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lamines on photocatalytic
reduction of carbon dioxide to liquid fuels using
a copper-doped dititanate/graphene
photocatalyst†

Wannisa Neamsung,a Nutkamol Kitjanukit,a Apisit Karawek,a Napatr Chongkol,a

Napat Lertthanaphol, ab Poomipat Chotngamkhum,a Kongphoom Khumsupa,a

Poomiwat Phadungbut, a Woranart Jonglertjunya,a Pattaraporn Kim-Lohsoontornc

and Sira Srinives *a

Carbon dioxide (CO2) photoreduction is a promising alternative to carbon capture, utilization, and storage

(CCUS) technologies. It relies on photocatalysts to convert CO2 to high-value products. The copper-doped

dititanate nanosheets/graphene oxide composite (CTGN) is a heterostructure of two 2-dimensional

nanomaterials: nanosheets and graphene oxide (GO), exhibiting outstanding photoactivity. It was

demonstrated to assist in CO2 photoreduction, yielding fuel products such as methanol, ethanol, and

isopropanol. In this study, we used CTGN as a photocatalyst model to investigate the effects of

alkanolamines, including monoethanolamine (MEOA), diethanolamine (DEOA), and triethanolamine

(TEOA), in facilitating CO2 photoreduction. TEOA performed the best, producing methanol, ethanol,

isopropanol, acetone, and n-butanol with an impressive total carbon consumption (TCC) of 7890 mmol

gcat
−1. Alkanolamines exhibited a dual function as a sacrificial agent (SCR) and a CO2-capturing

substance for photoreduction. TEOA was an excellent SCR and captured CO2 loosely via base-catalyzed

hydration, promoting the subsequent release of CO2 for photoreduction. A study on medium pH

revealed a decreased photoreduction rate at increased pH due to a strong bond between CO2 and the

alkali solution, which reduces the reaction rate.
Sustainability spotlight

CO2 is a greenhouse gas and a primary contributor to climate change. It contributes to rising global temperatures and has a signicant impact on ecosystems.
CO2 photoreduction is an emerging technique that has earned the name ‘articial leaf’ due to its reliance on UV light and CO2. It relies on photocatalysts to
transform CO2 into high-valued substances, such as fuels and industrial feedstocks. Herein, we have used three alkanolamines, MEOA, DEOA, and TEOA, as
facilitators in CO2 photoreduction with CTGN as a photocatalyst. The alkanolamines increased dissolved CO2 concentration in the medium and promoted the
electron-hole separation of the photocatalysts. Our efforts to encourage CO2 emission reduction align with the UN's Sustainable Development Goals of
affordable and clean energy (SDG 7) and climate action (SDG 13).
Introduction

The global trend in climate change, global warming, and CO2

emission reduction has advanced the development of CCUS
technologies. The current and latest CCUS technologies include
(NanoCEN), Department of Chemical

dol University, Nakhon Pathom 73170,

ty of Louisville, Louisville, KY 40292, USA

atalytic Reaction Engineering (CECC),

aculty of Engineering, Chulalongkorn

tion (ESI) available. See DOI:

520–3529
the capture of CO2 gas using an amine scrubber,1,2 a solid
adsorbent,3,4 a membrane separator,5,6 and a cryogenic
system.7,8 Alternative technologies have advanced signicantly
over the past few decades. Examples include storing CO2 in
biological and geological systems (such as oceans, forests, and
underground spaces),9–11 direct air capture (DAC),12 and the
catalytic conversion of CO2 into other high-value products.13–16

These inventions were developed and demonstrated for indus-
trial use but needed further development and investment.

