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1. Experimental 

1.1. Materials

All the solvents and reagents, utilized in the current paper, were commercially procured from Merck 

Company (Darmstadt, Germany) and were used without any additional purification. The ultrapure 

(>99% purity) form of cobalt nitrate (Co(NO3)2.6H2O), manganese nitrite (Mn(NO3)2·6H2O), and zinc 

nitrate (Zn(NO3)2·6H2O) were employed as sources of the Co, Mn, and Zn, respectively. In addition, the 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2023



2-propanol (C3H8O) and glycerol (C3H8O3) as well as Aloe-vera leaves (obtained from local mark) were 

used as a solvent during photocatalysts fabrication. Other chemicals deployed in the experimental 

analyses include the triethanolamine (TEOA), acetonitrile (C2H3N), sodium sulfate (Na2SO4), 

[Ru(bpy)3]Cl2·6H2O, and hydrochloric acid (HCl, 37%). The 5 wt.% of D521 Nafion solution was 

purchased from DuPont company (Delaware, USA). Ultrapure water was utilized during catalyst 

preparation, CO2-PR experiments, and all other manipulations.

1.2 Preparation of Aloe-vera gel

The proper numbers of newly picked Aloe-vera leaves were thoroughly washed with ultrapure water for 

removing all impurities such as dust and related contaminations and then were dried in room temperature. 

The green rinds of leaves were separated, and inner gels were collected. The obtained gel was blended 

such that a colloidal solution termed, “AVG” appeared. A proper amount of AVG was mixed with 

ultrapure water in the three-volume ratio including 40:60 (solution A), 60:40 (solution B), and 80:20 

(solution C) and then were stirred at 70 ⁰C for 30 min. Finally, each solution was separately filtered and 

kept in the refrigerator at 4 ⁰C for further usage. 
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Fig. S1. Variation between beginning pH and ending pH result from drift method for YDSHS-MCO and 6-ZMO 
samples. 

1.3. Photocatalysts characterization techniques

Crystallographic feature attributed to as-constructed nanostructures was specified through Powder X-ray 

diffraction (XRD) characterization attained from PANalytical XPert Pro MPD, Netherland, which 

operated under 𝜆 = 0.15406 nm, 40 kV, and 30 mA conditions. The valence state and electronic merits 

of as-fabricated samples were identified via the X-ray photoelectron spectroscopy (XPS) instrument K-

alpha XPS spectrometer, Bes Tec, Germany, equipped with 1253.6 eV X-ray power of Mg Kα radiation 

as an excitation source. The used XPS instrument was calibrated by pure gold (Au 4f7/2), and separation 

in calibration energies was adjusted via copper (Cu 2p3/2 - Cu 3p) based on the International Standards 

Organization (Document No. ISO 15472:2010: Surface chemical analysis - X-ray photoelectron 

spectrometers - Calibration of energy scales). In addition, the extent of retardation of carbon adventitious 

was applied and set at 284.8 eV according to the standard references, as shown in Fig. S2. The 

morphological elaboration was accomplished using the field emission scanning electron microscopy 

(FE-SEM) (Mira III, Tescan, Czech Republic) and transmission electron microscope (TEM) images 

(CM300, PHILIPS, Netherland). The porosity and textural quantification of nanophotocataysts were 

distinguished through conventional N2-gas adsorption-desorption under the instrument of BELSORP 

MINI II, BEL, Japan. The light-harvesting and optical assessments of as-derived samples were 

conducted with UV-Vis diffuse reflectance spectroscopy (DRS) analysis by Avaspec-2048-TEC 

spectrophotometer, Avantes, Netherland. The electronic elucidation of charge behavior was described 

using photoluminescence spectroscopy (PL) characterization under Varian Cary Eclipse, Agilent, USA 

equipment. In-situ diffuse reflectance infrared Fourier transform spectroscopy (DR-IFTS) was 

performed by a Bruker INVENIOS FTIR spectrometer.
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Fig. S2. Arrangement of retardation extent related to carbon adventitious (C 1s) of YDSHS-MCO, 6-ZMO, and 

(80)YDSHS-MCO@6-ZMO samples.

