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Abstract 

Intrinsic oxygen vacancies at CeO2 surface are known to activate thermodynamically stable CO2 

molecules, enhancing the reaction rate and reducing reduction energy. However, charge 

recombination at the ceria-based cathode surface suppresses the multi-electron transfer process 

required for a complete reduction of CO2 molecules to generate useful hydrocarbons. To 

suppress this charge recombination and facilitate the multi-electron transfer process, p-type NiO 

and reduced graphene oxide (rGO) were hybridized with CeO2 to form rGO-grafted NiO-CeO2 

photocatalyst, which can convert CO2 to formaldehyde at a rate of 421.09 μmol g-1 h-1; about 4 

times higher than that of pristine CeO2. Formation of photo-induced oxygen vacancy of CeO2 

photocatalyst resulted in a change of Ce-O bond length at ceria surface were monitored in-situ by 

X-ray absorption near edge structure (XANES), and X-ray absorption fine structure (EXAFS) 

spectroscopy. Tracking the formation of CO2 anion radical (CO2
•-) and its subsequent protonation 
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with in-situ electron paramagnetic resonance spectroscopy and attenuated total reflection-

infrared (ATR-IR) spectroscopy, mechanism and reaction pathway of CO2 reduction into 

formaldehyde formation have been elucidated.  

Graphical Abstract 

Schematic representation of rGO grafted NiO-CeO2 nanocomposite and Photocatalytic CO2 
reduction process with experimental CO2 reduction yield.  

 

 

Keywords: Photocatalytic CO2 reduction • Oxygen vacancy • CO2 activation • CO2 reduction 
mechanism • In-situ XAFS/ATR-IR 
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Introduction 

Anthropogenic CO2 emission led by excessive fossil fuel usage has increased its concentration in 

the earth's atmosphere to unprecedented level.[1] Therefore, finding ways to prevent the climatic 

change driven by CO2 surge is one of the most urgent tasks for the scientific community. While a 

variety of solutions such as capturing CO2 in rocks,[2] making CO2-based copolymers such as 

polypropylene carbonate (PPC),[3] and electrochemical CO2 reduction [4-7] have been 

suggested for the capture and utilization of CO2, all these methods require external energy to 

activate, reduce, and convert CO2 into fuel products due to its high thermodynamic stability. As 

the search for cost-effective efficient methods for CO2 reduction is continued, utilization of 

cheap renewable energy might be a viable alternative for producing high energy chemicals 

through CO2 photoreduction in cheaper way. Solar light is one of the sustainable, abundant, and 

cheaper energy sources, which has been utilized for the reduction of CO2 and its conversion to 

fuel. Photoelectrochemical (PEC) and photocatalytic (PC) CO2 reductions have been carried out 

using solar light. Taking the advantage of solar light as cheap energy source, PEC and PC CO2 

reductions have been performed over several semiconductor photocatalysts. Use of different 

semiconductor photocatalysts yielded different solar fuels such as methanol, ethanol and 

formaldehyde.[8-10] During the past two decades, various semiconductors such as TiO2, CdS, 

CaFe2O4, ZnO, and TaON have been tested as photocatalysts for CO2 reduction.[11-15] 

However, low efficiency and poor product selectivity of CO2 reduction remained the principal 

obstacles for practical application of these  photocatalysts.  

Recently, several research groups have tested cerium (IV) dioxide (CeO2) as photocatalyst for 

CO2 reduction, which is an n-type semiconductor, commonly used as solid oxide fuel cell 

catalyst and photocatalyst. It also has quite good ability for adsorbing and activating CO2 
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molecule which bears high activation energy. Activation of CO2 molecule by adsorption at the 

ceria surface occurs though deformation of its linear molecular structure, which also accelerates 

its reduction rate due to decreased activation energy. However, this barely occurs without 

association of specific activators such as N-heterocyclic compounds and amines.[16] Owing to 

the facile reducing and oxidizing properties of Ce4+/Ce3+ ions, a large number of oxygen 

vacancies are formed at CeO2 surface under solar light illumination, which activate CO2 

molecules.[17] According to the previous reports based on density functional theory (DFT) 

calculation and spectroscopic studies, oxygen vacancies in CeO2 particles can effectively activate 

a CO2 molecule adsorbed at their surface by deforming its linear O=C=O bond structure,[18-20] 

which can be reduced easily with low activation energy and less reduction reaction energy as 

presented in Figure 1a.  

Even though the CO2 molecules can be activated over CeO2 surface, utilization of CeO2 alone 

does not guaranty a high efficiency of their photocatalytic reduction, as the diffusion length of 

charge carriers in CeO2 is short, which results in a fast recombination of photo-generated charge 

carriers. As a solution of this problem, CeO2 nanoparticles or thin films have been hybridized 

with p-type semiconductor photocatalysts to suppress charge carrier recombination and enhance 

the charge collection efficiency of the photocatalyst surface. Till date, several semiconductors 

and metals have been tested as possible counterparts of CeO2 for the formation of interface 

junction, to enhance its photocatalytic activity by suppressing charge recombination.[20-27] 

However, no significant enhancement in its CO2 reduction activity achieved so far.  

In this study, we combined p-type NiO particles with n-type CeO2 particles to form p-n junction 

interfaces, which can suppress the charge carrier recombination process at the surface of CeO2 

nanoparticles.[23,28] As the conduction band (CB) and valence band (VB) energy levels of NiO 
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remain at higher and lower energy positions to those of CeO2 (Figure 1b), respectively, the 

photogenerated electrons and holes at NiO-CeO2 interface diffuse spontaneously in opposite 

directions, reducing the probability of their recombination. Further, we introduced reduced 

graphene oxide (rGO) in the composite to exploit its high electrical conductivity and charge 

trapping behavior, which allowed an easy accumulation of electrons at the hybrid composite 

photocatalyst surface and subsequent sequential multi-electron transfer at each of the 

intermediate steps of CO2 reduction process. The sequential multi-electron transfer process 

induces photocatalytic reduction of CO2 molecules adsorbed and activated at CeO2 surface, 

producing formaldehyde as liquid fuel at 421.09 μmol g-1 h-1 rate. 

