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Abstract

The quest for z-scheme efficient photo catalytic system has been proved to be an impressive 

approach to enhance reactivity and selectivity for carbon dioxide conversion into value-added 

energy dense molecules to cope with the increasing clean energy demand in future. Herein, 

we developed a versatile strategy for the Z-scheme heterojunction synthesis of NiO doped 

CuO well defined hexagonal nanosheets decorated with RF (Resorcinol-Formaldehyde resin). 

The Photo-generated electrons migrate to NiO doped CuO from the π-π stacking in 

benzenoid-quinoid conjugated system of RF resin, where these electrons are accommodated 

by carbonyl group of quinoid acceptor unit, and the positive holes leave in semiconductor 

heterojunction for water oxidation.  The nanosheets morphology of NiO doped CuO has 

enhanced surface area, active sites, improved charge separation and elevated CO2 reduction 

potential of the heterojunction. The small HOMO-LUMO gap of RF resin facilitate migration 

of electrons from the CB of RF to VB of CuO. The photocatalytic degradation of the 2,4-DCP 
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was investigated which is 95% per hour. We claim the highest activity achievement in terms 

of CO2 reduction (230 μ mol g-1 h-1) which is 6 folds greater than the pure CuO (39.5 μ mol g-

1 h-1) photocatalyst and pollutant degradation of the heterojunction till date. 

1. Introduction

With increasing world population and industrialization fossils fuels are consumed on an 

unprecedented scale resulted in alarming increase in CO2 emission to the atmosphere, has 

sparked off global energy crisis and environmental problems[1]. Simply avoiding fossil fuels 

might not be possible in all instances.CO2 conversion to value-added chemicals (CO, CH3OH 

and derivatives) is a proactive approach to address both the issue of global energy demands 

and global warming.[2-4] CO2 can be reduced to valuable chemical fuels in the presence of 

light using a photocatalyst, thus can help to get rid of the conundrum of fossil fuels, and 

reduction of greenhouse gases.[5-7] But the need of highly efficient, long term CO2 reduction 

durable photocatalyst is still an unresolved challenge for the researchers.

Nano- or microparticles of metal oxides when irradiated by pertinent wavelength of 

light exhibit photocatalytic properties such as active oxygen source, and photogenerated 

electrons and holes.[8,9] Fujishima and Honda pioneered metal-oxide photocatalyst by 

demonstrating photoirradiation of a TiO2-covered electrode immersed in an aqueous 

electrolyte led to the production of O2 and H2 from TiO2 and Pl electrodes, respectively.[10, 11] 

Metal-oxides are the most researched materials for photoreduction of CO2  photoreduction, 

notably  MgO,[12] TiO2,
[13] Ga2O3,

[14] In2O3,[15] Bi2MoO6,[16,17] and Ta2O5,
[18] ZnO.[19] To 

increase the photocatalytic activity and stability of these photocatalyst, the charge 

recombination is diminished by the surface doping of these materials with the metals such as 

Cu, Ni, Pt, Pd, Fe, Ru, Ag, Co. [20-26] Nano-structured CuO has emerged as a promising metal 

oxide photocatalyst owing to its constricted band gap of 1.3 eV.[27] It is a p- type intrinsic 

semiconductor with the highest number of CO2 adsorption sites and capability compared to 

other transition metal oxides.[28] CuO use as photocatalyst for CO2 reduction has been 

demonstrated by several studies.[29, 32] Heterojunction of metal oxides is a featured approach 

for the enhancement of its charge generation capability, conductance, and visible light 

sensitivity counting to increased photocatalytic activity.[33, 36]

In the present work, validated NiO-doped CuO nanosheets were prepared in which 

NiO works as supporting layer as well as the interaction of CuO and NiO sub-energy levels 

resulted in decreased band gap of CuO. Furthermore the application of NiO enhances charge 

Electronic copy available at: https://ssrn.com/abstract=4173934



3

separation and improves stability of CuO. The prepared NiO-doped CuO hexagonal 

nanosheets were decorated with Recercinol farmaldehyde Resin. As a result of these 

modification, the resulted RF/NiO-doped CuO exhibit remarkable increase in efficiency for 

photocatalytic CO2 reduction and the stability showing a linear relationship between reaction 

activity and reaction time. RF itself act as semiconductor photocatalyst with a bandgap of 1.8-

2.0 eV. It is known as highly active Donor-Acceptor polymer, visible light responsive 

photocatalyst.[37] The benzenoid form of resorcinol is π-conjugated with the quinoid form of 

resorcinol via methine linker creating benzenoid-quinoid π-conjugated donor-acceptor (D-A) 

units. These D-A units are linked together by other non π-conjugated methylene linkers. This 

results in a charge transfer interaction in D-A units establishing small HOMO-LUMO gaps. 

