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CO2 electro/photocatalytic reduction using 
nanostructured ZnO and silicon-based materials: 
A short review

Andrés Galdámez-Martíneza, Ateet Duttb

Abstract: Reducing CO2 net emissions is one of the most 
pressing goals in tackling the current global warming emergen-
cy. Therefore, the development of carbon recycling strategies 
has resulted in the application of heterogeneous catalysts to-
ward the electro/photocatalysis reduction of CO2 into hydro-
carbons with potential reusability.Their morphology affects the 
performance and selectivity of catalysts toward this reaction. 
Nanostructuring methods offer popular strategies for catalytic 
applications since they allow an increase in the area/volume ra-
tio and versatile control over surface physicochemical proper-
ties. In this review, we summarize studies that report the use 
of versatile synthesis techniques for obtaining nanostructured 
metallic and semiconductor materials with application in the 
electro/photocatalytic reduction of CO2. Enhancing mechanisms 
to the catalytic CO2 reduction yield, such as improved charge 
carrier separation efficiency, defect engineering, active site 
concentration, and localized plasmonic behavior,are described in 
conjunction with the control over the morphologies of the nano-
structured platforms. Special attention is given to ZnO and sil-
icon-based matrices as candidates for developing abundant and 
non-toxic catalytic materials. Therefore, this work represents 
a guide to the efforts made to design electro/photocatalytic 
systems that can contribute significantly to this field. 
Keywords: CO2 reduction; carbon recycling; electro/photocatal-
ysis; ZnO nanostructures .

Introduction

As the world grapples with the devastating impacts of climate change, 
sustainable technologies are needed to reduce greenhouse gas emis-
sions. Carbon dioxide (CO2) is one of the most abundant greenhouse 
gases. Its conversion to valuable and value-added products such as 
fuels and chemicals is a promising approach for mitigating its adverse 
effects (D. Li et al., 2020). This process can be achieved through vari-
ous methods such as electrocatalytic, photocatalytic, and electro/pho-
tocatalytic CO2 reduction (J. He et al., 2018; Shehzad et al., 2018). 

Semiconducting materials are ideal for electrocatalytic CO2 reduc-
tion due to their ability to catalyze the reaction at the electrode interface 
(J. He et al., 2018). In photocatalytic CO2 reduction, semiconducting 
materials are excited by light energy to generate electrons and holes, 
which can drive the CO2 reduction reaction (Shehzad et al., 2018). The 
electro/photocatalytic approach combines the electrocatalytic and pho-
tocatalytic approaches by using an electrode to supply an external po-
tential to the photocatalyst and enhance its activity (Chen et al., 2021).
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Using semiconducting nanostructured materials 
in CO2 reduction applications has shown significant 
potential for improving reaction efficiency and se-
lectivity (Y. Wang et al., 2021). Nanostructuring en-
hances the surface area and reduces the distance for 
charge carriers to travel, thus improving their catalyt-
ic yields. Various semiconducting materials such as 
tin sulfide (SnS2), iron oxide (Fe2O3), tungsten oxide 
(WO3), silicon carbide (SiC), bismuth oxide (BiO2), 
titanium dioxide (TiO2), zinc oxide (ZnO), and sili-
con (Si) have been used in the form of nanoparticles, 
nanowires, nanorods, and other nanostructures for 
CO2 reduction applications (Habisreutinger et al., 
2013; Han et al., 2020; L. Zhang et al., 2017). How-
ever, the stability under harsh reaction conditions, 
reusability, and cost-effectiveness of semiconducting 
nanostructured materials in CO2 reduction applica-
tions remain challenging (Shehzad et al., 2018).

ZnO and Si are widely used materials in these 
approaches because of their tunable band gap, high 
electron mobility, and abundant availability. ZnO 
has a wide bandgap (3.37 eV) and a high exciton 
binding energy, making it an ideal material for 
photocatalytic applications under different reaction 
conditions (Galdámez-Martínez et al., 2020). In 
addition, its low cost, abundance, and nontoxicity 
make it a promising alternative to other semicon-
ductor materials. Si has high electron mobility, high 
conductivity, and good stability, making it suitable 
for photocatalytic applications (Wong et al., 2017). 
At the same time, ZnO and Si nanomaterials have 
been demonstrated to be effective in CO2 reduction 
using electrocatalytic, photocatalytic, and electro/
photocatalytic approaches. ZnO and Si nanomate-
rials also exhibit versatile compatibility with other 
enhancing strategies, such as high aspect ratio ZnO 
nanorods and high surface area Si nanowires(F. 
Liao et al., 2022). Furthermore, ZnO and Si nano-
materials have been coupled with various catalysts 
such as metal nanoparticles, metal oxides, and or-
ganic molecules to enhance CO2 reduction perfor-
mance (Ma et al., 2021; X. Wang et al., 2019).