1.4. Photo/electrochemical measurements 

The Compact Electrochemical Interface PalmSens 4 integrated with conventional three-electrode 

configuration comprising Pt wire (counter electrode), Ag/AgCl (reference electrode) and glassy carbon 

electrode (working electrode) appraised the intrinsic electrochemical characteristic of as-synthesized 

nanomaterials. The measurements of electrochemical impedance spectrum (EIS) and Mott-Schottky 

plots were carried out deploying the mentioned potentiate set-up, while the catalysts-treated glassy 

carbon electrode (Cat-GCE) was operated as the working electrode with 0.5 M of Na2SO4 solution as 

the electrolyte media. The electrochemical EIS evaluation was recorded in open circuit potential and 

voltage oscillation of 10 mV within the frequency range of 100 kHz to 0.01 Hz. The Mott–Schottky 



curves were acquired under three different frequencies including 0.5, 1, and 1.5 kHz. Besides, in order 

to effectuate the transient photocurrent (TP), the above-explained procedure was analogous except that 

the Cat-GCE was substituted with catalyst-modified fluorine doped tin oxide (Cat-FTO) under on/off 

300 W of xenon light irradiation. The procedure related to preparation of Cat-GCE and Cat-FTO was 

thoroughly elaborated was follow:

The even homogenous slurry of catalyst was prepared through mixing 5 mg of certain catalyst, 800 μL 

of ultrapure water, 170 μL of 2-propanol, and 30 μL of Nafion solution, which was homogenously 

dispersed under ultrasonic power for 30 min. Subsequently, 1 μL of obtained slurry was casted onto 

GCE with 2.0 mm diameter so that the catalyst loading reached about 160 mg/mL. Eventually, the 

catalyst-loaded GCE was left at the ambient condition to uniformly dry and get ready for the subsequent 

electrochemical analyses. In the case of Cat-FTO, the certain amount of prepared catalyst slurry was 

evenly dropped onto FTO (1×1 cm2) and then placed in the ambient condition to remove any solvent and 

introduce uniform substrate for photoelectrochemical measurements. 

1.5. CO2 photoreduction

1.5.1. Experimental set-up

In order to attain reliable comparison between every single as-fabricated component, the CO2-PR 

capability was performed in an acetonitrile-assisted liquid-solid phase reactor under following specific 

procedure:

The double-shelled cylindrical Pyrex vessel (inside shell dimension: 10 cm in height and 4.6 cm in 

diameter) was utilized as photoreactor equipped with a quartz window at top of the reactor working as 

transmit light channel. In addition, inlet and outlet ports was installed on the outside shell so that the 

water in circulation can keep the temperature of reactor at the specific value. The graphical configuration 



of the double liquid-gas phase photoreactor was illustrated in Fig. S3. The reactor content included the 

100 mL liquid phase consisting of 4.0 mg of catalysts, 4.0 mL of triethanolamine (TEOA) as sacrificial 

agent, 10.0 mg of [Ru(bpy)3]Cl2‧6H2O photosensitizer (abbreviated as Ru-bpy), and 16.0 mL of 

acetonitrile as well as 50 mL gas phase. A 300 W Xe lamp equipped with cut-off filter was applied as a 

light source and installed above the quartz window. Prior to starting the irradiation of light source, the 

ultra-pure CO2 (99.99 %) was purged and bubbled at liquid phase through the bottom inlet and 

consequently vented out the reactor through top outlet located at the gas phase. After 1 hour, during 

which the photoreactor was thoroughly cleaned to remove any other impurities, the reactor ports were 

sealed, and then the light was turn on. At regular time interval, the specific gaseous content was 

withdrawn and analyzed utilizing a gas chromatograph (GC). The collected gas samples were identified 

through a gas chromatograph (GC), Agilent 7890A, which was installed the flame ionization detector 

(FID), the thermal conductivity detector (TCD), and nickel-packed methanizer in order for conversion 

CO-to-CH4. The Ultrapure Helium was chosen as the gas-carrier.