The small HOMO-LUMO gaps prompt π-stacking of the D-A units attributed to low -gap 

(1.8-2.0 eV) semiconducting band structure by hybridizing their energy levels. The D-A units 

form Valence Band (VB) which operates oxidation and Conduction Band (CB) operating 

reduction.[38,39] Because RF has excellent conductivity and outstanding electron mobility due 

to π-stacked D-A unit framework when coupled with NiO doped CuO nanosheets provides an 

ultrafast electron transfer platform to facilitate splitting up of photogenerated holes and 

electrons within the hexagonal nanosheets. The benzenoid-quinoid units of RF interacts with 

the Cu and Ni of heterojunction resulting in enhanced nucleation which increases the 

crystallite size, surface area of the photocatalyst, and promotes surface oxygen vacancies 

which helps in promoting visible light absorption and red shift in band gap making the 

heterostructure an efficient visible light responsive photocatalyst. 

2. Material and Methods:

2.1 Materials:

Ni(NO3)2.6H2O (99% Sigma-Aldrich), Cu(NO3)2.3H2O (98% Sigma-Aldrich), citric acid, 

sodium hydroxide NaOH pellets (98%, Sigma-Aldrich), NH4OH (25 wt.%, Merck), resorcinol 

(99%, Merck), formaldehyde (37 wt.%, Merck), 2,4-Dichlorophenol (99%, Merck) were used 

as received. All other chemicals used were of analytical grade and were used without further 

purification.

2.2 Synthesis of Resorcinol-Formaldehyde Resin:

Resorcinol-Formaldehyde (RF) resin was synthesized according to extended Stöber 

method.[40] 0.1 mL of NH4OH solution was mixed with a solution containing 40 mL deionized 
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water and 16 mL ethanol and kept stirring for 1 hour. Subsequently, 0.4 grams of resorcinol 

was added to it and continuously stirred for 30 minutes. After that 0.56 mL formaldehyde 

solution was added and stirred for 24 hours at 30 °C. The solution was then transferred to a 

Teflon lined autoclave and heated at 100 °C for 24 hours. The solid product was recovered 

after centrifugation at 8000 rpm for 15 minutes and air-dried at 100 °C for 48 hours.

2.3 Synthesis of NiO-doped CuO nanosheets:

In a typical experimental procedure, Ni(NO3)2.6H2O along with Cu(NO3)2.3H2O and citric 

acid were taken in stoichiometric amount (1:1 metal to citric acid ratio) and were mixed in de-

ionized water. The mixture was kept on magnetic stirrer for vigorous stirring at a temperature 

of 80 ᵒC for a period of 60 minutes. After 1 hour the a gel-like solution was formed. After 

completion of the stirring, the solution was washed with ethanol through centrifugation at 

12000 RPM for removing organic impurities. Furthermore, the obtained densed precipitate 

was kept in furnace for 10 minutes at 200 ᵒC. The obtained fluffy mass was then grinded and 

annealed at 350 ᵒC in furnace. The final obtained crystalline powder were stored for further 

characterization.

2.4 Fabrication of NiO-doped CuO nanosheets with RF

The as synthesized NiO doped CuO nanosheets were dissolved in ethanol. RF was added in 

different wt.% ratios (i.e., 0.5 wt.%, 1 wt.%, 2 wt.%, and 3 wt.%). The mixture was 

ultrasonicated for 30 minutes using ultrasonic sonicator (LSC-64, Operating Frequency (30 

KHz). The desired RF/NiO-doped CuO photocatalyst was obtained after centrifugation of the 

sample for about 20 minutes at 6000 RPM.