This article aims to provide an overview of recent 
progress made in electrocatalytic, photocatalytic, 
and electro/photocatalytic CO2 reduction using semi-
conducting nanostructured materials, focusing on 
ZnO and Si. The article will discuss the morphologi-
cal and size-related effects of diverse nanomaterials 
over catalytic CO2 reduction for mitigating climate 
change, as well as properties and synthesis methods 
for obtaining efficient ZnO and Si nanostructured 
catalyst materials for CO2 carbon recycling. The 

strategies to improve the selectivity and activity of 
ZnO and Si nanostructured materials will also be ad-
dressed. This article will provide an understanding 
of the progress made in this field and highlights the 
challenges and opportunities for future research.

Morphological and size dependence of 
electro/photocatalytic reduction of Co2

Semiconducting compounds, metal oxides, chalco-
genides, and metals such as TiO2, Fe2O3, WO3, ZrO2, 
Cu, Co, Au, SnS2, SiC, BiO2, and ZnO have been 
used for the photocatalytic and photoelectrocatalyt-
ic reduction of CO2 (Feng et al., 2022; Z. H. Gao 
et al., 2022; Qiao et al., 2022; Woldu et al., 2022). 
Inoue et al. (1979) reported the use of TiO2, ZnO, 
CdS, GaP, SiC, and WO3 powders as photoelectro-
catalytic materials for obtaining organic fuels (e.g., 
formic acid: CH2O2, formaldehyde: CH2O, metha-
nol: CH4O, and methane: CH4) through a CO2 re-
duction process. Since then, these compounds have 
been widely implemented in such applications (H. 
Li et al., 2011; N. Li et al., 2022; Loutzenhiser et al., 
2010; G. Yang et al., 2022; X. Zhang et al., 2022).

Although the effect of some parameters, such as 
pH and temperature,over the electro/photocatalytic 
performance toward the reduction of CO2 has been 
studied in the past (de Brito et al., 2015; Zhao et al., 
2012), the role of the catalyst morphological proper-
ties is yet to be discussed. Control over the morphol-
ogy of the nanostructures has been and continues 
to be an actual goal within the science of materials, 
therefore parameters such as particle diameter, pore 
size, aspect ratio, sphericity, rugosity, and dimen-
sionality, among others, can be tuned using multiple 
synthesis techniques, as it can be seen in Table 1.

For instance, in the work of Rong et al. (2021), 
the size effect of Cu nanoclusters on the electro-
catalytic reduction of CO2 is presented. The au-
thors use an acetylenic-bond-directed site-trapping 
method to synthesizeCu nanoclusters (0.5-1.5 nm 
range) immersed in a graphdiyne matrix. The re-
sponse of the catalytic system shows an increase 
(both in selectivity and activity) towards multicar-
bon products (C2+) as the size of the nanoclusters 
rises. This catalytic enhancing effect is attributed 
to a higher number of surface atoms with low co-
ordination numbers. Also, the metallic composite 
demonstrates good stability due to Cu-C bonds. The 
electrocatalytic system reports a Faradic Efficiency 
(FE) of 94% towards C2+ products using −0.8V with 
respect to a reversible hydrogen electrode (RHE).
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Another electrocatalytic study is presented by 
the research group of Wei et al. (2021), where the 
implementation of bimetallic indium-copper (Inx-
Cuy) nanoparticles (NPs) with controlled crystallo-
graphic facets for the CO2 reduction to formic acid 
is presented. Tunning theCu to In ratio led to the ob-
tention of controlled InxCuy (x and y = 3.0-0.5 range) 
NPs through a citrate reduction technique. The tech-
nique also allows control over the growth direction 
of the structure.The authors’ DFT calculations sug-
gested that the (101) facet of In is indeed desired for 
the production of CH2O2 due to a decrease in the for-
mic acid reduction potential with respect to this par-
ticular crystal face. The authors report a FE of 90% 
towards CH2O2 at −1.2 eV vs. RHE using In1.5Cu0.5.

On the other hand, the size variation of Co 
nanoparticles in a zeolitic imidazolate framework 
(Zn-Co@N-C) and their effect on the electroreduc-
tion of CO2 were studied by Miao et al. (2020). The 
chemical reduction approach used by this research 
team allows the obtentionof Co nanoparticles with a 
size distribution between 6 and 18 nm. An increment 
tendency in the catalytic performance with Co NPs-
size reduction was also observed. This was mainly 
attributed to an increase in the system’s surface area 

and to the presence of carbon layers coating the met-
al nanoparticles through a prior pyrolysis treatment 
in a nitrogen atmosphere. As a result, they report a 
reduction rate of 4.2 mA cm−2 towards carbon mon-
oxide (CO) using the Zn‑Co@N-C nanocomposite. 
The system presented a stable electrocatalytic effi-
ciency activity for up to 40 h, making it a promising 
candidate for this application. Other works refer-
ring to size-related effects of the catalyst material 
on the carbon dioxide reduction performance can 
be found in Table 1.