Result and Discussion 

The NiO/CeO2/rGO hybrid composite photocatalyst was prepared by hydrothermal process (see 

Supporting Information). The hybrid composite includes CeO2 nanorods with {100} crystal 

facets interfaced with NiO nanoparticles. Furthermore, the nanorods were covered with rGO 

layers (see Figure 2). The photocatalyst revealed an enhanced CO2 reduction performance for 

generating formaldehyde selectively, along with the emission of hydrogen gas in nominal 

quantity. Through time-resolved photoluminescence (TRPL) spectroscopy and in-situ gas 

chromatography (GC), we could confirm that the enhanced CO2 reduction ability of the 

NiO/CeO2/rGO hybrid composite photocatalyst is associated to the reduced charge 

recombination at NiO-CeO2 interface and enhanced sequential multi-electron transfer (from the 

photocatalyst to activated CO2 molecules) ability of rGO. The CO2 molecules adsorbed at the 

CeO2 surface of the NiO/CeO2/rGO hybrid composite photocatalyst are activated to monodentate 

CO2 and reduced to formaldehyde via formate intermediate.  
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Crystallinity and structural behavior of the fabricated CeO2, NiO/CeO2 and NiO/CeO2/rGO 

nanostructures were studied by powder X-ray diffraction (XRD) (Figure S1, Supporting 

Information) spectroscopy.  As can be seen in Figure S1, major diffraction peaks appeared in the 

XRD pattern of the CeO2 catalyst correspond to fluorite-type CeO2 (PDF#43-1002) lattice. On 

the other hand, XRD patterns of the NiO/CeO2 nanostructures and NiO/CeO2/rGO hybrid 

composite photocatalyst revealed weaker diffraction bands of NiO, along with intense diffraction 

bands associated to CeO2. Intensity of the diffraction bands correspond to NiO did not vary 

significantly with the variation of NiO content in the hybrid composite catalyst. Finally, the XRD 

pattern of the NiO/CeO2/rGO hybrid photocatalyst (prepared with 30 mol% NiO) revealed 

similar features as that of the 0.3 NiO/CeO2 nanostructures, which is in good agreement with the 

amorphous nature of rGO and its lower content in the hybrid composite. Although a prolonged 

photocatalytic reaction (in Figure S1, Supporting Information) reduces the crystallinity of the 

hybrid composite, its crystallinity could be recovered by air-annealing at 350 oC for 4 h (see 

Supporting Information). For a detailed microstructural investigation of the CeO2, 0.3 NiO/CeO2, 

and NiO/CeO2/rGO nanostructures, their high resolution TEM (HRTEM) images (Figure 2) 

were recorded. As can be seen, fabricated CeO2 nanorods have exposed facets of {100} crystal 

planes. Unlike the pristine CeO2 nanorods, the surface of CeO2 nanorods in NiO/CeO2 

nanostructures appear blunt, due to the coverage by NiO nanodisks. On adding Ni2+ ion 

precursor in the alkaline reaction mixture, Ni(OH)2 seeds were generated, which adhered with 

the CeO2 seeds.[29] During hydrothermal treatment and subsequent Ar annealing, the Ni(OH)2 

particles transformed to NiO particles attaching with CeO2 nanorods. As can be seen in the 

HRTEM image provided as inset of Figure 2a, the lattice fringes are arranged parallel to the 

crystal facet of the CeO2 nanorods, with average d-spacing of 2.75 Å, which corresponds to the 
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{100} lattice planes of fluorite-type CeO2. In the case of NiO/CeO2 nanostructures (Figure 2b), 

thin hexagon-shaped crystalline NiO plates remained attached to the CeO2 nanorods. Average 

interplanar spacing (2.46 Å) estimated from the lattice fringes corresponds well to the (111) 

lattice planes of NiO. No significant change could be observed in the microstructure of the 

hybrid composite photocatalyst even after its prolonged (15 h) utilization in photocatalytic 

reaction. The steps involved in the formation of NiO/CeO2/rGO hybrid composite have been 

schematically illustrated in Figure 2. 

Energy dispersive X-ray (EDX) analysis was carried out inside a transmission electron 

microscope to check the atomic ratio of elements and their distribution in the samples (Figures 

S2 and S3, Supporting Information). While the NiO/CeO2 nanostructures revealed only Ni, Ce 

and O atoms in them, the NiO/CeO2/rGO hybrid composite revealed Ni, Ce, O and C as its 

constituents, indicating rGO coverage of the NiO/CeO2 nanostructures. The results of 

quantitative elemental analysis (Figure S3, Supporting Information) of the fabricated 

nanostructures are consistent with the nominal concentration of each of the elements (precursors) 

in corresponding reaction mixtures.  

 Optical band gap energy values of the NiO, CeO2, 0.3 NiO/CeO2, and NiO/CeO2/rGO 

nanostructures were estimated from the Kubelka-Munk plots of their UV-Vis absorption spectra 

(Figure S4, Supporting Information) recorded in diffuse reflection mode. As can be noticed, 

absorption efficiency of the CeO2 nanostructures increases due to incorporation of NiO 

nanoparticles (Figure S4a, Supporting Information). Observed higher absorbance of the 

NiO/CeO2 sample can be associated to the blackish color of the NiO particles, which probably 

contain a fraction of unoxidized Ni atoms (i.e. Ni0) due to incomplete oxidation during annealing 

(at 350 oC, 4 h). However, the presence of Ni0 species in the sample might be a blessing in 
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disguise for its photocatalytic application, as the light absorption ability of Ni0 species containing 

