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Unveiling the influence of alkaline modifiers in
CuO synthesis on its photocatalytic activity for
CO2 reduction†

Jéssica C. de Almeida, a Thais Aparecida Rodrigues,a Gelson T. S. T. da Silva, b

Caue Ribeiro *c and Vagner R. de Mendonça *ad

The urgent quest for sustainable solutions to mitigate CO2 emissions underscores the critical role of

advanced photocatalytic technologies. This investigation centers on developing CuO photocatalysts

through a well-established chemical precipitation method. In this context, our methodological

innovation lies in varying the alkaline composition using NaOH, KOH, NH4OH, and the novel

incorporation of monoethanolamine (MEA) to explore their influence on the catalyst’s effectiveness. The

characterization revealed that all CuO samples shared a similar monoclinic structure and crystallite sizes

despite marked differences in particle morphology and dispersion. MEA’s introduction significantly

altered the surface chemistry of CuO, introducing nitrogen-containing functional groups that enhanced

photocatalytic CO2 reduction, particularly boosting methane production. Moreover, our study reveals a

synergistic combination of MEA and KOH (MEA/KOH) in the catalyst synthesis process, surpassing the

performance of single-alkali modifications. It is attributed to the rapid particle nucleation induced by

KOH and the surface functionalization provided by MEA, cooperating to optimize the CO2

photoreduction activity. Our study provides valuable insights into synthesizing photocatalysts tailored for

enhanced CO2 conversion, advancing sustainable technologies in the fight against climate change.

1. Introduction

The escalating global concern over greenhouse gas emissions,
particularly carbon dioxide (CO2), has encouraged significant
research towards the development of sustainable technologies
for CO2 conversion. In this context, photocatalytic CO2 reduction
has emerged as a promising approach for utilizing solar energy
to transform CO2 into valuable chemicals and fuels.1–4 This
process mimics natural photosynthesis by harnessing light
irradiation to drive the conversion of CO2 molecules into usable
products, offering a potential solution for mitigating climate
change and achieving a circular carbon economy.

Photoreduction is a heterogeneous photocatalysis process, a
technique capable of driving reactions using light as an energy
source.5,6 Applications include pollutants’ degradation, such as
heavy metals, persistent organics, plastic waste, pathogenic bacteria,
and gaseous pollutants.7–11 The photocatalyst, typically a semicon-
ductor, captures light energy generating electron–hole pairs. These
charge carriers participate in subsequent redox reactions at the
catalyst’s surface, such as reducing CO2 molecules adsorbed on the
catalyst. At the same time, the holes oxidize water to produce oxygen
(O2) or other sacrificial agents in the reaction medium. However,
achieving efficient and selective photoreduction presents significant
challenges.12 The inherent CO2 stability, characterized by its strong
OQCQO linear double bonds, requires significant energy to initiate
its reduction.13 It translates to the need for photocatalysts with
suitable light absorption properties and efficient charge separation
capabilities. Additionally, controlling the selectivity of the reaction
towards products like methane (CH4) and ethane (C2H6) proves to
be a complex task. Unwanted side reactions, e.g., hydrogen evolu-
tion (H2), can compete for photogenerated electrons, hindering the
targeted conversion of CO2.14,15

Copper oxide (CuO) has emerged as a promising photocata-
lyst since it possesses the highest electronegativity and highest
number of alkaline sites for CO2 adsorption and a more
favorable CO2 adsorption capability (DH = 45 kJ mol�1)

a Federal University of São Carlos, Science and Technology Center for

Sustainability, 18052-780, Sorocaba, SP, Brazil. E-mail: vrm@ifsp.edu.br
b Interdisciplinary Laboratory of Electrochemistry and Ceramics, Department of

Chemistry, Federal University of Sao Carlos, São Carlos, São Paulo, 13565-905,

Brazil
c Nanotechnology National Laboratory for Agriculture (LNNA), Embrapa

Instrumentation, 13561-206, São Carlos, SP, Brazil.