Furthermore, some authors have explored the 
morphological properties of semiconducting materi-
als over the photoreduction of CO2, as found in Sun et 
al.’s work (G. Li et al., 2020). By conducting compar-
ative tests to obtain CO and CH4 as products of photo-
catalytic carbon dioxide reduction, the performance 
and stability of SnS2 nanostructures with different 
morphologies and dimensions were evaluated. There-
fore, tablet-like and flower-like SnS2 nanostructures 
(80-120 and 10 nm in size, respectively) were ob-
tained by a hydrothermal method.The results showed 
a better charge separation effect in smaller catalysts, 
thus obtaining an improved reduction rate of 97.5 
µmol g−1 towards CH4 for flower-like structures. 

Figure 1. Formation of BiPO4-BiOBr0.75I0.25 composites by solvothermal technique for photocatalytic 
CO2 reduction. (a) BiPO4 crystals, (b) BiOBr0.75I0.25 spheres, (c) heterojunction, (d) EDX mapping 

(Yin et al., 2019). Copyrights RSC 2019.
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On the other hand, Yin et al. (2019) showed suc-
cessful band structure modulation of morphologi-
cally controlled semiconductor materials for photo-
catalytic CO2 reduction. In this study, the authors 
describe a solvothermal synthesis of n-p composites 
(BiPO4-BiOBr0.75I0.25). Figure 1 depicts the SEM 
images of BiPO4 (a), BiOBr0.75I0.25 (b), and the inte-
gration of both systems (c) with their corresponding 
EDX mappings (d). Under visible light irradiation 
(>420 nm) of 1900 mW cm−2, the composite exhibit-
ed a CO production of 24.9 µmol g−1 and a CH4 yield 
of 9.4 µmol g−1, larger than that of the individual 
semiconductors. In addition to the increase in the 
surface area owing to the reduction in particle size, 
the effective carrier separation due to heterojunction 
is postulated as the primary mechanism for enhanc-
ing the platform’s catalytic performance. In addition, 
the authors claim that the relative concentration of 
I and Br permits control over the band structure of 
the heterojunction, hence allowing the system to be 
applied to other photocatalytic reactions.

Although much of the literature reports the use 
of zero-dimensional (0D) nanostructures, the im-
plementation of one-dimensional (1D) Cu nano-
structures (i.e., nanowires: NWs) for the electrore-
duction of CO2 is stepped up by Yuanxing Wang et 
al. (2020). The Cu NWs were obtained either by an 
electrochemically or thermally reduction approach 
of CuO NWs.The obtained nanostructures present 
lengths and diameters in the 2.9-13.4 µm and 50-
100 nm range, respectively. Either increasing the 
nanowire length or raising the defect density along 
the nanostructure led to a higher FE. As the thermal 
reduction process was carried out in a controlled at-
mosphere, the surface defects of the nanowire can 
be engineeredto improve the selectivity of the CO2 
reduction. 

In addition, the use of different morphologies of 
ZnO/Ni electrodes in a photoelectrocatalytic cell 
for the CO2 reduction to acetic acid is performed by 
J. Wang et al. (2018). A photoelectrocatalytic cell 
was designed using BiVO4 as photoanode material 
and electrochemically deposited ZnO/Ni as a photo-
cathode. Diverse ZnO/Ni composite morphologies 
such as porous nanoparticles, ball cactus, and na-
norods were achieved by controlling the deposition 
time. The catalytic rates were found to be 3.75 µM 
h−1 cm−2 toward acetic acid and 10 µM h−1 cm−2 for 
ethanol, both using nanorod-like structures. Then it 
is suggested that this morphology offers optimum 
surface disponibility and an efficient charge trans-
fer phenomenon. 

Moreover, T. Gao et al. (2019) report using dif-
ferent Bi nanostructured morphologies, including 
nanowires, nanospheres, and nanosheets for CO2 
electroreduction to CHO2

− finding a better perfor-
mance for the bi-dimensional (2D) morphology. 
According to the authors, this is primarily due to 
the high presence of (012) facets which present 
more active sites for the catalytic reaction. The 
nanosheets offer good stability in 8h tests and FE of 
85% to formate at −0.85 V vs. RHE. 

Therefore, it is possible to affirm that those na-
noengineering processes that allow precise control 
over the morphological properties can be imple-
mented to design the next generation of catalytic 
materials to reduce CO2.

However, many authors have reported important 
obstacles to overcome for these compounds to work 
as efficient electro/photocatalytic materials. Good 
catalytic activity, as well as durability, stability, and 
resistance to photo corrosion in aqueous media, are 
among the main goals to be achieved. For example, 
the low stability of chalcogenide compounds (e.g., 
CdS, CdSe) in heterogeneous photocatalysis reac-
tions imposes the use of additional agents (e.g., sul-
fide, sulfite) that suppress the photo corrosion of the 
photoactive compound (Kočí et al., 2017; C. Wang 
et al., 2011). In this sense, materials such as ZnO 
and Si that meet the above-mentioned requirements 
and stand out for their morphological versatilitydis-
play promising potential forcatalytic CO2 reduction 
applications.