Catalytic conversion of CO2 is an intriguing approach that
captures CO2 and yields high-value products for use in industry
or for sale. Titanium dioxide (TiO2) is a photocatalyst recog-
nized for its ability to treat water and coat surfaces. It was
demonstrated for CO2 photoreduction.17–19 A typical mechanism
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5su00268k&domain=pdf&date_stamp=2025-07-26
http://orcid.org/0000-0002-9738-1975
http://orcid.org/0000-0003-1246-6310
http://orcid.org/0000-0002-7890-1103
https://doi.org/10.1039/d5su00268k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00268k
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003008


Table 1 Molecular formulation, pKa, and relative permittivity (dielec-
tric constant) values of MEOA, DEOA, and TEOA

No. Name pKa Relative permittivity Structure

1 MEOA 9.44 31.9 (ref. 30)

2 DEOA 8.88 25.8 (ref. 30)

3 TEOA 7.72 29.3 (ref. 31)
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involves the activation of TiO2 by light, generating photoelec-
trons and photo-induced holes. The photoelectrons transfer
from the valence band (VB) to the conductive band (CB) and are
incorporated with CO2. The incorporation yields a CO*�

2 radical
that is an intermediate in product generation.20,21 For a photo-
catalyst to generate photoelectrons constantly, the photo-
induced holes in the VB must stay separated from the photo-
electrons by reacting with the hole-scavenging SCR. Examples of
SCRs include water, alcohols, amines, and biomass.22–27 Water
is the most common SCR to withdraw holes from photocatalysts
and form hydroxyl ions (OH−). The SCR performance relies on
the chemical properties of the substance, including its polarity,
diffusivity, interactions with the catalyst surface, and
nucleophilicity.

Alkanolamines are a group of amines that contain both
amino and hydroxyl moieties. They have been employed in
industrial amine scrubbers for the adsorption of CO2. The
amine–CO2 reaction/interaction follows the paths of acid/base
reaction (eqn (1) and (2)) and base-catalyzed hydration (eqn (3)
and (4)). The former requires a direct reaction between CO2

(acid) and two amines (base) to create a carbamate. The latter
depends on weak CO2–amine electrostatic charge interactions
that facilitate carbonic acid generation with no amine being
spent. The primary and secondary amines prefer the acid–base
reaction path, while a tertiary amine undergoes the base-cata-
lyzed hydration path.

Acid–base reaction

2RNH2 + CO2 4 RNH3
+ + RNHCOO− + heat (1)

2R1R2NH + CO2 4 R1R2NH2
+ + R1R2NCOO− + heat (2)

Base-catalyzed hydration

R1R2NH + CO2 + H2O 4 R1R2NH2
+ + HCO3

− + heat (3)

R1R2R3N + CO2 + H2O 4 R1R2R3NH+ + HCO3
− + heat (4)

Alkanolamines offer dual functionalities as a CO2-capturing
substance and an SCR and have been studied for CO2 photo-
reduction. For instance, Liao Y and team28 synthesized TiO2

particles using a solvothermal technique and modied TiO2

with MEOA. MEOA/TiO2 exhibited four times the CO2 adsorp-
tion capacity and photoreduction rate compared to a bare TiO2.
MEOA enhanced CO2–TiO2 interactions by attracting CO2 to the
proximity of TiO2, which promoted photoreduction. The group
of Kim Y. E.29 studied CO2-capturing performances of MEOA,
DEOA, and TEOA. MEOA and DEOA reacted with CO2 through
the acid–base reaction (eqn (1) and (2)), and DEOA and TEOA
interacted with CO2 through the base-catalyzed hydration (eqn
(3) and (4)). MEAO required more heat for CO2 absorption than
DEOA and TEOA, while DEOA provided more CO2 loading
capacity thanMEOA and TEOA. Karawek A. and team22modied
TiO2 nanosheets with MEOA, DEOA, and TEOA and used the
nanosheets to assist CO2 photoreduction. TEOA/TiO2 showed
the best photoactivity since TEOA underwent the base-catalyzed
hydration with CO2. The hydration generated carbonic acid,
which could effectively be used in the following photoreduction.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Our group synthesized CTGN and studied its photoactivity
for CO2 photoreduction.17,19 Letthanaphol N19 tested CTGN with
water SCR in CO2 photoreduction and reported the formation of
target products, including methanol, ethanol, isopropanol, and
acetone. The key to good photoactivity is the n–p heterojunction
interfaces between the dititanate nanosheets and GO, which
direct the path for charge mobility. Kitjanukit N.17 studied the
effects of alcohol SCRs, including methanol, ethanol, and iso-
propanol, on CO2 conversion using a CTGN photocatalyst.
Methanol SCR yielded the highest product generation rate due
to its small molecular size, which resulted in high mass diffu-
sivity and an improved hole scavenging ability.