E-mail: caue.ribeiro@embrapa.br
d Federal Institute of Education, Science, and Technology of São Paulo – IFSP Cam-

pus Itapetininga, 18202-000, Itapetininga, SP, Brazil

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4ma00337c

Received 30th March 2024,
Accepted 9th July 2024

DOI: 10.1039/d4ma00337c

rsc.li/materials-advances

Materials
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:1

0:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-9725-5007
https://orcid.org/0000-0001-9448-1455
https://orcid.org/0000-0002-8908-6343
https://orcid.org/0000-0003-2300-9959
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ma00337c&domain=pdf&date_stamp=2024-07-17
https://doi.org/10.1039/d4ma00337c
https://doi.org/10.1039/d4ma00337c
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00337c
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005016


6480 |  Mater. Adv., 2024, 5, 6479–6488 © 2024 The Author(s). Published by the Royal Society of Chemistry

compared to other transition metal oxides.14,16,17 However, the
overall performance of CuO in CO2 reduction can be affected by
various factors, including slight variations in particle size and
surface chemistry that can compromise its effectiveness.18 Ávila-
Lopez and colleagues19 illustrated how the synthesis methodol-
ogy influenced the quantity of the formed products, employing
three distinct configurations: powders produced in three synth-
esis routes, coating, and thin films. Tests revealed that the
microwave-hydrothermal method produced 2.6 mmol gcat

�1 h�1

of CH4, while sonochemically-produced catalysts led to
1.5 mmol gcat

�1 h�1. The discrepancy between the films was
noteworthy, wherein the coating, the amount of CH4 formed was
4.4 times of thin films. It underscores how altering the synthesis
method, even under identical conditions, can significantly impact
the obtained results. It can also influence CuO surface modifica-
tion, altering the CO2 affinity over catalyst surfaces.20,21 Monoetha-
nolamine (MEA) emerges as a promising modifier, leveraging its
known ability to act as a CO2 adduct efficiently.22,23 This step is
crucial for enhancing product selectivity.14

Several alternatives are employed to enhance the photocatalytic
properties of a material, such as impurity doping,24 heterojunction
construction,25 and alkali modification.26 Alkaline modification of
the photocatalyst surface enhances the CO2 chemisorption capa-
city, as previously demonstrated for TiO2.26 In the context of the
CuO catalyst, the effect of pH in the chemical precipitation
synthesis process has already been studied with a focus on the
mechanism of particle formation.27 The chemical precipitation
route is commonly used to prepare CuO particles.28–31 During a
typical synthesis, NaOH is usually employed to increase the pH
and start the crystals’ nucleation.27,28,32 However, many factors can
affect the size and morphology of the final material, the proportion
of the reactants and temperature are some examples.28,33 Zhou
et al. have achieved different CuO nanocrystal morphologies by
changing the precursor Cu(NO3)2 to Cu(OAc)2 and the alkaline
agent NaOH to Na2CO3 in the synthesis recipe.34

The novelty of this study lies in its systematic investigation
of how different precipitation bases influence the photocataly-
tic activity and CO2 reduction selectivity of CuO. While
chemical precipitation is a well-established synthesis method
for CuO, it is a widely adopted approach in literature due to its
simplicity, low energy, and temperature requirements, cost-
effectiveness for large-scale production, and high product
yield.31 The comparative analysis of these specific bases and
their impact on photocatalytic performance, particularly in the
context of photocatalysis, has not been extensively explored.
The alkaline agents selected for this study were: sodium
hydroxide (NaOH), potassium hydroxide (KOH), ammonium
hydroxide (NH4OH), and monoethanolamine (MEA). The
synthesized CuO samples were evaluated for their ability to
convert CO2 into CH4 and C2H6.

Our findings revealed a remarkable distinction between the
samples. Notably, CuO samples prepared using KOH (S-KOH) and
MEA (S-MEA) displayed superior performance, achieving methane
yields of 217 mmol g�1 and 173 mmol g�1, respectively. Interest-
ingly, the S-KOH sample exhibited a higher number of overall CO2

reduction events, suggesting a more active catalyst surface.

Conversely, the S-MEA sample demonstrated better selectivity
towards CH4. In an attempt to synergize the benefits observed
in both S-KOH and S-MEA samples, an additional CuO sample
was prepared using a 1 : 1 molar ratio of KOH and MEA precur-
sors. This catalyst (S-MEA/KOH) showed promising features,
combining the enhanced activity observed with S-KOH and the
improved selectivity for CH4 production exhibited by S-MEA.