ZnO-based photocatalytic and 
photoelectrocatalytic reduction of CO2

Despite their large bandgap values that make their 
photoexcitation process UV-dependent, TiO2, and 
ZnO present a photocatalytic performance high-
er than some visible excitable photocatalysts due 
to their inherent surface stability (Fox & Dulay, 
1993). In the case of titanium dioxide, its crys-
tal structures (rutile, anatase, and brookite) have 
been used in the photocatalytic reduction of CO2. 
According to Bouras et al. (2007), combining 
anatase with a slight amount of rutile produces 
optimal photocatalytic efficiency.However, effec-
tivecharge transport, rapid recombination of pho-
toexcited electrons and holes, limited selectivity, 
and high surface energy are among the main lim-
itations of TiO2 in photocatalytic reactions (Dong 
et al., 2015). In thisregard, ZnO displays anelectron 
mobility 10-100 times greater than TiO2 (Jayah et 
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al., 2015) which makes it a suitable candidate in 
photocatalysis as photogenerated charge carriers 
can rapidly reach the surface of the material, di-
minishing the recombination losses. ZnO is an II–
VI semiconductor with a near UV direct bandgap 
(Galdámez-Martínez et al., 2020). It is also a cheap, 
abundant, non-toxic material with good stability. 
As a photocatalyst, it has a suitable band structure 
meeting the thermodynamic requirement for CO2 
photoreduction due to sufficient reductive power of 
its conduction band (CB ≈ −0.31 vs.NHE at pH 7) 
and also for water oxidation owing to its valence 
band position (VB ≈ 2.91 V vs. NHE at pH 7) (W.-
N. Wang et al., 2014).

The photoreduction of carbon dioxide to meth-
anol using ZnO under visible light was studied by 
Watanabe et al. (1992). In this work, the photocat-
alytic activity of the system in the visible spectra 
(even though it should only be active in the UV re-
gion) is attributed to the presence of surface levels 
result of S, Si, and P impurities. The experiment 
was carried out in a high-pressure atmosphere of 
CO2 using ZnO powder in aqueous media. Com-
paring the photoreduction performance of SrTiO3, 
TiO2, and ZnO under the same high-pressure condi-
tions resulted in ZnO displaying a higher catalytic 
yield toward methanol and methane, with an esti-
mated efficiency of 6% (calculated with respect to 
the number of reactant H2O molecules). 

Núñez et al. (2013) studied the photoreduction of 
CO2 to CO, H2, CH4, and CH4O as main products in 
the presence of N- and Cu-doped mesoporous ZnO 
structure and using H2O in the gas phase as reduc-
tant. In this work, the morphological and chemical 
modifications improve the photocatalytic properties 
of ZnO. As expected, incorporating N atoms into 
the ZnO structure produced changes in the mate-
rial’s band structure, enhancing its visible photo-
excitation. However, the best results were obtained 
with the mesoporous structure’s synergywith the 
addition of copper as a co-catalyst. The improved 
textural properties of the porous semiconductor ma-
trix favored the dispersion and interaction with the 
cooper centers resulting in a decrease of the elec-
trons-holes recombination rate. 

Photocatalytic reduction of CO2 to CH4O using 
zinc oxide/reduced graphene oxide nanocomposites 
(ZnO–rGO) has been reported by Lixin Zhang et 
al. (2015). The implementation of ZnO–rGO struc-
tures has been widely reported by other authors as 
well (Ali et al., 2018; Deng et al., 2020; L. Liu & 
Jin, 2017; Xu et al., 2018; Zheng et al., 2018) as a 

strategy to enhance electron transport efficiency and 
decrease the recombination of electron-hole pairs in 
ZnO. In the work of Zhang, the incorporation of re-
duced graphite oxide into the ZnO nanoparticle (5-
25 nm) results in a five times higher methanol yield 
than pure ZnO. The reported CO yield for each of 
the employed morphologies was: nanorod (3.814 
μmol g−1 h−1) in comparison with ZnO microspheres 
(3.357 μmol g−1 h−1) and microflowers (1.627 μmol 
g−1 h−1).

Y. Liao et al. (2015) used a biofunctionalized 
ZnO structure to get a better photocatalytic CO2 
reduction. ZnO nanosheets obtained by the hydro-
thermal method were amine-functionalized to get 
better chemisorption properties. Therefore, the CO2 
photoreduction on the semiconductor-activatedsur-
face was enhanced. 