In this work, we investigated the effects of MEOA, DEOA, and
TEOA on the CO2 photoreduction. CTGN was used as a photo-
catalyst model. The liquid samples from the photoreduction
were collected and analyzed by gas chromatography (GC) to
determine their molar compositions. CTGN was also charac-
terized to demonstrate consistency in material synthesis using
transmission electron microscopy (TEM), eld-emission scan-
ning electron microscopy (FE-SEM), Fourier transform infrared
(FTIR) spectroscopy, Raman spectroscopy, and X-ray diffraction
(XRD).

Experimental

All chemicals used in the experiment were purchased and used
without further purication. For GO synthesis, graphite akes
(99.9%, AR grade, Alfa Aesar, 325 mesh, USA), sulfuric acid (AR
grade, RCI Labscan, 98% H2SO4, Thailand), sodium nitrate (AR
grade, Fluka chemika, 99% NaNO3, Switzerland), potassium
permanganate (AR grade, Ajax Finechem, 99% KMnO4, Aus-
tralia), hydrogen peroxide (AR grade, Merck, 30% H2O2, Ger-
many), and hydrochloric acid (AR grade, RCI Labscan, 37%HCl,
Thailand) were used. CTGN production required other chem-
icals: sodium hydroxide (AR grade, Ajax Finechem, NaOH,
Australia), titanium(IV) butoxide (AR grade, Sigma Aldrich,
TBOT, 97% Ti(OCH2CH2CH2CH3)4, Germany), ethanol (AR
grade, RCI Labscan, 99.9% C2H5OH, Thailand), and copper(II)
nitrate (AR grade, Sigma Aldrich, Cu(NO3)2$3H2O, New Zea-
land). MEOA (AR grade, 99% C2H7NO (Table 1)) and DEOA (AR
grade, 99% C5H11NO2 (Table 1)) were purchased from TCI
RSC Sustainability, 2025, 3, 3520–3529 | 3521
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Fig. 1 (a) TEM image showing the physical morphology, lattice space
(top inset), and light diffraction pattern (bottom inset) of the CTGN, (b)
FTIR spectra of GO, TiN, TGN, CTN, and CTGN, (c) UV-vis spectra and
(d) Tauc’s plots of TiN, TGN, CTN, and CTGN, (e) XRD patterns of GO,
TiN, TGN, CTN, and CTGN, and (f) Raman spectra of TiN, TGN, CTN,
and CTGN.
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Japan, while TEOA (AR grade, TEOA, 99% C6H15NO3 (Table 1))
was purchased from Ajax Finechem Australia. CO2 gas was
99.9% pure and purchased from Lor Ching Tong Oxygen,
Thailand.

CTGN characterization studies

Complete characterization studies of CTGN were provided in
our previous work,17–19 and they are only offered here to verify
the reliability of the synthesis method. Surface morphology was
observed using TEM (HR-TEM, Tecnai 20 Philips instrument).
FTIR (JASCO FT/IR-6800) was used to study chemical function-
alities from IR responses within the 400–4000 cm−1 range.
Optical properties were investigated using a UV-vis spectro-
photometer (UV-vis, 1800 SHIMADZU), where light absorbance
was analyzed and optical bandgap energy was determined. The
crystal structure was examined using X-ray diffraction (XRD,
Bruker D2 PHASER) with Cu Ka radiation within the 5–80°
range and with a scanning rate of 0.02° s−1.

GO synthesis

The chemical exfoliation method was employed to synthesize
GO. The synthesis began by mixing 2 g of graphite akes, 1 g of
NaNO3, and 50 mL of concentrated H2SO4 acid in a 250 mL
ask. The mix was kept at a temperature below 4 °C in an ice
bath with stirring for 2 h and then blended with 10 g of KMnO4.
The ask was removed from the bath to keep it under ambient
conditions and stirred for 2 h. At this point, the graphite was
oxidized to GO. The reaction was terminated by adding 20mL of
30% v/v H2O2 to the mix, yielding a yellow-brown suspension of
GO. The powder was ltered using a vacuum ltration appa-
ratus with microlter paper (GF/C, Whatman). The GO slurry
was rinsed with a 3% v/v HCl solution, followed by DI water
using a centrifuge machine (Eppendorf 5804R laboratory
centrifuge). GO powder was dried in a vacuum oven (Faithful
Instrument (HEBE) Co., Ltd) at 60 °C for 24 h and stored in
a desiccator for future use.