NiO particles has been seen to be significantly higher than that of fully oxidized NiO 

particles.[30] As can be noticed in Figure S4 (Supporting Information), the band gap energy 

estimated for the NiO sample prepared using the same method used for the preparation of 

NiO/CeO2 nanostructures is about 3.42 eV, which is lower than the band gap energy of 

stoichiometric NiO (4.30 eV). [31] Due to the same reason, the interface potential barrier in the 

heterojunction nanostructures is small (Fig. 4a). While a higher interface potential would help to 

reduce the recombination rate of the photogenerated charge carriers at the NiO-CeO2 interface, 

presence of metallic Ni helps to absorb more photons, generating higher number of electron-hole 

pairs. Absorption coefficient of the NiO/CeO2 nanostructures increased further due to rGO 

grafting (Figure S4, Supporting Information). Band gap energy of the hybrid composite 

photocatalyst suffered a red-shift both due to the incorporation of NiO and rGO, effectively 

shifting it towards visible spectral region. Observed reduction of band gap energy can be 

associated both to the coupling of CeO2 with NiO particles to form p-n junction at their interface 

and incorporation of rGO in the heterojunction nanostructures. As can be seen in Figure S4a 

(Supporting Information), rGO alone, prepared by similar hydrothermal reduction of GO has a 

strong absorbance in the UV-Vis (400 to 700 nm) spectral range, which causes a net shift of 

absorption spectrum of the hybrid composite photocatalyst (NiO/CeO2/rGO) towards higher 

wavelength. Estimated band gap energy ( 𝑬𝒈 )  values for CeO2, NiO, NiO/CeO2, and 0.3 

NiO/CeO2/rGO nanostructures were determined as 3.30, 3.42, 3.07, and 2.81 eV, respectively.  

To estimate the valence band (VB) position of the photocatalysts, they were analyzed by 

ultraviolet photoelectron spectroscopy (UPS) (Figure S5, Supporting Information). Valence 

band maximum energy (EVBM) values of the pristine CeO2 and NiO were determined to be of 
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3.88 and 1.09 eV, respectively. Estimated secondary cut-off energies (ESCE) of the nanostructures 

were 19.09 and 16.47 eV, respectively. The valence band position with respect to NHE energy 

level (ENHE) could be calculated using equation (1):  

 𝐄𝐍𝐇𝐄 =  −21.21 − (E୚୆୑ − Eୗେ୉) + 4.50              (eV  vs. NHE)   (1) 

Estimated VB energies of CeO2 and NiO were 1.50 and 1.33 eV (vs. NHE), respectively. 

Conduction band potentials of the photocatalysts were calculated from their optical band gap 

energy and valence band energy values. Conduction band energies of CeO2 and NiO were 

determined to be of -1.80 and -2.09 eV (vs. NHE), respectively. A tentative energy band diagram 

for the NiO/CeO2 hybrid photocatalyst has been presented in Figure 3a. The cascade flow of 

electrons from the conduction band of NiO to rGO in the band-aligned heterostructure can be 

easily followed in the scheme illustrated in Figure 1. On solar light illumination, the holes 

generated in the VB of CeO2 move to the VB of NiO spontaneously. As the difference between 

the conduction band position of CeO2 and valence band maximum of NiO2 is higher than the 

reduction and oxidation potential of CO2 and H2O, respectively, the photo-generated electrons 

and holes have enough energy to execute simultaneous oxidation and reduction reactions at the 

surface of the catalyst under solar light illumination. On the other hand, electrons are 

accumulated at the surface of rGO have sufficient energy to reduce CO2 into formaldehyde 

(reduction potential = -0.48 V vs NHE).  

XPS analysis results of the NiO/CeO2/rGO photocatalyst are presented in Figure S6 (Supporting 

Information). As can be seen in Figure S6a, cerium remained both in its Ce4+ and Ce3+ oxidation 

states in the sample. On the other hand, while nickel in the NiO particles remained 

predominantly in Ni2+ state, a minor amount fraction remained in Ni0 state, producing a 

component band around 852.7 eV in the Ni 2p core-level region (Figure S6b, Supporting 

Jo
ur

na
l P

re
-p

ro
of



10 
 

Information). Metallic nickel (Ni0) fractions in the photocatalyst estimated from peak area ratio 

of the Ni 2p components were about 43.0 and 40.3 % before and after 15 h of CO2 reduction 

reaction (Figure S7b and Table S1, Supporting Information), respectively.  

The C 1s core-level emission presented in Figure S6c (Supporting Information) shows the 

degree of reduction of rGO covering the NiO/CeO2 nanostructures. Higher intensities of the C=C 

and C-C components compared to other oxygen bound carbon peaks indicate adequate reduction 

of GO. The O 1s core-level emission presented in Figure S6d (Supporting Information) clearly 

revealed two components. The predominant component appeared at 528.4 eV corresponds to 

Ce4+ bound oxygen atoms, and the weaker component at 531.2 eV corresponds to Ce3+ bound 

oxygen atoms. Appearance of Ce3+ bound oxygen signal in the sample clearly indicates the 

presence of oxygen vacancies at CeO2 surface. In addition, there appeared emission peaks 

around 529.1, 530.3, 532.2, and 533.2 eV. While the emission peak revealed at 529.1 eV could 

be associated to Ni2+ bound oxygen atoms originated from NiO, the peaks appeared at 530.3 eV, 

532.2 eV and 533.2 eV correspond to O-C=O, C=O, and C-O, respectively, all originating from 

rGO. 