2. Experimental section
Synthesis

The catalyst synthesis methodology was adapted from Nogueira
et al.35 In a typical synthesis, 1 mL of glacial acetic acid was added
to 250 mL of an aqueous solution of 0.024 M copper acetate. The
solution was heated to 90 1C under constant stirring. Subse-
quently, 50 mL of a 0.4 M solution of sodium hydroxide (NaOH)
was added. The supernatant was removed, and the precipitate was
dried at 60 1C. Modifications on this synthesis were conducted by
replacing NaOH per alkaline solutions composed of NH4OH,
KOH, and monoethanolamine (MEA). An additional sample
named MEA/KOH was prepared with equimolar concentrations
of MEA and KOH. The final base concentration for these samples
was 67 mM. We also studied the MEA concentration, varying from
60 to 100 mM, to better evaluate the material capability.

Characterization

The materials were characterized for their composition using
X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), and X-ray photoelectron spectroscopy (XPS). Morphology
was analyzed by scanning electron microscopy (SEM-FEG), trans-
mission electron microscopy (TEM), and surface area was deter-
mined by N2 adsorption–desorption isotherms with Brunauer–
Emmett–Teller (BET) calculation. The optical properties and
band gap energies were determined by UV-vis diffuse reflectance
spectroscopy (UV-vis DRS). Further details regarding the mea-
surements and equipment used are provided in the ESI.†

Photoreduction tests

The CO2 reduction photocatalytic activity was evaluated in a
150 mL quartz tube reactor equipped with a Teflon stopper, with
100 mL of deionized water and 50 mg of catalyst. The mixture
was bubbled with high-purity CO2 gas for 20 minutes to ensure
CO2 saturation and complete removal of oxygen. The quartz
reactors were kept in a chamber containing 6 UVC lamps
(Osram, 15 W, 254 nm) under constant stirring and a controlled
temperature of 25 1C by a heat exchanger. After 5 hours of
reaction, aliquots of 300 mL of the gaseous products were
analyzed by Agilent 8860 gas chromatography equipped with a
capillary HP-Plot Q (30 m � 530 mm � 40 mm) and HP-plot mole
sieve (30 m � 530 mm � 25 mm) columns. A thermal conductivity
detector (TCD) was used to detect H2, and a flame ionization
detector (FID) with a methanizer was used to detect CO, CH4,
C2H4, and C2H6. Argon was used as the carrier gas. Calculations
were made based on standard gaseous mixture injections to
determine product quantification and reaction yield.
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3. Results and discussion
Characterization

The crystalline phase composition of the synthesized materials,
prepared using distinct alkaline solutions, was confirmed via
XRD analysis, as shown in Fig. 1(a). The resulting diffracto-
grams exhibited consistent patterns across all samples, with
diffraction peaks indexed to the monoclinic CuO reference
pattern from the Joint Committee on Powder Diffraction Stan-
dard (JCPDS) card no. 48-1548.36–38 Increasing the MEA concen-
tration from 60 to 100 mM during the synthesis did not alter
the sample composition, as evidenced by the diffractograms in
Fig. S1 (ESI†). Although exhibiting identical diffraction pat-
terns, the material’s coloration was modified depending on the
alkaline solution employed. S-KOH and S-NaOH samples exhib-
ited a dark color, while samples S-NH4OH and S-MEA showed a
matte brown color. This divergence in coloration can be attrib-
uted to differences in particle agglomeration size and morphol-
ogy, induced by the use of strong or weak bases. The KOH and
NaOH have strong alkaline properties, displaying considerable
dissociation constants which lead to increased levels of hydro-
xide ions (OH�) and swift processes of nucleation and growth.
On the other hand, NH4OH and MEA, which are categorized as
weak bases, present comparatively lower dissociation con-
stants, leading to reduced hydroxide ion concentrations and,
consequently, slower particle formation.39 The MEA/KOH sam-
ple, synthesized using a mixture of strong and weak bases,
exhibited optical characteristics intermediate between those
observed with either strong or weak bases, suggesting a com-
bined influence on particle formation kinetics.