3 Results and Discussion:

The X-ray diffraction (XRD) patterns obtained for the pure NiO doped CuO, and different wt 

% RF/NiO-doped CuO are graphically represented in Figure 1 and Figure S6. Owing to the 

amorphous nature of RF, only the diffraction peaks of NiO doped CuO nanosheets were 

detected. The characteristics diffraction peaks for CuO at 33.1° 35.55°, 38.78°, 48.80°, 59.2°, 

61.6°, 67.9°,72.5° and 75.1° are indexed, respectively to the (110), (11-1), (111), (20-2), 

(202), (11-3), (220), (311), and (22-2) reflection planes of monocyclic symmetry phase of 

CuO (space group C2/c) (JCPDS-Card No: 48-1548). Along with the diffraction pattern of 

Electronic copy available at: https://ssrn.com/abstract=4173934



5

CuO and carbon, NiO doped CuO demonstrates the face-centered cubic structured NiO as 

evidenced from the (111), (200), (220), (311), and (222) planes respectively, at 37.2°, 42.1°, 

66.05°, and 74.9° (JCPDS-Card No: 71-1179).[41]The variation in the diffraction peaks of NiO 

and CuO in the XRD pattern is attributed to the loading of RF, resulting in less exposure of 

some planes of NiO-doped CuO to the x-rays coming out of diffractometer. The crystallite 

was determined using Scherrer Formula. RF/NiO-doped CuO heterojunction crystallite size 

with maximum concentration of RF was determined to be 19.33. The benzenoid-quinoid units 

of RF with Ni and Cu of the nanosheets resulting in increased nucleation which increases the 

crystallite size and stability of the heterojunction, enhancing its photocatalytic activity than 

pure NiO-doped CuO nanosheets.

Figure 1: XRD pattern of RF decorated NiO-doped CuO nanosheets

Structural morphology of the as prepared samples was revealed by SEM, HRTEM and 

HAADF investigations. The SEM images of RF/NiO-doped CuO (Figure 2A, 2B), (Figure 

S7) show hexagonal nanosheets with average size 548 x 623 nm (l x w) and diameter of 30 

nm as calculated by image j software (1.38e/java 1.5.0_09). The increased surface area 

provides enhanced active sites for photocatalytic reduction. HRTEM (Figure S8 C, D) 

HAADF images as shown in Figure 2(C, D), (Figure S8 A, B) exhibits aggregated but two 
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separated black and grey parts which might be called Janus-type structure of the nanosheets. 

HAADF images illustrated that after decorating with RF, no change in morphology was 

observed probably due to the low loading of RF resin.

The elemental composition of the as prepared photocatalyst was investigated through Energy 

Dispersive X-ray analysis (EDX). The EDX spectrum confirms the presence of Ni, Cu, O, and 

Carbon elements (Figure 3A). Further the absence of impurity peaks in EDX spectrum was 

consistent with the neat XRD plot obtained for the as synthesized photocatalyst. The EDS 

elemental mapping of RF decorated NiO-doped CuO nanosheets further supports the HAADF 

results. The distribution of carbon, copper, nickel, and oxygen can be clearly observed in 

Figure 3B.

Figure 2: SEM images (A, B) and HAADF images (C, D) of the RF/NiO-doped CuO 

Photocatalyst.
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Figure 3: Elemental mapping of Carbon (red), Oxygen (blue), Copper (purple), and Nickel 

(green)

The chemical composition and elemental chemical states of RF/NiO-doped CuO were further 

confirmed by obtaining X-ray Photoelectron Spectroscopy (XPS) spectra of the sample. The 

full scan XPS spectrum demonstrates the presence of C1s, O1s, Ni 2P, and Cu 2P. In the core-

level XPS spectrum of Ni 2P (Figure 4C), the peaks oriented at 853.7 and 871.1 eV are 

attributed respectively to Ni 2P3/2 and Ni 2P1/2 having energy difference of 17.4 eV 

demonstrating the existence of Ni2+ in NiO phase.[42] The peaks at 859.3 and 877.4 eV are 

related to satellite Ni 2P3/2 and satellite Ni 2P1/2. The XPS spectrum of copper (Figure 4D) 

exhibit characteristic peaks of Cu 2P3/2 at 933.4 eV and Cu 2P1/2 at 953.1 eV with the spin-

orbit energy difference of 19.7 eV endorsing the presence of Cu2+ in RF/NiO-doped CuO.[43] 

The satellite peaks of Cu 2P3/2 and Cu 2P1/2 are located at 943.5 and 962.7 eV respectively. 

The XPS spectrum of C1s is fitted into 4 peaks (Figure 4A), the peaks at 284.2 and 284.8 eV 

determine carbon-carbon double bond and carbon-carbon single bond present in the RF resin. 

Similarly, the peaks originated at 287.6 and 288.4 eV are lined up with carbon-oxygen single 

bond and carbon-oxygen double bond respectively. Oxygen XPS spectrum interpret three 

peaks (Figure 4B), the peak at 531.2 eV is assigned to metal-oxygen bond. similarly, the peak 
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at 532.18 eV is attributed to organic carbon-oxygen double bond while that of 533 eV is due 

to organic carbon-oxygen single bond present in RF resin.