In the interest of appraising the practical usage of CO2-PR, the CO2 conversion was accomplished under 

gas-solid system without applying neither photosensitizer nor sacrificial agents, as described as follow:

The photoreactor configuration was kept the same, whereas catalyst was coated on quartz glass and was 

placed at the bottom of reactor instead of filling the two-thirds of the reactor with water mixture including 

catalyst and other agents, as shown in Fig. S5. In detail, 10 mg of catalysis and 1 mL deionized water 

was uniformly dispersed using ultrasonic energy and then was evenly dropped on the quartz glass (2×2 

cm2). The catalysts-loaded glass was dried in ambient condition, and afterward consequently transferred 

to the bottom of the reactor, while 1 mL deionized water was added to the reactor. The rest of the 

procedure was analogous to the earlier described Liquid-solid system. 



Fig. S3. Schematic presentation of configuration for liquid-solid phase CO2-PR reactor. 
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Fig S4. Spectrum of Xe lamp (300 W).



Fig. S5. Schematic presentation of configuration for gas-solid phase CO2-PR reactor.

1.5.2. Isotopic measurement

Isotopic labelling experiment was accomplished to verify the origination of carbon product which come 

from CO2-PR reaction. Therefore, the conventional 12CO2 was substituted with 13CO2 as the carbon 

source under analogous process demonstrated in section 1.5.1 in Supplementary Material. However, the 

produced gaseous products were identified using GC mass spectrometry (GC-MS), Agilent 7890A 

equipment.

1.5.3. Calculation

1.5.3.1. Scherrer formula

 K  λD = 
β  cos(θ)




(S1)

Where, D: crystalline size (nm), K: Shape factor, λ: wavelength of the X-ray, β: width of the 

diffraction peak, θ: diffraction angle, 



1.5.3.2. Bi-exponential function of time-resolved PL

 1 2
1 2

t tI(t) = A  exp(- ) + A  exp(- )
τ τ

(S2)
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1.5.3.3. Selectivity

4 2

CO

CO CH H

nSelectivity of CO =  × 100
n  + n  + n

(S4)

1.5.3.4. AQE

The apparent quantum efficiency (AQE) of CO production (AQE-CO) related to heterogeneous 

MCO@6-ZMO was assessed under the as-described conventional reaction system, while the reactor was 

equipped with a monochromatic irradiation light through which the light irradiation at various specific 

wavelength (400 ,450, 500, 550, 600, 650, and 700 nm) was provided by band-pass-filtered 300 W Xe 

lamp.

Number of effective photons AQE (%) =  × 100
Number of total photons (S5)

2Number of CO/H  molecules × 2AQE(%) =  × 100
Number of total photon

(S6)

2CO H A(Y  + Y ) × N  × 2
AQE( ) =  × 100λP × S ×t × 

c

%

h

(S7)

Where YCO: production yield of CO (μmol), YH2: production yield of H2 (μmol), NA: Avogadro constant 

(6.02 × 1023 1/mol), S: irradiated area (16.5 cm2), λ: the monochromatic wavelength of irradiated light 

(400, 450, 500, 550, 600, 650, and 700 nm), h: Planck constant (6.626 × 10-34 J.s), and c: the speed of 



light (3 × 108 m/s). In addition, the average light intensity (P) was assessed through optical power meter 

(Beijing Perfectlight).
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Fig. S7. The FE-SEM photograph of C-ZMO nanoparticles.
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Fig. S8. The size distribution of thickness (a), length (b), and depth (c) of the nanosheet-assembled exterior shell 

of YDSHS-MCO structure.  
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Fig. S9. The FE-SEM image of NP-MCO nanoparticles.



Fig. S10. The size distribution curve for 4-ZMO, 6-ZMO, and 8-ZMO samples.

Fig. S11. The TEM image for C-ZMO nanoparticles.
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Fig. S12. The AFM analysis related to (a) 4-ZMO, (b) 6-ZMO, and (c) 8-ZMO samples.



Fig. S13. The TEM photograph for NP-MCO nanoparticles.
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Fig. S14. Mass spectra of generated 13CO under atmosphere of 13CO2 as the carbon source of CO-PR reaction. 