As can be seen in the EIS Nyquist plots (Figure S8a, Supporting Information), the impedance of 

the photocatalysts decreases in the order CeO2 > NiO/CeO2 > NiO/CeO2/rGO, indicating an 

increase in charge collection efficiency due to rGO grafting. To verify the formation of p-n 

junction at NiO-CeO2 interface, Mott–Schottky plots were drawn for the CeO2 and 0.3 

NiO/CeO2 nanostructures (Figure S8b, Supporting Information), and their slopes were 

compared. The Mott-Schottky plot of the CeO2 nanoparticles revealed the characteristic of n-

type semiconductor, increasing current with bias potential. On the other hand, in the Mott-

Schottky plot of the 0.3 NiO/CeO2 sample, the current increased until -0.1 V (vs. Ag/AgCl) bias 
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potential and then decreased. The plot resembles to the typical Mott–Schottky plot of a p-n 

junction, clearly demonstrating the formation of p-n junction at NiO-CeO2 interface. 

Typical time-resolved photoluminescence (TRPL) decay curves of the CeO2, 0.3 NiO/CeO2, and 

NiO/CeO2/rGO nanostructures are presented in Figure 3b. The experimentally obtained curves 

could be fitted to double-exponential equation:  

   𝐈(𝐭) = 𝐀𝟏 𝐞
ି(

𝐭

𝛕𝟏
)

+  𝐀𝟐𝐞
ି(

𝐭

𝛕𝟐
)
   (2) 

where 𝐭 is the elapsed time after pulsed laser excitation, 𝐈(𝐭) is the emission intensity at given 

time 𝐭, 𝐀𝟏 and 𝐀𝟐 are pre-exponential factors, 𝛕𝟏 is the fast decay lifetime, and 𝛕𝟐 is the slow 

decay lifetime. Average lifetimes of the charge carriers 𝝉𝒂𝒗𝒆  in the photocatalysts were 

calculated using the relation (equation 3):[32]  

  𝛕𝐚𝐯𝐞 = (𝐀𝟏𝛕𝟏
𝟐 + 𝐀𝟐𝛕𝟐

𝟐)/(𝐀𝟏𝛕𝟏 + 𝐀𝟐𝛕𝟐)  (3).      

The fitting parameters of the TRPL decay curves are summarized in Table 1. As can be noticed, 

the 𝝉𝒂𝒗𝒆 value of CeO2 increased from 5.57 to 5.80 ns due to coupling with NiO (i.e. formation 

of NiO-CeO2 junctions). Such an increase of carrier lifetime in the composite demonstrates a 

better charge separation at the NiO-CeO2 interface due to the development of space charge 

induced electric field at p-n junction interface. The electric field produced at the junction 

interface helps the electrons to migrate from one material to other of different conduction band 

energy values. As the consequence of such effect, charge carrier recombination at the composite 

photocatalyst interface get suppressed, enhancing the photocatalytic activity of CeO2 for CO2 

reduction.[33,34] On covering the 0.3 NiO/CeO2 nanostructures by rGO sheets (i.e. in 

NiO/CeO2/rGO hybrid composite nanostructures), a significant decrease in carrier lifetime, along 
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with a reduction in fluorescence intensity was observed. Based on calculated kinetic parameters, 

the estimated  𝝉𝒂𝒗𝒆 value for the photocatalyst was 2.16 ns. This remarkable decrease in lifetime 

of the excited electrons is possibly caused by the attachment rGO sheets at the surface of NiO-

CeO2 nanostructures. rGO is a well-known electron scavenger with high charge holding capacity. 

Due to the extraction of excited electrons from CeO2, both the PL intensity and the effective 

carrier-lifetime in the NiO/CeO2/rGO hybrid catalyst decreased significantly.[35-38] Moreover, 

due to electron accumulation at its surface, rGO acts as a sequential multi-electron transfer agent 

for CO2 reduction to form liquid hydrocarbon fuels.[39] The electrons accumulated in rGO sheet 

could be transferred to the activated CO2 molecules at the surface of CeO2 to initiate its reduction 

reaction. The flow direction of photo-excited electrons in the NiO/CeO2/rGO hybrid composite 

structure is determined by the conduction band alignment in it, as shown in the scheme depicted 

in Figure 3a. 

 Although the photoreduction of Ce4+ to Ce3+ in stoichiometric CeO2 has been probed by 

Fujishiro’s group [40] using PL spectra analysis,[40] they did not provide any direct evidence of 

oxygen vacancy formation at CeO2 surface due to solar light irradiation. Thus, we carried out in-

situ XANES analysis of the NiO/CeO2/rGO hybrid composite photocatalyst under simulated 

solar light illumination in the “light on-off” conditions to identify the change in surface atomic 

structure of the NiO/CeO2/rGO hybrid composite photocatalyst due to solar light illumination. 

From the in-situ XANES analysis results presented in Figure 4a, it can be seen that under dark 

(i.e. in absence of illuminating light) the XANES spectrum of the NiO/CeO2/rGO hybrid 

composite photocatalyst is dominated by two absorption bands located at 5730 and 5737 eV, 

which correspond to the typical near-edge absorption bands of Ce4+. The minor shoulder peak 

appeared around 5726 eV corresponds to the near-edge absorption band of Ce3+ ions. These 
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results clearly demonstrate that most of the Ce atoms in the sample are in Ce4+ oxidation state. 

Trace amount of Ce3+ detected in the pristine (not presented) CeO2 particles probably originated 

from the unreacted Ce(NO3)3•6H2O precursor utilized for their synthesis. On irradiating the 

photocatalyst by 1 sun solar light, relative intensity of the doublet band with respect to the 

shoulder band decreased. The enhanced relative intensity of the shoulder band due to solar light 

illumination is clear in the band-deconvoluted spectra of the sample presented in Figures 4b and 

4c. The results clearly demonstrate the ability of solar light for reducing Ce4+ to Ce3+ at the 

surface of CeO2.  