Synthesis of CTGN and control samples

TBOT and Cu(NO3)2 solutions were prepared separately. We
mixed 0.71 mL of TBOT with 20 mL of ethanol and 10 mL of DI
water and dissolved Cu(NO3)2 in DI water at a concentration of 1
mg mL−1. The Cu(NO3)2 solution was poured into the TBOT
solution, and 10 mL of 1 M NaOH solution was added. The mix
was blended with GO solution (1.5 mg mL−1) and transferred to
a hydrothermal reactor. The reactor was heated at 180 °C for 8 h.
The resulting CTGN powder was dried in an oven at 70 °C for 8 h
before being stored in a desiccator. Control samples, including
dititanate nanosheets (TiNs) and copper-doped dititanate
nanosheets (CTNs), were synthesized following a similar
hydrothermal technique for comparison. The TiN was synthe-
sized by mixing a solution of TBOT in ethanol with DI water and
NaOH solution. The mix was heated at 180 °C for 8 h in
a hydrothermal reactor. The CTN was obtained by mixing TBOT
and Cu(NO3)2 solutions with a NaOH solution and heating the
blend at 180 °C for 8 h. Dititanate nanosheet/GO (TGN) refers to
the CTGN composite without copper, synthesized through
3522 | RSC Sustainability, 2025, 3, 3520–3529
a hydrothermal process involving a mixture of TBOT, NaOH,
and GO.

CO2 photoreduction experiments

The effects of MEOA, DEOA, and TEOA SCR on CO2 photore-
duction were investigated by monitoring the production of
target substances, including acetaldehyde, methanol, ethanol,
isopropanol, and n-butanol. A suspension of CTGN was
prepared in a 30 mL quartz reactor at a concentration of 0.1 mg
mL−1 and purged with a pure CO2 stream at a ow rate of 0.2 L
min−1 for 20 min. MEOA, DEOA, or TEOA was added to the
suspension (0.5 mM). The mix was stirred continuously and
illuminated with a 160-watt mercury lamp (Philips). The
photoreduction lasted for 6 h before the liquid and gas samples
were collected using ltered syringes. The samples were
analyzed using gas chromatography (GC) with a DB-WAX
column and a ame ionization detector (FID) to determine their
composition.

Results and discussion
CTGN characterization studies

The surface morphology of the CTGN was analyzed by TEM,
which shows that it has a nanosheet structure of 93.19 ± 21.55
× 57.93 ± 16.48 nm2 size (Fig. 1(a)), attached to the GO sheet
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(∼15 × 20 mm2 (Fig. S1†)). The lattice space (Fig. 1(a), bottom
inset) was measured as 0.731 nm (Fig. S2†), corresponding to
the distance between the {200} planes of sodium dititanate
(Na2Ti2O5).17,19 Light diffraction analysis (Fig. 1(a), top inset)
revealed a combination of ring and dot patterns, suggesting
a mix of polycrystalline and single-crystal structures. FTIR
spectra (Fig. 1(b)) showed the IR transmittance of the chemical
functionality of the samples. The spectra for GO peaked at 3420,
1730, 1620, 1410, and 1050 cm−1, corresponding to O–H
stretching, C]O stretching, C]C aromatic stretching, O–H
bending, and C–O stretching, respectively. TiN and CTN
exhibited IR spectrum peaks at 3420, 1450, 900, and 400 cm−1,
corresponding to O–H stretching, C–H bending, C–H stretch-
ing, and Ti–O–Ti or Ti–O–C, respectively. TGN and CTGN
exhibited similar transmittance peaks at 3420, 1450, 900, and
400 cm−1, attributed to the signals of O–H stretching, C–H
bending, C–H stretching, and Ti–O–Ti or Ti–O–C, respectively.21