Fig. S15. (a) The transformation yields of CO2-to-CH4 and (b) time evolution curves of CH4 production 

attributed to various samples under liquid-solid phase reaction.
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Fig. S16. The results of control experiment for CH4 production related to the (80)YDSHS-MCO@6-ZMO 

sample.

Fig. S17. The time course of CO (a), H2 (b), and O2 (c) production related to various catalysts under gas-solid 

phase CO2-PR reaction.

Fig. S18. (a) The conversion yields of CO2-to-CH4 and (b) its corresponding time evolution curves attributed to 

diverse catalysts under gas-solid phase condition.
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 Fig. S19. Wavelength-dependency of AQE to the light absorption capability of YDSHS-MCO@6-ZMO in gas-

solid reaction.
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Fig. S20. The XRD spectrum of pre- and post- long-term liquid-solid phase reaction attributed to (80)YDSHS-

MCO@6-ZMO nanocomposite.



Fig. S21. Post XPS spectra of (80)YDSHS-MCO@6-ZMO after long-term liquid-solid phase reaction.
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Fig. S22. The XRD spectrum of pre- and post- long-term gas-solid phase reaction attributed to (80)YDSHS-

MCO@6-ZMO nanocomposite.

Fig. S23. Post XPS spectra of (80)YDSHS-MCO@6-ZMO after long-term gas-solid phase reaction.

Table S1. Comparison of the reported specific surface area attributed to ZnMn2O4 nanoparticles with the as-

synthesized 6-ZMO in present research. 

Sample
S(BET) 

(m2/g)

Vp 

(cm3/g)
Ref.

ZnMn2O4 nanoparticles 19.1 -
Frontiers of Chemical Science and 

Engineering volume (2020) [13]

ZnMn2O4 nanoparticles 23.9 0.10 Journal of Alloys and Compounds (2021) 



[14]

ZnMn2O4 nanoparticles 45.1 -
Journal of Alloys and Compounds (2021) 

[15]

ZnMn2O4 nanoparticles 45.9 -
Journal of Alloys and Compounds (2016) 

[16]

ZnMn2O4 nanoparticles 67.0 0.13
Materials Science & Engineering B (2020) 

[17]

MOF-driven ZnMn2O4 nanoparticles 109.1 0.31
Applied Surface Science (2019)

 [18]

6-ZMO 128 0.91 This study

Table S2. Comparison of the reported specific surface area attributed to multi-shelled materials with the as-

synthesized YDSHS-MCO in present research.

Sample
S(BET) 

(m2/g)

Vp 

(cm3/g)
Ref.

NiCo2S4 ball-in-ball hollow

spheres
53.9 0.18 Nature Communications (2015) [1]

hierarchical flower-like MnCo2O4 134 0.18 Applied Surface Science (2021) [2]

hierarchical MnCo2O4 yolk-shell spheres. 129 0.37 Chemical Engineering Journal (2021) [3]

Multilayer Hollow MnCo2O4 Microsphere 17.3 - Chemical Engineering Journal (2021) [4]

Mg-doped CaCO3 triple-shelled hollow

microspheres
25 0.14 Chemical Engineering Journal (2017) [5]

Hierarchical Triple-Shelled MnCo2O4 Hollow

Microspheres
31.1 0.13 Small (2021) [6]

CoMn2O4 hollow spheres 82.6 0.16 Catalysis Today (2020) [7]

Co-Mn mixed oxide double shelled

hollow spheres
49.5 0.39 Journal of Materials Chemistry A (2019) [8]



Triple-shelled V2O5 hollow

spheres
28.3 48 Nature Energy (2017) [9]

MnCo2O4 yolk-in-double shell structures 36.40 - Applied materials and interfaces (2014) [10]

Co-Mn Prussian Blue Analog Hollow Spheres 89.8 0.29
Angewandte Chemie International Edition 

(2021) [11]

multi-shelled MnCo2O4 hollow sphere 203 0.29 iScience (2019) [12]

YDSHS-MCO 327 0.91 This study

Table S3. The extracted parameters of time-resolved PL related to various samples resulting from fitting with 

bi-exponential function.

sample Ƭ1 A1 Ƭ2 A2 Ƭave.