FTIR analysis of the samples in Fig. 1(b) corroborates XRD
findings, revealing the characteristic Cu(II)–O stretching vibra-
tion within the 400 to 600 cm�1 range, consistently observed
across all samples.40 Additionally, the presence of asymmetric

and symmetric stretching bands of CQO at 1561 cm�1 and
1391 cm�1, respectively, indicates acetate residues from the
synthesis process.41 A broad OH stretching band at 3228 cm�1

is also observed, likely due to adsorbed water or surface
hydroxyl groups. The S-MEA and MEA/KOH spectra exhibit an
additional characteristic band at 3415 cm�1, assigned to N–H
stretching vibrations originating from MEA functional groups,
providing evidence for surface functionalization with MEA.42

The spectra of samples prepared with higher MEA concentra-
tions, (Fig. S2, ESI†), exhibited additional bands at 2979 and
2876 cm�1, assigned to N–H and CH2 bonds originating from
MEA functional groups. These bands further corroborate the
surface functionalization.41

XPS was employed to analyze the surface composition of the
S-MEA sample. The survey spectrum (Fig. 2(a)) reveals the atomic
percentages of the constituent elements, where elevated C
percentage is attributed to the equipment calibration procedure.
High-resolution spectra of Cu 2p3 (Fig. 2(b)) and O 1s (Fig. 2(c))
further elucidate the chemical state of these elements. The Cu
2p3 peak at 934.7 eV confirms the composition of CuO, where Cu
acts as the active site during CO2 photoreduction.43 The O 1s
spectrum exhibits contributions from oxide (22.7%), hydroxide
(22.6%), and water (1.1%). The XPS results are consistent with
the XRD and FTIR data, corroborating the formation of a
CuO catalyst. The N 1s spectrum (Fig. 2(d)) displays a peak at
399.8 eV, attributed to C–N bonding, indicating nitrogen incor-
poration (0.8 atom%) on the catalyst surface.44,45

Zeta potential measurements, presented in Table 1, provide
insights into the electrostatic surface charge of the prepared
samples. Notably, samples containing amine compounds
(S-MEA and MEA/KOH) exhibited a positive shift in zeta potential
compared to those without amine groups (S-KOH and S-
NH4OH). This observation supports the hypothesis of surface
functionalization. The presence of these charged groups can

Fig. 1 Photographic records of the S-KOH, S-NaOH, S-NH4OH, S-MEA, and MEA/KOH catalysts (67 mM), with their corresponding X-ray diffractograms
in (a) and FTIR spectra in (b).
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significantly influence the material’s interaction with its environ-
ment, potentially impacting its catalytic activity and selectivity.

XRD measurements were used to calculate the crystallite size
of the samples by the Scherrer eqn (1), as follows:9

D ¼ Kl
b cos y

(1)

where k is the Scherrer constant (0.9), l is the wavelength of the
X-ray radiation (1.5406 Å), b is the full width at half maximum
of the diffraction peak at 2y, and y is the Bragg angle in radians.
The crystallite sizes corresponding to the (20�2) plan are
summarized in Table 1.

The crystallite sizes of the samples show variations depend-
ing on the base used during synthesis. The S-MEA sample
exhibits the largest crystallite size (7.0 nm), while the S-NaOH

sample has the smallest crystallite size (4.5 nm). Interestingly,
samples prepared with strong bases (KOH and NaOH) tend to
promote smaller crystallites on average compared to those pre-
pared with weak bases (MEA and NH4OH). The MEA/KOH sam-
ple, exhibits an intermediate crystallite size (6.0 nm), suggesting a
combined influence of both strong and weak base effects.

This variation is attributed to the different reaction kinetics
that occur in the chemical environments of the distinct bases
studied. The base plays a crucial role in controlling the concen-
tration of hydroxide ions (OH�), which are essential reactants
for the formation of CuO. The growth of CuO crystals proceeds
through the following simplified reaction:27,33

Cu2+ + 2OH� - CuO + H2O

The concentration of OH� ions directly influences the rate of
this reaction. Therefore, a higher concentration of OH�, as pro-
vided by strong bases, accelerates the reaction and favors rapid
nucleation. However, this rapid consumption of reactants can limit
the subsequent growth of the formed nuclei, resulting in smaller
crystallites. Conversely, a lower concentration of OH�, as provided
by weak bases, slows down the reaction and allows for a more
controlled growth process, potentially leading to larger crystallite.39

TEM analysis presented in Fig. 3 further supports these
findings and reveals distinct morphological characteristics.