CTGN presented two additional peaks at 1620 and 1050 cm−1,
which are attributed to C]C aromatic stretching and C–O
stretching due to the presence of GO. Optical properties were
studied using a UV-visible spectrophotometer, in which light
absorption was monitored from powder suspensions (Fig. 1(c)).
Absorption spectra for GO, TiN, TGN, CTN, and CTGN showed
maxima at 230, 263, 258, 260, and 256 nm, respectively. The
bandgap energy determined by Tauc's correlation (Fig. 1(d)) was
1.7, 3.35, 3.31, 3.29, and 3.24 eV, respectively. XRD (Fig. 1(e))
provided the crystal structure analysis. GO yielded a sharp
diffraction peak at 12.82°, which was ascribed to {001} of the
graphitic lattice plane. For TiN and CTN, a diffraction peak at
9.20° represented the {200} plane of dititanate, while peaks at
28.08°, 48.38°, and 63.50° corresponded to the {101}, {200} and
{204} planes of anatase TiO2, respectively. TGN and CTGN
exhibited similar patterns to TiN, with a peak at 9.20° indexed to
the {200} plane of dititanate and peaks at 28.08°, 48.38°, and
63.50° related to the {101}, {200} and {204} planes of anatase
TiO2, respectively. The crystallite sizes were determined using
Scherrer's equation and were 10.88, 5.28, 5.23, 5.13, and 5.30
nm for GO, TiN, TGN, CTN, and CTGN, respectively. The large
crystallite size of CTGN indicated an extensive grain size and
more crystalline structure compared to TiN, TGN, and CTN.19,21

Raman spectra (Fig. 1(f)) for TiN and CTN presented absorption
peaks for O–Ti–O (114.27 cm−1), Na–Ti–O (271.11 cm−1), and
Ti–O (436.04, 704.04, and 898.48 cm−1), indicating the existence
of dititanate and TiO2. Small and medium absorption bands
revealed the presence of B1g (377.02 cm−1), A1g (566.20 cm−1),
and Eg (639.77 cm−1) of TiO2 anatase. TGN and CTGN exhibited
similar trends in Raman spectra, yielding signals for dititanate
and anatase TiO2.19 The D and G bands from defective and
crystalline graphite were observed at 1350 and 1610 cm−1,
indicating the presence of GO in the catalysts. The ID/IG ratios of
0.841 and 0.843 were calculated for TGN and CTGN,
respectively.
Fig. 2 Production rates and TCCs, corresponding to DI water, MEOA,
DEOA, and TEOA SCRs (solution pH ∼5 in DI water and ∼7 with an
alkanolamine).
CO2 photoreduction results

CO2 photoreduction experiments were conducted in a CO2-
saturated CTGN suspension containing 0.5 mM alkanolamine
© 2025 The Author(s). Published by the Royal Society of Chemistry
(MEOA, DEOA, or TEOA). A control experiment was performed
in a CO2-saturated CTGN suspension with no alkanolamine (pH
∼5). In all the alkanolamine cases, the suspension pH was
monitored to be ∼7 aer CO2 dissolution. The product
compositions were measured using GC analysis and reported as
the product generation rate (mmol gcat

−1 h−1). Preliminary tests
revealed the target products of acetaldehyde, methanol,
ethanol, isopropanol, acetone, and n-butanol. The total carbon
consumption (TCC) was determined using eqn (5).

TCC = [(acetaldehyde production rate × 2)

+ (methanol production rate × 1)

+ (ethanol production rate × 2)

+ (isopropanol production rate × 3)

+ (n-butanol production rate × 4)

+ (acetone production rate × 3)] × 6 (5)

TCC indicates the number of carbon atoms in target prod-
ucts obtained from each operation and is used to compare the
effects of alkanolamines on the photoreduction rate. For the
control experiment (no alkanolamine), CO2 photoreduction
yielded 20, 0, 113, 20, and 0 mmol gcat

−1 h−1 acetone, methanol,
ethanol, isopropanol, and n-butanol, respectively (Fig. 2). The
TCC was determined to be 2086 mmol gcat

−1. For MEOA and
DEOA, production rates for acetone, methanol, ethanol, iso-
propanol, and n-butanol were 19 and 20, 39 and 37, 158 and
112, 34 and 28, and 2 and 3 mmol gcat