Furthermore, X. Jiang et al. (2016) made an ef-
ficient catalytic system for the electroreduction of 
CO2. ZnO nanoporous structures were prepared 
by hydrothermal technique followed by a thermal 
decomposition process to reduce the material’s 
surface to Zn. As expected, the reduced surface 
presents a higher FE and a better current density 
for CO generation than commercial Zn foils. The 
authors attribute the enhancement in the CO current 
density to the higher surface area presented by the 
nanoporous structure. Other authors have recently 
reported successful electroreduction of CO2 using 
ZnO-based materials (Basumallick, 2020; Geng et 
al., 2018; Ghahramanifard et al., 2018; K. Jiang et 
al., 2017; Merino-Garcia et al., 2019). 

Surface modification using Ce and La on the 
surface of ZnO was investigated by Q. Guo et al. 
(2017) for the efficient photoconversion of CO2 to 
methane and methanol. Their study reveals that 
the appropriate presence of CeO2 can improve CO2 
adsorption by forming an intermediate specie and 
increasing four times the CH4 yield. The photocon-
version was carried out using a 450 W Xe lamp in 
the UV-visible range (λ = 320-780 nm).

Oxygen deficient (ZnO1−x) /carbon dots com-
posites were used by Lin et al. (2018) for the pho-
toreduction of carbon dioxide over the whole vis-
ible spectrum and even the UV and NIR regions. 
The heterostructures were obtained through asin-
gle-step aerosol method. The synthesized system 
presents a significantly enhanced absorption in the 
hole UV–visible–NIR spectrum (300-1400 nm) 
due to absorbed energy by the ZnO matrix from 
up-converted emissions (410-560 nm) of the carbon 
dots. Also, a systematic analysis of the effect of the 
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components’ ratios over the material’s physiochem-
ical adsorption properties was performed to maxi-
mize the CO yield. The best CO production report-
ed was 60.77 μmol g−1 h−1, which is higher than that 
of pristine ZnO.

X. Wang et al. (2019) used a Fe2O3-ZnOrod/
rGO heterostructure for the photocatalytic reduc-
tion of CO2 with visible light illumination. An 
electrochemical growth was implemented to obtain 
the heterostructures. First, an aqueous solution of 
zinc powder and graphene oxide sheets (previously 

prepared by the Hummer method) was left under 
magnetic stirring for 40 min to produce Zn/rGO 
precipitate. Then, ferrous chloride was added to the 
solution. The mixture is finally taken to an electro-
chemical cell for the electrochemical growth of the 
ZnO microstructure. The introduction of the Fe2O3-
ZnO/rGO heterojunction significantly lowered the 
electron-hole recombination rate. Furthermore, as 
reduced graphene oxide nanosheets presenthigh 
carrier transport features, they improve the catalyt-
ic efficiency of the system. 

Figure 2. (a) Schematic representation of the synthesis process of ZnO/Co3O4 hollow bimetallic particles 
coated with polydopamine (PDA) for the photocatalytic reduction of CO2. (b-d) ZnO/Co3O4 hollow particles 
obtained from the calcination of bimetallic zeolitic imidazolate frameworks. (f and g) Coating of the 
photocatalyst with PDA. (h) EDX mappings (M. Li et al., 2020).Copyrights ACS 2020. 

On the other hand, M. Li et al. (2020) presents 
the obtaining of hollow nanostructured photo-
catalysts composed of ZnO/Co3O4 heterojunc-
tions for CO2 reduction.The authors describe the 

calcination of Zn–Co zeolitic imidazolate frame-
works (ZIFs) to formthe structures, as shown in 
Figure 2 (b-d). Afterward, the frameworks were 
coated with polydopamine (PDA) using a chemical 
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bath (Figure  2  (e-g)) then to evaluate the photo-
catalytic performance for CO2 reduction to CO, 
ensuing evolution of 537.5 µmol g−1 h−1 under a 
Xe (300W) lamp.As a result of the heterojunction 
created between the semiconductors, the authors 
demonstrate that the hollow porous structures 
present an effective charge separation and an out-
standing selectivity towards CO (~98%) because 
of the PDA modification.

Finally, a study by Zhao et al. (2019) propos-
es usinga non-polar ZnO graphene-like struc-
ture (g-ZnO) for the efficient photoreduction of 
CO2. They found out that when the thickness of 
the ZnO structure is reduced to a few monolay-
ers, the adsorption of CO2 is increased. A critical 
point is reached around 7-8 layers when compe-
tition between the further adsorption of carbon 
monoxide and the structural reconstruction of the 
system occurs. These ultrathin ZnO films pres-
ent a band edge position fit for the CO2 reduction 
to CH4O and CH4. The photocatalytic activity 
of these ZnO ultrathin films is attributed to the 
charge distribution and electron accumulation on 
the semiconductor surfaces. However, the prom-
ising feature of this work is that the concept of 
interlayer coupling a few monolayers and taking 
advantage of the quantum confinement effect can 
be applied to other metal oxides and semiconduc-
tors systems.

In Table 2, we present a summary of relevant lit-
erature on CO2 photoreduction and electroreduction 
using ZnO structures. 