 To determine the change in atomic bond order at the surface of NiO/CeO2/rGO hybrid 

composite photocatalyst during photocatalytic CO2 reduction process, in-situ EXAFS analysis of 

bond structure around Ce atoms was carried out under three different conditions: (1) light off, 

without CO2, (2) light on, without CO2, and (3) light on, with CO2 purging. Corresponding plots 

of Fourier transformed Ce-L3 edge EXAFS spectra for NiO/CeO2/rGO are presented in Figure 

4d. The results obtained for condition (1) revealed shortest bond distance of 2.36 Å between the 

target Ce atom and neighboring O atoms. The value is slightly larger than the EXAFS estimated 

reported value (2.34 Å) for stoichiometric CeO2.[41] The observed elongation of the Ce-O bond 

might be due to the presence of Ce3+ in traces at the surface of CeO2 particles fabricated in this 

work. Under condition (2), i.e. when the NiO/CeO2/rGO hybrid photocatalyst was irradiated with 

solar light without CO2 purging, the bond distance between Ce atom and adjacent O atoms 

increased to 2.42 Å. As has been discussed earlier, solar light irradiation can reduce Ce4+ ions of 

CeO2 surface to Ce3+ ions, forming oxygen vacancies. Due to the generation of oxygen 

vacancies, CeO2 surface suffers a structural distortion induced by the difference in the ionic radii 

of Ce3+ and Ce4+. As the ionic radius of Ce4+ is 1.00 Å, and that of Ce3+ is 1.14 Å,[42] the 
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observed 0.08 Å increase in Ce-O bond length is pretty close to its expected 0.07 Å value. In 

fact, an increase in Ce-O bond length due to reduction of Ce4+ ions to Ce3+ at the surface of CeO2 

has been detected earlier by EXAFS study.[43] 

Based on DFT calculations, McKenzie et al.[44] have reported the occurrence of electron 

accumulation at oxygen vacancy sites, which causes the reduction of Ce4+ to Ce3+ over CeO2 

surface. To stabilize the structural strain induced by oxygen vacancies, crystal structural 

rearrangement occurs at the surface of CeO2.[44] Structural changes occur at the surface of CeO2 

have been schematically presented in Figure 3c. On the formation of oxygen vacancy by 

expelling the atom Ov, the O1 atom moves slightly closer to Ce1 and Ce2 atoms, and away from 

the Ce3 atom. As a result, the length of the Ce1(and Ce2)-O1 bond increases. Even though a 

theoretical calculation, particularly for the ceria {110} surface, has not been reported in the 

literature, our EXAFS fitting results clearly revealed an increase in the Ce-O bond length on the 

formation of oxygen vacancies at ceria surface. While these oxygen vacancies act as CO2 

capturing sites at the surface of nonstoichiometric ceria particles, the captured CO2 molecule 

acquires a bent structure (Figure 3c, column 3) and gets activated to a higher energy state than 

its stable linear form.[45] On the other hand, excess electrons accumulated in the rGO layer are 

sequentially transferred to the adsorbed CO2 molecule, changing it to CO2 anion radical (CO2
•–). 

In this process, the distance between the Ce and O atom (Ce1-O or Ce2-O) also increases.18 This 

might be the reason for largest empirical average Ce-O distance (2.45 Å) we obtained for the 

hybrid catalyst under condition (3), i.e. in presence of solar light and under CO2 bubbling, 

through in-situ EXAFS analysis. As can be noticed, this average Ce-O distance value (2.45 Å) is 

about 0.03 Å larger than that estimated under condition (2), i.e. under solar light illumination, 

without CO2 bubbling. 
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To monitor the CO2 reduction reaction process on CeO2 surface and its intermediate steps, 

radicals produced during CO2 photoreduction were monitored by trapping them in 5-5-Dimethyl-

1-pyrroline N-oxide (DMPO). The captured intermediate radicals were monitored by electron 

paramagnetic resonance (EPR) spectroscopy at low temperature. As can be noticed in Figure 5a, 

the EPR spectrum recorded on the sample collected before light irradiation is featureless, 

indicating the presence of trapped OH radicals below the detection limit of the EPR system. 

However, the sample collected after 30 min of photoreduction reaction revealed splitted EPR 

spectrum (Figure 5b)  including four peaks, with g value 2.0052 and coupling constant around 

22 G, clearly indicating the formation of intermediate CO2
- anion radicals during photoreduction 

of CO2. The EPR spectrum of the sample collected before light illumination to the reaction 

mixture contained DMPO:OH, which revealed four peaks due to the interaction of unpaired 

electrons with nitrogen and hydrogen. Due to singular nuclear spin (i.e. I =1) of nitrogen, it 

should reveal a triplet under the external magnetic field applied during EPR measurement. As 

shown in Figure S11a (Supporting Information), each of these components splits further into a 

doublet due to nearby hydrogen (I = 1/2). However, as nitrogen and hydrogen nucleii have 

similar hyperfine splitting constants (αN = αH = 14.9 G), and produce mixed combined EPR 

signals,[46,47] the two central peaks overlap, manifesting only four peaks of intensity ratio 

1:2:2:1. When CO2
- anion radicals are capture by DMPO, the hyperfine splitting constants of 

nitrogen and hydrogen change to αN = 15.6 G and αH = 19 G,[47] producing six clear peaks in 

the spectrum as demonstrated in Figure S11b (Supporting Information). However, presence of 

both DMPO:CO2
- and DMPO:OH radicals in the sample can cause peak broadening, resulting 

in only four peaks in the EPR signal of the sample collected from the reaction mixture after 

prolonged photocatalytic reaction. In fact, such a peak broadening and reduction of splitted peaks 
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in the sample have been associated to the limited mobility of CO2
- radicals in the solvent, while 

they have maximum mobility at the surface of the catalyst.[48,49] The obtained results clearly 

indicate the generation of CO2
- radicals during the photocatalytic reduction of CO2 at CeO2 

surface.  