−1 h−1, respectively.
The TCC increased to 3130 and 2424 mmol gcat

−1. TEOA exhibits
the best results in supporting photoreduction, yielding acetone,
methanol, ethanol, isopropanol, and n-butanol at 56, 113,
281, 152, and 4 mmol gcat

−1 h−1, respectively, and a TCC of
7890 mmol gcat

−1.
Based on the photoreduction results, the photoreduction

quantum efficiency (PQE) was determined using eqn (6),

PQE ð%Þ ¼ ne � production formation rate ðmmol s�1Þ
incident photon rate ðmmol s�1Þ � 100;

(6)
RSC Sustainability, 2025, 3, 3520–3529 | 3523
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where ne denotes the number of electrons needed for the
formation of a photoreduction product. The incident photon
rate was determined using eqn (7),
Incident photon rate
�
mmol s�1

� ¼ light intensity ðW cm�2Þ � l ðmÞ �A ðcm2Þ
Planck0s constant

�
J s mol�1

�� photon density ðm s�1Þ �Avogadro0s number ðmolÞ (7)
where light intensity is 0.0146 W cm−2 (Sanwa LX20 Illumi-
nance meter, diameter 9 mm), l is the light wavelength (360
nm), A is the projected area on the photochemical cell (12 cm2),
Planck’s constant is 6.63 × 10−34 J s mol−1, photon density is 3
× 108 m s−1, and Avogadro's number is 6.023 × 1023 mol.21,32

The % PQEs of 0.0386, 0.0945, 0.0766, and 0.3693 were deter-
mined for water, MEOA, DEOA, and TEOA, respectively
(Fig. 3(a)). The highest PQE indicates that photons from light
contribute most effectively to photoelectron production in the
case of TEOA. The PQE trends agree with the CO2 photoreduc-
tion results. The CO2 conversion (Fig. 3(b)) was determined
using eqn (8),19

CO2 conversion ð%Þ ¼ ðCO2 solubility � TCCÞ
CO2 solubility

� 100; (8)

in which CO2 solubility is roughly 33 mM under ambient
conditions. The conversions are 93.67, 90.52, 92.66, and 76.09%
for water, MEOA, DEOA, and TEOA, respectively. The CTGN
Fig. 3 (a) % PQE of the light source (160 W Hg lamp) on CO2

photoreduction with different facilitators and (b) CO2 conversion.

3524 | RSC Sustainability, 2025, 3, 3520–3529
demonstrated enhanced photoactivity with TEOA as the facili-
tator, compared to other alkanolamines and water.
Photoluminescence (PL) spectroscopy

PL analysis determines the photoactivity of a photocatalyst by
assessing its ability to be activated and emit light in the lumi-
nescence spectrum. CTGN was tested for its photoactivity in
water and alkanolamines (Fig. 4) by being excited at 260 nm and
monitored for photoemission within the 380–500 nm range
during relaxation. The photoemission signal correlates with the
electron–hole recombination phenomenon in the photo-
catalyst, where a strong signal indicates rapid recombination
and poor photoactivity. We analyzed the photoemission signal
by normalizing the signal intensity of the characteristic peak
(wavelength = 429 nm) of alkanolamine to that of water and
dened it as a quenching factor (QF, eqn (9)).19

QF ¼ PL signal intensity from alkanolamine

PL signal from water
(9)

The QFs were 1.00, 0.79, 1.06, and 0.45 for CTGN with water,
MEOA, DEOA, and TEOA, respectively. MEOA is a primary
amine with high diffusivity and nucleophilicity, providing 21%
lower QF than water. DEOA presents an equivalent QF to water,
indicating a comparable SCR ability. TEOA assists CTGN better
than water and the other alkanolamines, resulting in a QF that
is 55% lower than that of water (as addressed further in the
Discussion). PL analysis supported the results from CO2

photoreduction since TEOA exhibited the best performance as
a facilitator for the CTGN photocatalyst.
Fig. 4 PL spectra of CTGN with water and alkanolamines.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of pH on CO2 photoreduction with (a) MEOA, (b) DEOA, (c) TEOA, and (d) overall (n = 3).
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Effect of solution pH on CO2 photoreduction