Si-based photocatalytic 
and photoelectrocatalytic 
reduction of CO2

Besides ZnO, other semiconductors, such as sili-
con, have also been used for the photo/electrocat-
alytic reduction of CO2. The photocatalytic reduc-
tion of carbon dioxide to CH2O2, CH2O, CH4O, 
C2H4O, C2H6O using metal-loaded SiC powders is 
reported in the work of Yamamura et al. (1988). 
The 1000 mesh SiC powder was loaded with Pb, 
Cu, Pd, Fe, and Pt by mixing the components in 
a solution and then dried at 500 °C. It was found 
that metal-loading enhances the photocatalytic re-
duction of carbon dioxide, especially when Pd was 
added. 

Shioya et al. (2003) reported the photocat-
alytic reduction of carbon dioxide to CH4 and 
CH4O using mesoporous silica thin films with 

tetrahedrally coordinated Ti ions embedded in 
the matrix. The films were obtained by using sol-
vent evaporation, a method that not only allows 
control over the coordination of Ti species (tetra-
hedrally/octahedrally coordinated) but also over 
the geometry of the pores (cubic and hexagonal). 
The photocatalytic CO2 reduction performance 
was evaluated using UV irradiation from a 100 
W high-pressure Hg lamp. As expected, the yield 
of methane and methanol increased as irradiation 
time raised; however, a better catalytic activi-
ty was found in hexagonal pore structure films. 
Furthermore, the presence of OH groups on the 
surface of the materialled to a selective formation 
of CH4O. 

The photoassisted electrochemical perfor-
mance of hydrogen-terminated p-type silicon 
photocathode for the reduction of CO2 was re-
ported by Kumar et al. (2010). A rhenium cata-
lyst with bipyridine ligands (Re(bipy-But)(CO)3Cl 
(bipy-But=4,4′-di-tert-butyl-2,2′-bipyridine) was 
used as an electrocatalyst for the selective pho-
toreduction of CO2 to CO. Even though the con-
duction band of p-type silicon is below the de-
sired redox potentials, the reduction is feasible 
due to a charge transfer phenomenon known as 
Fermi-level pinning/unpinned band edges (Bo-
carsly et al., 1980). Taking advantage of this fea-
ture, the p-type silicon photocathode reduction 
process could be achieved using a 600 mV lower 
potentialthan the one necessary forthe Pt elec-
trode. Under a monochromatic illumination of 
95 mW cm−2, an overall conversion efficiency of 
9.0% was reported. 

O’Brien et al. (2014) synthesized ruthenium 
sputtered Si nanowires (Ru/SiNW) by using the 
metal-assisted chemical etching (MaCE) technique 
and study their use in the effective methanation of 
carbon dioxide in a hydrogen-rich environment(-
Figure 3). The reaction by which carbon dioxide re-
acts (generally at high temperatures and pressures 
in the presence of a catalyst) to produce methane 
and water is known as the Sabatier reaction. The 
authors report that introducing the heterostructure 
thermochemically and photochemically favors the 
Sabatier reaction process.

According to them, this is due to the effect of 
localized heating or plasmons on the surface of the 
Ru particles surface (Christopher et al., 2011), as 
well as favorable electronic polarity produced by 
photogenerated electron-hole pairs (Scirè et al., 
1998). 



CO2 electro/photocatalytic reduction using…

https://doi.org/10.37819/nanofab.008.306	 Nanofabrication (2023), 8 | 9 

REVIEW
P

h
ot

oc
a
ta

ly
st

E
n
h
an

ce
m

en
t

S
yn

th
es

is
L
ig

h
t 

so
u
rc

e
R

ed
u
ct

an
t

P
ro

du
ct

s
Y

ie
ld

R
ef

Z
nO

—
—

7
5

W
 X

e 
la

m
p 

λ>
3

9
8
 n

m
H

2
O

C
H

4
O

~
 6

%
* 

(W
at

an
ab

e,
 

1
9

9
2

)

C
u-

M
es

op
ou

ro
s 

Z
nO

D
op

in
g 

/n
an

os
-

tr
uc

tu
ra

ti
on

 /
co

ca
ta

ly
st

H
yd

ro
th

er
m

al
 

m
et

ho
d

8
 W

 fl
uo

re
sc

en
t 

la
m

p 
λ m

ax
 =

 3
6

9
 n

m
H

2
O

C
O

 C
O

 0
.7

3
 µ

m
ol

 g
−

1
 h

−
1

(N
úñ

ez
 

et
 a

l.,
 2

0
13

)

Z
nO

-r
ed

uc
ed

 
gr

ap
he

ne
 o

xi
de

 
N

an
oc

om
po

si
te

H
yd

ro
th

er
m

al
 

m
et

ho
d

3
0

0
 W

 X
e 

la
m

p
1
.0

 M
 N

aO
H

 
so

lu
ti

on
C

H
4
O

2
6

3
.1

7
 µ

m
ol

 g
−

1
(L

. 
Z
ha

ng
 

et
 a

l.,
 2

0
15

)