Fig. 2 XPS analysis of the S-MEA sample: (a) survey spectrum showing the overall elemental composition, high-resolution spectrum of (b) Cu 2p3, (c) O
1s, and (d) N 1s.

Table 1 Crystallite size, zeta potential, and specific surface area (SSA) of
samples synthesized with different alkaline agents

Sample Zeta potential (mV) Crystallite size (nm) SSA (m2 g�1)

MEA/KOH 35.7 6.0 52.7
S-MEA 43.4 7.0 61.7
S-KOH 26.4 5.2 28.6
S-NH4OH 43.4 6.0 77.0
S-NaOH 29.8 4.5 55.3
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Samples synthesized using KOH and NaOH alkali solutions,
which promote fast reactions, exhibit small spherical particles
with average sizes of 5.2 nm and 4.3 nm, respectively, consistent
with the calculated sizes presented in Table 1. In contrast,
reactions conducted with weak alkaline solutions, including
the MEA/KOH mixture, were guided by slower kinetics, resulting
in longer and more ordered particles. Interestingly, these parti-
cles have coalesced into larger agglomerated particles. Specifi-
cally, the TEM image of the S-MEA sample shows an
agglomerated particle measuring 160 nm � 109 nm, composed
of smaller particles of approximately 10 nm � 3.5 nm in size.
The S-NH4OH sample displayed agglomerated particles of
around 39.5 nm � 14.1 nm, formed by smaller particles of about
8 nm � 3.5 nm. The MEA/KOH sample exhibited agglomerated
particles of about 63.3 nm � 48.7 nm, composed of smaller
particles of around 9 nm � 3 nm. The smaller particle dimen-
sions observed in TEM align well with the crystallite sizes
calculated from XRD data. HRTEM images (Fig. S3 of ESI†) show
interplanar spaces consistent with CuO planes.

SEM images in Fig. 4(a) reveal striking differences in morphol-
ogy, particle size, and dispersion among the studied samples.

These divergences likely arose from the contrasting reactant
properties of KOH and NaOH (strong bases) and NH4OH and
MEA (weak bases) during particle formation. It is noted in the
literature that CuO nanoparticles prepared by the chemical pre-
cipitation route tend to agglomerate.33 Although agglomeration is
observed across all the samples, those prepared by strong alkaline
solution have been shown to form a block of uneven material
while samples S-MEA, S-NH4OH, and MEA/KOH have exhibit
agglomerations forming well-defined particles, consistent with
those observed in TEM image. The S-NaOH and S-KOH catalysts
exhibit an irregular and porous morphology composed of an
agglomeration of the smaller particles observed in TEM images.
In contrast, S-NH4OH and S-MEA catalysts display more well-
defined morphology, comprising uniform and dispersed nano-
particles. The S-NH4OH image reveals nanoparticles with an
average size of 29.8 nm, while the S-MEA sample exposes uniform
oval-shaped nanoparticles with an average particle size of approxi-
mately 163 nm in length and 103 nm in width. The size of these
particles corroborates with the larger agglomerations observed in
TEM images. This smaller size and uniform distribution can
enhance surface area and mass transport, potentially leading to
improved catalytic activity and efficiency.46 A few agglomerations
of particles can also be observed for the MEA/KOH catalyst.
Despite the morphological similarities between MEA/KOH and
S-MEA particles at higher magnification (50k�), the structure of
MEA/KOH more closely resembles that of S-KOH when in 10k�
magnification, as observed in Fig. 4(b).

The specific surface area (SSA) of the catalysts was deter-
mined by the BET method (Table 1), showing values consistent
with the morphological observations in Fig. 4. As expected, the
catalysts synthesized by strong bases exhibited inferior specific
surface area. S-KOH sample, which shows the most uneven and
agglomerated morphology, possesses the lowest surface area of
28.6 m2 g�1. Conversely, the S-NH4OH catalyst, characterized by
smaller agglomerated particles with a more defined structure,
displays the highest surface area of 77 m2 g�1. Among the
studied materials, S-MEA exhibits a relatively high surface area
of 61.7 m2 g�1, while the MEA/KOH sample presents an inter-
mediate value between those of MEA and KOH.