To compare the efficiency of CO2 reduction of the photocatalysts, CO2 reduction 

reactions were carried out in a home-made glass reactor. Sodium sulfite was used as a hole 

scavenger to prevent the degradation of the reduction product by holes and reduce water 

oxidation rate at the surface of the photocatalyst. Quantitative analysis of the products was 

performed in an Agilent gas chromatograph (GC) attached with a Teledyne Tekmar Stratum 

Purge & Trap system for analyzing liquid samples. The GC analysis of the liquid CO2 reduction 

reaction products revealed predominant formaldehyde signal, with minor signals of hydrogen 

and oxygen (Figure S12, Supporting Information). The quantity of formaldehyde produced at 

different irradiation times for the CeO2, 3.0 NiO/CeO2, and NiO/CeO2/rGO photocatalysts are 

presented in Figure 5c. As can be seen, CO2 reduction efficiency of CeO2 is the worst among 

these three photocatalysts. The rate of formaldehyde production by CeO2 was only 124.09 μmol 

g-1 h-1. Compared to the bare (pristine) CeO2, the 0.3 NiO/CeO2 and NiO/CeO2/rGO 

photocatalysts produced formaldehyde at much higher rates; 305.98 and 421.09 μmol g-1 h-1, 

respectively. On the other hand, the rate of CO2 photoreduction by NiO/rGO and CeO2/rGO was 

negligible (inset of Figure 5c). The higher rates of formaldehyde generation by the 0.3 

NiO/CeO2 and NiO/CeO2/rGO photocatalysts can be associated to the roles played by NiO and 

rGO. NiO is widely used as a hole transfer agent, which can suppress charge carrier 

recombination. Owing to the formation of p-n junctions at NiO-CeO2 interfaces, the number of 

electrons available for CO2 reduction increased by the suppression of charge carrier 
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recombination. In addition, rGO works both as electron extractor and sequential electron 

shuttling agent, extracting electrons from CeO2 and transferring to CO2 molecules, as discussed 

earlier (in TRPL result section). In fact, multiple electrons can be sequentially transferred from 

CeO2 surface to CO2 molecules attached to its surface through the rGO layer, facilitating their 

reduction process. The whole process of light-induced oxygen vacancy formation at ceria 

surface, adsorption and activation of CO2 molecules, multi-electron transfer and selective 

reduction of CO2 molecule to produce formaldehyde has been schematically illustrated in Figure 

6. The solar-to-fuel conversion efficiency (𝛈𝐒𝐓𝐅) of the CO2-to-formaldehyde reduction reaction 

stimulated by the NiO/CeO2/rGO hybrid composite photocatalyst was calculated using equation 

(4): 

𝛈𝐒𝐓𝐅(%) = ൤
Output energy of evolved formaldehyde 

Energy of incident solar light
൨

୅୑ ଵ.ହୋ

× 100 

= ቂ
∆ୌి°(ୌେୌ୓)×୫୭୪ (ୌେୌ୓)

(ଵି୘)×୔౟౤ౙ౟ౚ౛౤౪×୅୰ୣୟ× ୲୧୫ୣ
ቃ

୅୑ ଵ.ହୋ
 × 100   (4) 

where, ∆𝐻஼°(𝐻𝐶𝐻𝑂) is the combustion energy of formaldehyde (561.1 kJ/mol),[50] T is the 

optical transmittance of the aliquot collected from the CO2 reduction reactor, and 𝑃௜௡௖௜ௗ௘௡௧ is the 

intensity of illumination. Optical transmittance of the NiO/CeO2/rGO dispersed electrolyte was 

about 0.002, and the intensity of irradiation was one-sun solar light irradiation (100 mW/cm2) 

over an illuminating area of 6.25 cm2. The quantity of formaldehyde produced by the 

NiO/CeO2/rGO hybrid composite photocatalyst for 1 h of solar light irradiation was 31.054 μmol 

for 0.05 g of catalyst, which is equivalent to 421.09 μmol of formaldehyde/g of photocatalyst/h. 

Substituting these values in equation (5), the 𝜼𝑺𝑻𝑭 value estimated for the reaction was 0.775%. 

As can be seen in Table 2, while most of the used ceria-based photocatalysts produced methanol 
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as unique liquid hydrocarbon fuel, our hybrid composite catalyst produced formaldehyde as 

single liquid fuel. On the other hand, the efficiency of CO2 reduction and generation of 

formaldehyde by the hybrid composite catalyst is higher than the products reported for CeO2-

based composite photocatalysts [51-58] under similar experimental conditions. Moreover, the 

hybrid composite photocatalyst revealed its high photochemical stability (Figure 5c). After 5 

cycles (5 h each) of reutilization, CO2 reduction efficiency of the hybrid photocatalyst reduced 

only about 5%. As can be noticed from the data presented in Table S2 (Supporting Information), 

while the incorporation of rGO enhances the specific surface area of the photocatalysts 

significantly, their CO2 adsorption capacity remain almost unaffected. In fact, rGO-grafting 

blocks some of the active CO2-capturing sites of CeO2 (Table S2), reducing its CO2 reduction 

capacity (Figure 5c). To verify that the obtained formaldehyde is the product of CO2 reduction, 

not originated from any other source such as rGO, we performed the photocatalytic reactions 

over all the photocatalysts without CO2 bubbling. However, formaldehyde production could not 

be detected in absence of CO2 bubbling.  

To study the mechanism of CO2 reduction on the surface of NiO/CeO2/rGO hybrid 

composite photocatalyst including its activation, in-situ ATR-IR spectra were recorded in a 

Nicolet iS50 spectrometer (from Thermo Fischer Scientific) utilizing a multi-bounce ZnSe 

horizontal attenuated total reflection (HATR) crystal, coated with a thin layer of NiO/CeO2/rGO 

hybrid composite photocatalyst. As can be seen in Figure 5d, all the ATR-IR transmittance 

spectra (recorded at different reaction times) revealed a strong absorption signal around 2345 cm-

1, which is the signature absorption band of CO2. A gradual increase in the intensity of this signal 

with reaction time indicates the consumption of CO2 during reaction. Another absorption band 

with gradually increased intensity could be detected around 1060 cm-1, which has been assigned 
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to carbonate species (CO3
2-) in the literature.[59,60] Meanwhile, the appearance of absorption 

peak around 1393 cm-1 with decreasing intensity indicates the formation of another reaction 

intermediate. This peak was assigned to HCOO (formate).[61,62] The results obtained from in-

situ ATR-IR analysis are consistent with the results obtained through in-situ XAFS analysis. 