C
u 2

O
-Z

nO
 n

an
or

od
s

N
an

oc
om

po
si

te
E
le

ct
ro

de
po

si
ti

on
3

0
0
 W

 X
e 

la
m

p 
0

.2
5
 M

 N
a 2

S
O

3
 

/1
.0

 M
 N

aO
H

 
so

lu
ti

on
C

O
—

(I
qb

al
 

et
 a

l.,
 2

0
18

)

A
m

in
e-

fu
nc

ti
on

al
iz

ed
 

Z
nO

 n
an

os
he

et
s

S
en

si
ti

za
ti

on
H

yd
ro

th
er

m
al

 
m

et
ho

d
X
e 

la
m

p
H

2
O

H
2
, 

O
2
, 

C
O

, 
C

H
4

H
2
 (

8
1

 p
pm

),
 O

2
 (1

1
4

5
 p

pm
),
 

C
O

 (1
5
2

0
 p

pm
),
 C

H
4
 (1

4
6
 p

pm
)

(I
qb

al
 

et
 a

l.,
 2

0
18

)

Z
nO

 m
ic

ro
sp

he
re

s,
 

m
ic

ro
flo

w
er

s,
 

an
d 

na
no

ro
ds

N
an

os
tr

uc
tu

ra
-

ti
on

S
ol

vo
th

er
m

al
 

m
et

ho
d

3
0

0
 W

 X
e 

la
m

p
H

2
O

C
O

N
an

or
od

 (
3

.8
1
4

 μ
m

ol
 g

−
1
 h

−
1
) 

m
ic

ro
sp

he
re

s 
(3

.3
57

 μ
m

ol
 g

−
1  

h−
1 )
 

m
ic

ro
flo

w
er

s 
(1

.6
2
7
 μ

m
ol

 g
−

1
 h

−
1 )

(X
. 
L
iu

 
et

 a
l.,

 2
0
1
6

)

R
ed

uc
ed

 
na

no
po

ro
us

 Z
nO

N
an

os
tr

uc
tu

-
ra

ti
on

/s
ur

fa
ce

 
m

od
ifi

ca
ti

on

H
yd

ro
th

er
m

al
 

m
et

ho
d

A
ut

ol
ab

 
po

te
nt

io
st

at
 

0
.2

5
 M

 K
2
S

O
4
 

so
lu

ti
on

 
C

O
C

O
 c

ur
re

nt
 d

en
si

ty
 

15
.1

 m
A

 c
m

−
2

(X
. 
Ji

an
g 

et
 a

l.,
 2

0
1
6

)

L
a-

C
e 

co
-m

od
ifi

ed
 

Z
nO

 n
an

or
od

R
ar

e 
ea

rt
h 

do
pi

ng
H

yd
ro

th
er

m
al

 
m

et
ho

d
4

5
0
 W

 X
e 

la
m

p 
(λ

=
 3

2
0

-7
8

0
 n

m
H

2
O

C
H

4
, 

C
H

4
O

C
H

4
 2

6
.8

 µ
m

ol
 g

−
1
 

C
H

4
O

 4
0

.7
 µ

m
ol

 g
−

1

(Q
. 
G

uo
 

et
 a

l.,
 2

0
17

)

Z
nO

1−
x/
ca

rb
on

 d
ot

s
H

et
er

os
tr

uc
tu

re
S

in
gl

e-
st

ep
 a

er
o-

so
l p

ro
ce

ss
 

U
V
-v

is
-N

IR
 

(3
0

0
-1

4
0

0
 n

m
)

H
2
O

C
O

6
0

.7
7

 μ
m

ol
 g

–1
 h

–1
(L

in
 

et
 a

l.,
 2

0
18

)

α-
F
e 2

O
3
-Z

nO
 r

od
/

(r
G

O
) 

H
et

er
os

tr
uc

tu
re

R
ed

ox
 r

ep
la

ce
-

m
en

t 
an

d 
el

ec
tr

o-
ch

em
ic

al
 g

ro
w

th

3
0

0
 W

 X
e 

la
m

p 
(λ

>
4

2
0
 n

m
)

H
2
O

C
H

4
O

 
9

.7
 µ

m
ol

 g
–1

(X
. 
W

an
g 

et
 a

l.,
 2

0
1
9

)

P
or

ou
s 

Z
nO

 
na

no
pl

at
es

N
an

os
tr

uc
tu

-
ra

ti
on

/s
ur

fa
ce

 
m

od
ifi

ca
ti

on

S
ol

vo
th

er
m

al
 

m
et

ho
d

3
0

0
 W

 X
e 

la
m

p
H

2
O

C
O

3
.8

 µ
m

ol
 g

–1
(P

. 
L
i 

et
 a

l.,
 2

0
1
9

)

Ta
bl

e 
2
. 

Z
nO

 s
ys

te
m

s 
us

ed
 f

or
 C

O
2
 p

ho
to

/e
le

ct
ro

 r
ed

uc
ti

on
.