CO2 photoreduction performance

The photoreduction performance indicates similar profiles for
all samples. The detected gas-phase products were carbon mon-
oxide (CO), methane (CH4), ethylene (C2H4), ethane (C2H6), and
hydrogen (H2). The byproducts were quantified by gas chroma-
tography, and the results are presented in Fig. 5. The choice of
alkaline agent in catalyst synthesis significantly impacted photo-
activity, as evident from the data in Fig. 5. Remarkably, S-MEA
and S-KOH catalysts stood out, achieving methane production
rates of 217 and 173 mmol g�1, respectively, and ethane produc-
tion rates of 48 and 93 mmol g�1, respectively. S-NH4OH and S-
NaOH samples showed moderate activity with methane produc-
tion rates around 70 mmol g�1 for both, while the ethane
production rates were 14 and 22 mmol g�1, respectively.

Although sample S-NH4OH exhibited a higher surface area,
sample S-MEA outcome has a higher production. This enhancement

Fig. 3 TEM images of the samples S-NaOH and S-KOH with the indica-
tion of the average particle sizes, and samples NH4OH, S-MEA, and MEA/
KOH showing representative particle sizes and the dimensions of the
coalesced larger particles.
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can be attributed to the material surface functionalization by
MEA, demonstrated by XPS and FTIR measurement. To confirm
the role of MEA in solution from its interaction with the CuO
surface, we analyzed an MEA (aq) (67 mM) sample without CuO.
As expected, no significant gas-phase products were detected
solely from MEA, highlighting the role of surface functionalization
on CO2 photoreduction. Furthermore, varying the MEA concen-
tration during catalyst synthesis revealed 67 mM to be the optimal
condition for maximizing production rates. Detailed data on this
optimization process can be found in Fig. S4 of the ESI.†

Following the observation that both MEA and KOH modifica-
tions significantly enhanced CO2 conversion on CuO catalysts,
an additional experiment explored the potential synergy of these
syntheses. A catalyst named as ‘‘MEA/KOH’’ was synthesized
using a mixture of MEA and KOH at equal molar proportions
(33.5 mM each) within the same overall base concentration
(67 mM). The photocatalytic activity of this dual-base catalyst
was then evaluated alongside the previously studied samples
shown in Fig. 5. As depicted in the graph, the MEA/KOH catalyst
outperformed all other studied materials, achieving the highest
gas-phase product yields. Notably, methane production reached
286 mmol g�1, surpassing individual S-MEA and S-KOH modifi-
cations by 30% and 63%, respectively. Ethane production
reached 67 mmol g�1, an intermediary production between the
observed with S-MEA and S-KOH single-base synthesis.

It suggests that the base combination led to a synergistic
effect of the MEA and KOH in the resulting catalyst, maximizing
the photocatalytic activity of CuO for CO2 reduction. The com-
bined presence of MEA and KOH during synthesis influences the
nucleation and growth rate of CuO particles. This results in an
intermediate particle size and morphology that optimizes the
surface area available for CO2 adsorption and photoexcitation-
driven activation. Additionally, the presence of MEA in the
synthesis environment introduces organic amine groups onto
the CuO surface. These amine groups can act as CO2 adducts,
facilitating initial capture and activation of the reactant molecule

Fig. 4 SEM images of the S-NH4OH, S-NaOH, S-KOH, S-MEA, and MEA/KOH catalysts in 50k�magnification (a) and comparison of the S-KOH, S-MEA,
and MEA/KOH catalysts in lower magnification of 10k� (b).

Fig. 5 Production rates after 5 hours of photocatalytic reduction tests
with catalysts synthesized using different base compositions, where MEA
(aq) represents the photocatalytic reduction test performed by adding
67 mM of MEA to the reactor without a catalyst.
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through hydrogen bonding and electrostatic interactions.
Enhancing adsorption and improved CO2 binding can lead to
higher conversion rates.

