimulates the 

quenching of the Cu2O VB holes at the interface which are responsible for its photocorrosion 

[21,22], yet still ineffective for water oxidation due to their lower oxidation potential. Thus, with 

elimination of the ‘weaker’ electrons and holes their ‘stronger’ reductive/oxidative counterparts 

are preserved, as illustrated in Fig. 7b [23,59]. The large over-potential available for photocatalytic 

CO2 reduction translates into an actual quantum yield (A.Q.Y) of 0.012 and joule sunlight to joule 

fuel efficiency of 1.4 x 10-4 as shown in Table. S2 [63,64]. As can be seen from Table S3, 

performance stability we achieve with our sample, in application to gas phase photocatalytic CO2 

reduction with H2O, is the highest reported. After 7 cycles, the photocatalyst lost the stability in 

performance and a sharp decline was observed in CH4 production. The stability loss may be 
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attributed to change in the oxidation state of the Cu2+/Cu1+ to Cu0 after photocatalytic reaction, as 

supported by post reaction XPS. Thus, upon repeated irradiations Cu1+, active oxidation state for 

photocatalytic CO2 reduction as noticed by several studies, gradually reduces to Cu0 with 

intermediate oxidation state of Cu1+/Cu0 [32,49,55]. This intermediate oxidation state is even also 

conducive for photocatalytic CO2 reduction, where Cu0 can capture photogenerated electrons, by 

the virtue of low Fermi level, and Cu1+ being desirous active state can promote CH4 formation 

[55,65]. The Cu2+ reduction is presumably due to presence of excessive numbers of electron than 

the stochiometric amount to quench the holes. Finally, when all the Cu1+ reduces to Cu0, the Z-

scheme no longer exists which eventually concludes in the stability loss.  

 

Fig. 7. (a) CH4 evolution rate over seven sequential 6 h tests of a typical RT-Cu0.75 sample, (b) 

energy band alignment (in V vs NHE at pH = 7), charge transfer and reaction mechanism for the 

described RT-Cu2O Z-scheme showing CO2 + H2O to CH4 transformation.   

Photocatalytic CO2 reduction is challenging because it requires a semiconductor with 

highly negative conduction band (CO2 + e- → CO2
▪-  E°

redox = -1.90 V), which none of the 

photocatalysts possesses [3]. However, this can readily proceed when CO2 is adsorbed upon the 
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surface of a Vo accompanying a Ti3+ state [47]. With adsorption the linear geometry of CO2 is bent 

by which its LUMO level is decreased, thus the arduous first electron transfer which is considered 

as rate limiting step becomes feasible [5,66]. We propose such CO2 activation upon the RT surface, 

after which it reduces to intermediate CO, Eq. (1) [65]. Such activation and subsequent conversion 

of CO2 to CO, even under dark is well reported for synergistic effects of reduced titania and Cu 

[5]. Further, control test for P25-Cu0.75, with approximately 5-fold less yield than RT-Cu0.75 

validates the efficacy of such activation by reduced titania, Fig. S8. Proceeding ahead, this CO 

readily anchors to Cu2O through Cu1+-CO interaction which allows only small amount to evade, 

Fig. 8a [5,67]. The affinity of the Cu1+ for CO, well reported in literature, helps to stabilize CO 

over the surface of Cu2O as a consequence sustained supply of H+ and electrons from CB of Cu2O 

enable the formation of CH4 preceded by the intermediate methyl radical (•CH3), Eq. (2-3) [5,68]. 

This route to CH4 formation is confirmed by the appearance of IR bands of methyl radicals in 

contrast to fresh sample, Fig. 8b. These bands at 2925 and 2967 cm-1 are thought due to C-H 

stretching vibrations of the •CH3 radicals [69,70].  

CO2 + 2H+ + 2e¯
  →  CO  + H2O     (1) 

CO + 5H+ + 5e¯
  →  •CH3 + H2O    (2) 

•CH3 + H+ + e¯ 
 →  CH4     (3) 

2H2O + 2h+ →  2H+ + 2•OH     (4) 

2H2O + 2•OH + 6h+  →  6H+ + 2O2    (5) Jo
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Fig. 8. Mechanistic study of the proposed reaction mechanism originating with a typical RT-Cu0.75 

sample, from (a) TCD chromatogram of CO; (b) FTIR spectra of •CH3 radical; (c) TCD 

chromatogram of H2; (d) GC-MS chromatogram of isotopic methane originating with 13CO2.  

 

 The RT VB holes oxidize H2O to H+ and hydroxyl radicals (•OH), as confirmed by the 

coumarin dye test as shown in fig. S7 and Eq. (4). These generated •OH radicals further take part 

in water oxidation, Eq. (5), while H+ in CO2 reduction  [71]. The absence of a H2 peak, Fig. 8c, in 

GC-TCD chromatogram indicates that intermediate products of CO2 reduction like CO are 
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stabilized enough to undergo proton coupled electron transport (PCET) for CH4 formation which 

leave negligible H+ ions for hydrogen formation [55].  

 

Generation of 13CH4 in the isotopic labeling experiment with 13CO2 confirms the carbon 

origin is from CO2, Fig. 8d. The control tests performed with photocatalyst under no illumination, 

and under illumination without a photocatalyst (blank reactor) showed no CH4 formation, see Fig. 

S8. However, when the photocatalytic reaction proceeded in an inert He/H2O atmosphere signature 

peak of CH4 was observed and all the yields have been normalized against it [48].  

 

4. Conclusions 

A Z-scheme RT-Cu2O heterojunction photocatalyst made of earth-plentiful materials for 

consistent conversion of CO2 to fuel, notably CH4, was constructed via low temperature 

thermochemical reduction of TiO2 followed by photodeposition of Cu2O. The photocatalytic 

reduction tests with optimal sample RT-Cu0.75 exhibited excellent stability spanned over seven 

cycles while maintaining the activity for CH4 generation. Synergistic integration of the Z-scheme 

structure, RT of which the Vo facilitate CO2 activation and reduction, and Cu2O with its highly 

reductive CB and excellent visible-light absorption properties resulted in a CO2 conversion catalyst 

demonstrating excellent stability (42 h) without the need for scarce and expensive noble-metal co-

catalysts.  

 

Charge transfer studies confirm Z-scheme heterostructure formation, which prevents 

unwanted recombination of the strongly reductive Cu2O CB electrons and RT oxidative VB holes.  

FTIR and GC-TCD/MS analysis was used to confirm the pathway by which CO2 and water vapor 
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are converted to CH4. That we are able to achieve consistent rates of CO2 to CH4 conversion and 

such extended operational stability with earth-plentiful compounds, by mass titanium comprising 

≈ 0.57% and copper ≈ 0.01% of the earth’s crust, suggests with improvement in yield scale-

implementation of a commercial sunlight-based CO2-fuel conversion industry is both viable and 

realistically achievable. We believe these results are not conclusive enough to estimate the peak 

activity of the photocatalyst, yield could be enhanced while optimizing the operational parameters 

like concentration/dilution of CO2, operating pressure and CO2 flow rate.   
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