(D)

Figure 4: Full scan X-ray Photoelectron Spectrum (XPS) of Carbon (A), Oxygen (B), Copper 

(C), Nickel (D)

The synthesized hybrid photocatalyst, RF/NiO-doped CuO was tested for CO2 reduction 

under visible light irradiation (λ ≥ 420 nm) as shown in the Fig. 5, it is obvious that pure NiO-

doped CuO exhibit weak photocatalytic activity for photoreduction of CO2 (30 μmol g-1 h-1 of 

CO2, 11 μmol g-1 h-1 of CH4), however, after decorating with RF the photocalytic CO2 

conversion activity was remarkably improved. RF/NiO-doped CuO exhibited the highest 

photoactivity (230 μmol g-1 h-1 of CO, 80 μmol g-1 h-1 of CH4), which is eight folds higher 

than the pure NiO-doped CuO nanosheets. The enhanced photocatalytic CO2 reduction 

activity is attributed to downturn in charge recombination of the NiO-doped CuO nanosheets 

heterojunction increased charged generation by coupling RF. During CO2 conversion two 

types of gas phase products were detected (the major CO, minor CH4).
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In the first step of the photocatalytic process, CO2 adsorbed on the CuO catalyst surface 

reacted with electrons to produce carbon dioxide radicals (CO2
•−), which then reacted with 

H+ to form surface CO and C, ultimately producing CH4.

CO2 CHO2 CO C CH4
H + e H + 2e 4H + 4ee Equation 1

The selectivity for CO over methane increases with increasing RF concentration. This 

selectivity can be attribute to the addition of RF that injects electrons preferentially into the 

CuO, probably due to π-stacking of aromatic rings in RF resin. 

Charge transfer is the most influential factor in its increased photocatalytic activity of the as 

prepared heterojunction system.[44] During irradiation process, the photogenerated electrons in 

the RF-conduction band (RF-CB) can easily migrate to CuO-VB level has more negative 

standard potential (Eo = 0.21 V) favoring it to be oxidized and the excited electrons migrated 

to CuO-VB because of its more positive standard potential (Eo = 0.74 V) allowing it to be 

reduced. This significantly increase photocatalytic activity by preventing electron/hole 

recombination process. RF coupling intensifies charge generation by extending the visible 

light absorption window of the NiO-doped CuO catalyst.[45]

Figure 5: Photocatalytic activities of RF/NiO-doped CuO to evolve CO and CH4
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 To support CO2 conversion, we have measured the visible light photocatalytic activity of 

NiO-doped CuO (sample 5), 5 wt% RF/NiO-doped CuO (sample 1), 10 wt% RF/NiO-doped 

CuO (sample 2), 15 wt% RF/NiO-doped CuO (sample 3), and 20 wt% RF/NiO-doped CuO 

(sample 4) for photodegradation of 2,4-dichlorophenol (DCP) as shown in Fig.6. it is evident 

that NiO-doped CuO (sample 5) exhibit weak photocatalytic activity (33%) for 2,4-DCP 

degradation after visible light irradiation for 1h. However, after decorating with RF the 

photocatalytic activity noticeably increased. The photocatalytic degradation activity linearly 

increased with RF concentration, sample 1 (58%), sample 2 (70%), sample 3 (80%). Sample 4 

showed maximum photodegradation (95%).

The removal efficiency of photocatalytic activation was concluded from Eq. 2

                      Removal Efficiency = C° - Ct/C° x 100                                  Equation 2

Where, C° is the initial 2,4-DCP concentration and Ct is the pollutant concentration at time 

t.[46]  All C° and Ct values were determined by the maximum absorption at the wavelength of 

λ ≥ 420 nm. The progress of the photocatalytic degradation of 2,4-DCP under visible light 

illumination was monitored by UV-Visible spectrophotometer. It was found that no 

degradation of 2,4-DCP was occurred in the absence of the photocatalyst under visible light 

irradiation. Degradation performance was significantly improved up to 95%, when the 2,4-

DCP solution containing 20 wt % RF/NiO-doped CuO was exposed to the visible light 

illumination.
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Figure 6:  Photocatalytic Degradation of 2,4-Dichlorophenol by RF/NiO-doped CuO 

photocatalyst

To investigate the generation and separation of photo-generated charges, the production of 

•OH was measured through coumarin fluorescent method. During photocatalytic process, the 

photogenerated holes will take part in the oxidation of H2O to generate OH and the photo-

generated electrons will reduce the dissolved O2 in multistep reduction process to generate 

•OH, which act as strong primary oxidant, can degrade organic pollutant to H2O and CO2. 