Galdámez-Martínez, Dutt

10 | Nanofabrication (2023) 8	 https://doi.org/10.37819/nanofab.008.306

REVIEW

The methanation process was carried out in a 
hydrogen atmosphere of a mixture of H2:CO2 gases 
at a ratio of 4:1. The methanation rate was mea-
sured under different spectral regions using a solar 
simulator. Under 3.2 suns of intensity, the nanow-
ire system activated the Sabatier reaction process 
at a rate of 0.99 µmol g−1 h−1. Another significant 
result of the investigation is that photochemical 
activation can be achieved by using near-infra-
red photons. This suggests implementing an en-
tire tandem hydrogen structure, one in which the 

ultraviolet-visible part of the spectrum could be 
used to produce H2 that could be further used to re-
duce CO2. Even though good results were obtained 
with the addition of ruthenium, replacing it with a 
less expensive catalyst, such as Ni, would be de-
sired in the future.

Many other works have reported that the mor-
phology of the nanowires can enhance the photo/
electrocatalytic performance as well as photoanode 
platforms (Dasgupta et al., 2013; C. Liu et al., 2014; 
Lv et al., 2015; P. Yang et al., 2010).

Figure 3. SEM micrograph showing 10 nm Ru coating over a) Si substrate, b) glass, c and d) Si NWs, 
e) Energy band diagram at the interface of SiNW and Ru(O’Brien et al., 2014). Copyrights Wiley 2014.

Silicon nanowires provide a large surface area 
for co-catalyst loading and electrochemical reac-
tion sites while at the same time leading to enhanced 
charge collection efficiency, especially for indirect 
band gap semiconductors with short minority carri-
er diffusion lengths.For example, the work of Ma et 
al. (2021) reports the use of a selective platform for 
photoelectrocatalytic CO2 reduction using Si NWs 
with Ni-In bimetallic catalysts. The results of the 
study show that the nanostructure of the photoca-
thode not only allows reducing the reflectance of 
the incident light but also enhances the transport of 
the charges achieving a 5-fold increase in perfor-
mance with respect to flat materials. Furthermore, 
the addition of Ni-In co-catalyzing nanoparticles 
improves the selectivity toward the platform for-
mate, reducing the parasitic hydrogen generation in 
the reaction.

A summary of other Si-based materials applied 
to the catalytic reduction of CO2 is presented in Ta-
ble 3.For this reason, silicon outstands as an inter-
esting candidate regarding energy harvesting and 
photocatalytic applications. 

Conclusions and future challenges

As stated in this work, heterogeneous catalytic 
reactions for reducing CO2 into desirable alcohols 
and hydrocarbons are of great importance. This is 
due to the pressing need to adopt carbon recycling 
procedures to mitigate the anthropogenic impact on 
the carbon cycle. For this reason, many compounds 
have been implemented in the electro/photocataly-
sis reduction of this polluting gas. 

Parameters such as pH, temperature, and pres-
sure have been demonstrated to affect catalytic 
performance. Furthermore, developing processes 
that allowcontrol over the morphological featuresof 
catalytic platforms also stands out asversatile strat-
egies to improve the performance of electro/photo-
catalyst materials. 

Cu, SnS2, TiO2, CO, among other nanostruc-
tured-based platforms,have reported improved 
CO2 reduction yields. These enhancements are 
commonly attributed to an increase in surface area 
(surface availability), defect density, active site con-
centration, and improvement in charge separation 
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efficiency. In addition, preferential facets presented 
in certain types of morphologies, porosity, and size 
distribution, impact the physicochemical properties 
of the nanostructured materials and thus affect the 
selectivity of the electro/photocatalytic CO2 reduc-
tion reactions.

Yet, some of these systems present major draw-
backs, such as low chemical stability, difficult 
reusability, and major production costs. There-
fore, obtaining cheap, abundant, and low-toxicity 
catalytic materials is also interesting. In this as-
pect, materials based on ZnO and Si are suitable 
candidates for CO2 recycling applications. In the 
case of ZnO, the improvement of its CO2 reduction 
performance is mainly based on reducing exciton-
ic recombination losses through efficient charge 
transport, implementation of co-catalysts, and 
heterostructure generation. In addition, their pho-
toactivation in the visible by doping and function-
alization to modulate adsorption over large surface 
areas has provenviable strategies to increase cata-
lytic performance. 

Finally, metal deposition on silicon-based nano-
structured platforms results in local heating, local-
ized plasmonic behavior, and electronic polarity to 
improve the performance toward CO2 reduction. 
Yet, substitution by cheap and abundant metals is 
still necessary for implementing these systems.

With all this in mind, there are still several 
challenges toachieving scalable, cost-effective, and 
stable electro/photocatalysts for CO2 recycling ap-
plications. However, morphological manipulation 
strategies in synergy with other reported enhance-
ment tactics promise to impact today’s sustainabil-
ity challenges. 
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