YDSHS-MCO 1.5 10 4.1 25 3.77

NP-MCO 0.6 6 2.3 17 2.15

C-ZMO 0.4 6 2.1 17 2.0

4-ZMO 0.9 6 2.5 18 2.32

6-ZMO 1.3 9 3.4 23 3.12

8-ZMO 1.1 7 2.8 21 2.59

(80)YDSHS-MCO@6-ZMO 3.4 10 10.7 26 9.90

Table S4. Details of fitting EIS data related to the equivalent circuit model as illustrated in the insert of Fig. 6(f).

sample Rs Cdl Rct

C-ZMO 40 0.056 1396

4-AMO 44 0.059 1274

6-ZMO 44 0.055 992



8-ZMO 44 0.058 1052

NP-MCO 44 0.055 1346

YDSHS-MCO 41 0.052 900

(80)YDSHS-MCO@6-ZMO 40 0.044 326

Table S5. Comparison study between the present research and recently reported state-of-the-art catalysts.

catalyst Light source
Reaction 

phase

Reaction

conditions
AQE (%)

Yields rate of 

products

(μmol/g.h)

Ref.

MOF-Derived

Ni0.2Co0.8O microrod

300 W Xe

(λ > 400 nm)
Liquid-solid

[Ru(bpy)3] 

Cl2·6H2O

TEOA

DMF

2.39

(480 nm)

CO: 277

H2: 48
Small 2022 [19]

NiCo2O4 hollow 

nanocages

5W LED light

(400–800 nm)
Liquid-solid

[Ru(bpy)3] 

Cl2·6H2O

TEOA

acetonitrile

1.86

(420 nm)

CO: 1400

H2: 92

Applied Catalysis B: 

Environmental 2020 

[20]

Defective g-

C3N4/COF

300 W Xe

(λ > 400 nm)
Liquid-solid

[Ru(bpy)3] 

Cl2·6H2O

TEOA

acetonitrile

-
CO: 562

H2: 56

Applied Catalysis B: 

Environmental 2022 

[21]

ZnIn2S4/g-C3N4

300 W Xe
Liquid-solid

[Ru(bpy)3] 

Cl2·6H2O

TEOA

acetonitrile

-
CO: 883

H2: 71

Chemical 

Engineering Journal 

2022

[22]

Cu2S@ROH-

NiCo2O3

300 W Xe

(λ > 400 nm)
Liquid-solid

[Ru(bpy)3] 

Cl2·6H2O

TEOA

acetonitrile

-
Angewandte 

Chemie 2022 [23]



Hollow Multi-

Shelled Co3O4 

Dodecahedron

200 W Xe lamp Gas-solid -
0.017

(350 nm)

CO: 46.3

O2: 25

JACS 2019

[24]

CoPc/BiOBr-NSs
UV–vis light

(200 mW/cm2)
Gas-solid - -

CO: 59.43

CH4: 6.33

Chemical 

Engineering Journal 

2023 [25]

Gas-solid - -
CO: 13.49

H2: 0.43
TiO2/CsPbBr3 300 W Xe

Liquid-solid -
CO: 2065

H2: 70

Nature 

Communications 

2020

Hollow quadruple-

shelled CeO2/ 

amorphous TiO2

300 W Xe Gas-solid - - CO: 43
Angewandte 

Chemie 2022 [26]

layer-structured

Bi2O2(OH)(NO3)-Br
300 W Xe Gas-solid - - CO: 8.12

Adv. Mater. 2019 

[27]

Liquid-

solid

[Ru(bpy)3] 

Cl2·6H2O

TEOA

acetonitrile

2.1

(450 nm)

CO:1253

H2:158

(80)YDSHS-

MCO@6-ZMO

300 W Xe

(λ > 400 nm)

Gas-solid -
0.84

(400 nm)

CO: 72 

(Or 1800 

μmol/cm2.h)

H2: 13 

(Or 325 

μmol/cm2.h)

This study
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