During the photocatalytic process, CO2 molecules dissolved in the reaction solution were 

adsorbed at the oxygen vacancy sites of CeO2 and activated to unidentate CO2. During the 

reduction of these activated CO2 molecules, HCOO was formed as an intermediate. Based on the 

intermediates detected by in-situ XAFS and ATR-IR spectroscopies, a probable pathway for the 

complete reduction of CO2 under solar light illumination has been presented in Figure 6. The 

initial step of this multi-step process is the light-induced vacancy formation at CeO2 surface. In 

the second step, CO2 molecules are adsorbed at oxygen vacancy sites of CeO2 surface. The 

adsorbed CO2 molecules have a resonance structure with a negative charge; i.e. as unidentate 

CO2 species as detected through the 1060 cm-1 absorption band in ATR-IR spectra. In step 3, 

anionic oxygen incorporates at the oxygen vacancy site to compensate the vacancy. The vacancy 

filled by oxygen would have positive charge; however, the two neighboring Ce3+ ions will be 

oxidized to Ce4+ and donate two electrons; and the electrons in the C-O bond will be transferred 

to oxygen at vacancy site (step 4). According to Libuda’s report, oxygen vacancies at the surface 

of CeO2 can be oxidized spontaneously in presence of CO2;[63] thus, the proposed mechanism is 

reasonable. Subsequently, a proton would be attached to the carbanion, resulting in the formation 

of formate (step 5), as detected by ATR-IR (peak at 1393 cm-1). If one electron is supplied, the 

formate radical could be formed (step 6), and a proton would be attached to the anionic oxygen 

(step 7).  The dissociation reaction occurs through the incorporation of one electron and one 

proton (steps 8 & 9), finally producing formaldehyde. Subsequently, stoichiometric CeO2 can be 
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reduced by external light irradiation, regaining its catalytic activity. Therefore, the high CO2 

reduction ability of the fabricated NiO/CeO2/rGO hybrid composite nanostructures can be 

associated to the combined synergetic effects, i.e. light induced oxygen vacancy formation at 

CeO2 surface, suppression of charge recombination at NiO-CeO2 interface, and electron 

accumulation over rGO surface of the hybrid photocatalyst. 

Although the formation of p-n junction at the NiO-CeO2 interface is very clear from the Mott–

Schottky plot of the sample presented in Figure S8c (Supporting Information), the increase in 

average carrier lifetime (ave) due to integration of NiO with CeO2 is not high (5% only), 

probably due to the small difference in band gap energy of the two materials (3.30 eV for CeO2 

and 3.41 eV for NiO). On the other hand, the change (reduction) in average lifetime due to rGO 

grafting is considerable (> 60%); which indicates that the charge extraction and charge holding 

properties of rGO play major roles in the enhanced catalytic performance of the NiO/CeO2/rGO 

hybrid composite photocatalyst.  

Conclusions   

In summary, we demonstrate an efficient CO2 reduction process by NiO/CeO2/rGO hybrid 

composite photocatalyst to produce formaldehyde selectively, under visible light illumination. 

The high CO2 reduction ability (⁓ 4 times higher than the pristine CeO2) of the photocatalyst to 

produce formaldehyde (421.09 μmol g-1 h-1) can be associated to the formation of p-n junction at 

NiO-CeO2 interface, along with the electron scavenging behavior of rGO sheets at the surface of 

the heterostructures. Formation of p-n junction at NiO-CeO2 interface reduces the recombination 

rate of photogenerated charge carriers, enhancing their average lifetime. The photogenerated 

electrons are collected by rGO and transferred to the activated CO2 molecules captured at oxygen 
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vacancy sites of CeO2 surface. Formation of oxygen vacancies on CeO2 surface due to solar light 

illumination could be monitored by in-situ XANEX spectroscopy. Structural changes occurred at 

the surface of CeO2 due to the formation of oxygen vacancies could be monitored through in-situ 

XAFS analysis. Generation of CO2
•- radical and formate as intermediate products of CO2 

reduction could be monitored by in-situ EPR and in-situ ATR-IR spectroscopy, respectively. 

Based on the obtained results, we presented a step-by-step description of the multi-step CO2 

reduction process, which can help the researchers not only to understand this complex process, 

but also for designing new, efficient catalysts for photocatalytic reduction of CO2.  
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Table 1. Kinetic parameters for TRPL fitting curves of CeO2, 0.3 NiO/CeO2 and 

NiO/CeO2/rGO photocatalysts 

 

 

 𝑨𝟏 
𝝉𝟏   

(ns) 
𝑨𝟐 

𝝉𝟐   

(ns) 

𝝉𝒂𝒗𝒆   

(ns) 

CeO2 0.4912 8.11 1.379 1.84 5.67 

0.3 NiO/CeO2 0.8700 8.20 2.520 1.71 5.80 

NiO/CeO2/rGO 0.1429 4.00 1.650 0.3435 2.16 
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Table 2. Ceria-based hybrid composite photocatalysts and their CO2 reduction performance.  