To gain deeper insights into this synergy, UV-vis diffuse
reflectance spectroscopy (UV-vis DRS) was employed to eluci-
date the band energy structure of the S-KOH, S-MEA, and MEA/
KOH samples (Fig. 6). The band gap energies were calculated
using the Tauc method.47 The estimated band gaps of the S-
KOH and MEA/KOH samples were similar, 1.53 eV and 1.54 eV,
respectively, while the S-MEA sample exhibited a larger band
gap of 2.21 eV. These values align with those reported in the
literature for CuO.48 This data suggests that the enhanced
activity of the S-MEA sample is primarily attributed to surface
functionalization rather than band gap reduction, as its band
gap is significantly larger. Additionally, the comparable band
gaps of S-KOH and MEA/KOH indicate that the KOH alkaline
agent influenced the light absorption properties of the MEA/
KOH sample, effectively reducing its band gap.

Fig. 7 shows the calculated selectivity and number of elec-
trons involved in the photochemical reduction of CO2 for the
primary studied materials. The selectivity of the products was
calculated following equation:

%CH4 ¼
ne�CH4

ne�CH4 þ ne�COþ ne�C2H4 þ ne�C2H6

where ne�CH4, ne�CO, ne�C2H4, and ne�C2H6 are the electron
number of CH4, CO, C2H2, and C2H6 per gram of the material
per CO2 micromoles, respectively.49 As shown in Fig. 7(a), S-
MEA, S-NH4OH, and MEA/KOH samples displayed similar
product selectivity with approximately 70% methane and 27%
of ethane formation. Interestingly, the samples prepared with-
out amine incorporation shifted the selectivity towards ethane
production. The S-KOH sample exhibited 47.5% of ethane
generation alongside 50.3% methane formation.

Beyond selectivity, analyzing the number of electrons
involved in the reactions (Fig. 7(b)) unveils a crucial perspective
on catalyst performance. This data combination provides dee-
per insights into the efficiency of CO2 conversion. The graph

shows that the S-MEA, S-KOH, and MEA/KOH samples excelled
in CO2 photoreduction, reaching 2.4, 2.7, and 3.3 � 103

electrons. While ethane production is promising, S-MEA and
MEA/KOH exhibited better selectivity due to specific surface
functionalization characteristics.

CO2-catalyst interactions are critical determinants of pro-
duct formation during photoreduction. We hypothesize that
MEA-derived functional groups, although they facilitated the
capture of CO2 on the surface, may not be strong enough to
keep the molecule bound to the surface until its conversion
into ethane. It might promote faster cycling and, thus, generate
a higher concentration of methane. The union between MEA
and KOH must have provided synthesis conditions related to
the velocity of the particle growth and surface functionalization
that mediated a more efficient process for the photochemical
reduction of CO2.

Table 2 presents a comparative analysis of methane produc-
tion rates reported in the literature. As evident from the data,
the methane production rates achieved in this work are com-
parable to those reported in the literature, particularly when
considering the simplicity of our synthesis methodology. This
methodology does not involve energy-intensive processes, mak-
ing it an attractive approach.

Fig. 6 UV-vis DRS spectra of the S-KOH, S-MEA, and MEA/KOH samples.

Fig. 7 Selectivity of product generation in (a), and number of electrons
transferred in 5-hour CO2 photocatalytic reduction reactions in (b).

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:1

0:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00337c


6486 |  Mater. Adv., 2024, 5, 6479–6488 © 2024 The Author(s). Published by the Royal Society of Chemistry

4. Conclusion

In this study, we successfully evaluated the effectiveness of CuO
photocatalysts prepared via chemical precipitation using dif-
ferent alkaline agents. It was found that the base strength
employed during synthesis significantly influenced the mor-
phological characteristics due to variations in reaction velocity
and particle growth dynamics. The photocatalytic performance
assessments revealed that the MEA/KOH photocatalyst out-
performed both S-MEA and S-KOH, displaying enhanced selec-
tivity and electron involvement in the CO2 reduction reaction.
The results revealed a synergistic enhancement of photoactivity
due to the combined influence of faster particle nucleation
facilitated by KOH and the presence of nitrogen-containing
groups from MEA on the catalyst surface. These findings high-
light the critical role of surface modification in optimizing
photocatalytic materials, particularly in CO2 reduction. By
tailoring the synthesis process and surface composition, photo-
catalysts with superior performance can be designed.
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