Thus, the presence of •OH can confirm the photocatalytic activity of a photocatalyst. The 

produced •OH react with coumarin to form the luminescent 7-hydroxycoumarin.[47,48] The 

intensity of •OH radicals produced for different wt % RF/NiO-doped CuO detected under 

UV-Visible light is shown in Fig.7. The maximum intensity peaks in the fluorescent spectra 

are observed at approximately 467 nm. It is also observed that the fluorescent intensity 

increases in accordance with increasing RF concentration. The formation of •OH radicals 

pursue the pattern NiO-doped CuO < 5 wt% RF/NiO-doped CuO < 10 wt% RF/NiO-doped 

CuO < 15 wt% RF/NiO-doped CuO < 20 wt% RF/NiO-doped CuO. The noteworthy 

increment in the fluorescent intensity of 20 wt% RF/NiO-doped CuO confirms the generation 

of highest number of •OH radicals compared to other samples revealing its better ability to 
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degrade pollutants. These observations are in agreement with the increase in effective charge 

separation, photo-generated electrons and holes, and efficient photocatalytic activity with the 

increase in RF doping of the RF/NiO-doped CuO as compared to the pure NiO-doped CuO. In 

general, the larger the •OH radical generation, the higher the photocatalytic activity.

Figure 7: Fluorescence spectra related to °OH radical amount generation.

To investigate the effect of RF resin decoration on the photoelectrochemical properties of 

NiO-doped CuO heterojunction, the photocurrent intensity versus potential (I-V) 

measurements were carried out under visible light irradiation. The I-V characteristics of pure 

NiO-doped CuO and RF/NiO-doped CuO samples are listed in the figure 8 below. The figure 

illustrates that the photocurrent intensity of the pure NiO-doped CuO heterojunction varies 

little with increasing bias potential. However, upon decorating with RF resin, the 

photocurrent density significantly enhanced at more positive bias potential. For instance, at 

1.0 V vs Ag/AgCl, the photocurrent density of Pure NiO-doped CuO heterojunction is 0.087 

mA/cm2, while that of 5 wt% RF/NiO-doped CuO, 10 wt% RF/NiO-doped CuO, 15 wt% 

RF/NiO-doped CuO, and 20 wt% RF/NiO-doped CuO are in the order 0.35 mA/cm2, 0.57 

mA/cm2, 0.71 mA/cm2, 0.80 mA/cm2 respectively. It is evident from these results that RF 

resin improves the charge transfer in the NiO-doped CuO nanosheets by assigning its D-A 

units in accordance with the CuO and NiO. CuO gets attached on the surface of NiO and 
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interacts with RF. The Conduction band of monoclinic CuO lies at -0.8eV while that of RF 

resin lies at 0.21eV. Due to more negative standard potential than RF resin, upon exposure to 

visible light the electrons from the conduction band of copper oxide jumps to the conduction 

band of RF resin where they are utilized for the photoreduction of CO2 while the holes from 

the valence band of RF resin migrates to the valence band of CuO where they generate 

hydroxyl radicals in the presence of water.

Figure 8: PEC I-V curves under visible light irradiation
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Figure 9: Plausible mechanism of Z-Scheme NiO-doped CuO/RF resin Photocatalytic 
system.

4. Conclusion

In summary, we have developed an efficient and cost-effective photocatalytic heterojunction 

of NiO-doped CuO and RF resin. The efficiency of the photocatalytic system was tested by 

CO2 reduction into CO and CH4 and degradation of 2,4-DCP. CO2 reduction activity was 

found to be 230 μmol g-1 h-1
 which is 6 times greater than the activity of pure CuO (39.5 μmol 

g-1 h-1). The increase in activity is attributed to the coupling of RF with CuO as RF resin 

induces the photogenerated electron efficiently to the CuO surface due to the presence of 

Benzenoid-Quinoid donor-acceptor units. 2,4-DCP was successfully degraded by using 

RF/NiO-doped CuO photocatalytic system, the activity was found to be 95% per hour. This 

new heterojunction will open a window for coupling of RF with other substances to meet the 

demands of clean energy production via photocatalytic heterojunction systems.
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