 

 

 

Photocatalyst Light source Products Yield  
 

References 

CeO2/ZnIn2S4  300 W  

Xenon lamp 

Methanol 

(CH3OH) 

0.542 (μmol g−1 h−1) [51] 

g-C3N4@CeO2 300 W  

Xenon lamp 

Methane 

(CH4), 

CH3OH, 

Carbon 

monoxide 

(CO) 

CH4 (3.5 μmol g−1), 

CH3OH (5.2 μmol g−1), 

CO (16.8 μmol g−1) 

[52] 

Cu2O/CeO2 300 W  

Xenon lamp 

CO 0.140 (μmol g−1 h−1) [53] 

Cu(II)/ING/CeO

2 (CeO2 loaded 

N-doped 

graphene and 

Cu(II)) 

250 W  

Xenon lamp 

CH3OH 385.8 (μmol g−1 h−1) [54] 

CeO2/TiO2 500 W  

Xenon lamp 

CO, CH4 CO (10 μmol g−1h−1), 

CH4 (4 μmol g−1h−1) 

[55] 

Cu/CeO2-x 300 W  

Xenon lamp 

CO 1.65 (μmol g-1h-1) [56] 

CeO2-TiO2 500 W  

Xenon lamp 

CH3OH 3.1 (μmol g-1h-1) [57] 

Cr doped CeO2 500 W  

Xenon lamp 

CO 2.1 (μmol g-1h-1) [58] 

NiO/CeO2/rGO 300 W  

Xenon lamp 

Formaldehyde 

(HCHO) 

421.09 (μmol g-1 h-1) Present 

Work 
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Figure 1. Schematic presentation of (a) change in energy level of free CO2 and activated CO2 by 

CeO2 and (b) photocatalytic CO2 reduction process on NiO/CeO2/rGO hybrid composite 

photocatalyst. 
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Figure 2.  Typical TEM images of the synthesized (a) n-CeO2 nanorods, (b) p-NiO/CeO2 

composite, and (c) NiO/CeO2/rGO hybrid composite with their schematics (upper case). Insets of 

(a) and (b) are the typical HRTEM images of corresponding nanostructures. 
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Figure 3. (a) Energy band alignment of p-NiO (blue) and n-CeO2 (red) in the NiO/CeO2/rGO 

hybrid composite photocatalyst. (b) Time-resolved PL decay curves of CeO2 (black), 0.3 

NiO/CeO2 (red) and NiO/CeO2/rGO (blue) hybrid composite photocatalyst. Continuous lines are 

the double-exponential fitted curves. As can be seen in Table 1, 1 and 2, and hence the ave 

values for the three catalysts are different. The offset between the background decay vanishes 

after a couple of minutes of the cessation of excitation. (c) Structure of (1) stochiometric CeO2, 

(2) oxygen vacancy generated CeO2-δ, and (3) CO2 molecule captured at oxygen vacancy site of 

CeO2. Upper case structures are the front views and lower case structures are the top views. 
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Figure 4. In-situ XANES plots of NiO/CeO2/rGO photocatalyst (a) without and with solar light 

irradiation. Deconvoluted XANES plot of (b) without solar light irradiation, and (c) with solar 

light irradiation. (d) In-situ EXAFS plots of NiO/CeO2/rGO photocatalyst in different conditions. 

The black trace corresponds to light off condition without CO2 bubbling, the red trace 

corresponds to light on condition without CO2 bubbling, and the blue trace corresponds to light 

on condition with CO2 bubbling. Phase corrected R(Ce-O) of light off and no CO2 bubbling 

condition was 2.36 Å, light on without CO2 bubling condition was 2.42 Å, and light on with CO2 

bubling condition was 2.45 Å.  
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Figure 5. In-situ EPR spectra of synthesized CeO2 in 0.1 M DMPO solution before (a) and after 

(b) CO2 reduction reaction, red color shows deconvoluted EPR spectrum. (c) GC estimated 

quantity of formaldehyde produced during CO2 reduction reaction over CeO2 (black), 0.3 

NiO/CeO2 (red), 0.3 NiO/rGO (green), CeO2/rGO (magenta) and rGO/NiO/CeO2 (blue) 

photocatalysts in 50 mL of 0.2 M NaHCO3 & 0.2 M Na2SO3 mixture solution; 0.05 g of each of 

the catalysts was used for photocatalytic CO2 reduction. Data point error bars in (c) correspond 

to the variation in production yield during 6 cycles (5 h each) of reutilization of the 

photocatalysts. The catalysts NiO/rGO and CeO2/rGO produce very little amount of 

formaldehyde. The CO2 reduction yields of the two catalysts have been presented in amplified 

scale as inset of (c). (d) In-situ ATR-IR spectra recorded during CO2 reduction reaction on 

NiO/CeO2/rGO hybrid composite photocatalyst.  
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Figure 6. Reaction mechanism and pathways associated to photoactivation of CO2 molecules at 

oxygen vacancy sites of CeO2 surface and CO2 reduction through proton-coupled electron 

transfer processes at different stages of reaction. Blank squares correspond to photo-induced 

oxygen vacancies generated in step 1. CO2 capture occurs at the oxygen site adjacent to oxygen 

vacancy in step 2. In step 3, adsorbed CO2 molecules get activated by sharing O with vacancy 

site. Electron sharing between Ce and O atoms at vacancy site occurs in step 4.  In step 5, 

transformation of activated CO2 molecule to formate by capturing a proton occurs. In step 6, 

formation of formate radical occurs through electron transfer from rGO. Attachment of a proton 

(generated from water oxidation) to the oxygen of formate radical happens in step 7. Finally, 

formaldehyde is produced through electron and proton transfer processes in steps 8 & 9.  
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Highlights 

 A rGO-grafted NiO-CeO2 heterojunction nanocomposite was fabricated through a simple 
hydrothermal process to utilize in ptotocatalytic reduction of CO2.  

 The hybrid nanocomposite reduces CO2 to formaldehyde liquid fuel under solar light 
irradiation. 

 The hybrid nanocomposite produces formaldehyde at four times higher rate (421.09 
mmolg-1h-1) than pristine CeO2 nanostructures.  

 Formation of photoinduced oxygen vacancy at CeO2 surface and CO2
- radicals during 

photocatalytic reduction were monitored by in-situ XANEX and in-situ EPR 
spectroscopy. 

 A step-by-step description of the multi-step CO2 photoreduction process has been 
provided. 
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