The effect of solution pH on CO2 photoreduction was studied by
adjusting the pH of the CTGN suspension aer adding alka-
nolamine and CO2 purging from∼7 to 8, 9, and 10, using NaOH
solution.33,34 For MEOA, at pH 8, the alkanolamine facilitated
the generation of acetaldehyde, acetone, ethanol, and iso-
propanol at production rates of 51± 9, 26± 9, 63± 10, and 33±
2 mmol gcat

−1 h−1, respectively (Fig. 5(a)). The TCC decreased
from 3130 mmol gcat

−1 at pH 7 to 2744 mmol gcat
−1 at pH 8. At pH

9 and 10, the production rates were 59 ± 22, 17 ± 3, 23 ± 3, and
21 ± 6 mmol gcat

−1 h−1, and 40 ± 5, 14 ± 0, 36 ± 1, and 25 ± 2
mmol gCat

−1 h−1 for acetaldehyde, acetone, ethanol, and iso-
propanol, respectively. The TCC reduced from 2002 mmol gcat

−1

to 1844 mmol gcat
−1, corresponding to a pH increase from 9 to

10. For DEOA (Fig. 5(b)), at pH 8, production rates for acetal-
dehyde, acetone, ethanol, and isopropanol were 36 ± 5, 24 ± 1,
59 ± 6, and 17 ± 4 mmol gcat

−1 h−1, respectively. The TCC value
dropped from 2424 mmol gcat

−1 (pH 7) to 2138 mmol gcat
−1 (pH

8). The production rates for pH 9 and 10 were 51 ± 7, 15 ± 1, 32
± 3, and 17 ± 3 mmol gcat

−1 h−1 and 42 ± 6, 14 ± 3, 27 ± 3, and
20 ± 2 mmol gcat

−1 h−1 for acetaldehyde, acetone, ethanol, and
isopropanol, respectively. The TCC dropped from 1868 mmol
gcat

−1 at pH 9 to 1696 mmol gcat
−1 at pH 10. For TEOA (Fig. 5(c)),

CO2 photoreduction at pH 8 produced 63 ± 1, 29 ± 3, 128 ± 12,
and 16 ± 4 mmol gcat

−1 h−1 acetaldehyde, acetone, ethanol, and
isopropanol, respectively. The photoreduction at pH 9 and 10
yielded 32± 4, 21 ± 7, 106 ± 16, and 17± 0 mmol gcat

−1 h−1 and
47 ± 3, 19 ± 2, 78 ± 3, and 9 ± 3 mmol gcat

−1 h−1 acetaldehyde,
acetone, ethanol, and isopropanol, respectively. The TCC at pH
© 2025 The Author(s). Published by the Royal Society of Chemistry
8, 9, and 10 with TEOA were 3,464, 2,538, and 2306 mmol gcat
−1,

respectively. In all tests, the increase in pH resulted in
a decrease in the product generation rate and TCC (Fig. 5(d)).
The reduction in photoreduction rate can be attributed to the
stronger bond between CO2 and the hydroxyl ion (OH−) and the
lesser hole-scavenging ability of the SCR at higher pH levels (pH
8–10). The effect of CO2 interactions with water, OH−, and
alkanolamine intensies at a higher pH value, decreasing the
CO2 desorption rate and slowing down the subsequent CO2

photoreduction.
Discussion

The CTGN was used as a photocatalyst model to study the
effects of three alkanolamines, MEOA, DEOA, and TEOA, on
supporting CO2 photoreduction. The reaction mechanisms
(Fig. 6) consist of four main steps: CO2 capture (Fig. 6(I)), CO2

desorption (Fig. 6(II)), active radical generation (Fig. 6(III)), and
hole scavenging (Fig. 6(IV)). The CO2 capture (I) occurs during
CO2 purging in the CTGN suspension with alkanolamine,
creating a CO2-saturated medium. For the CO2 to be converted
to target products, alkanolamine must desorb CO2 (II) for the
photoreduction, in which CO2 couples with a photoelectron to
become a CO*�

2 (III) radical. The radical reacted with other
moieties in the suspension, becoming target products. The
alkanolamines also approach CTGN, quench photo-induced
holes (h+) to protons (H+) (IV), and become radicals themselves
(eqn (10)–(12)). The radicals (MEOA*, DEOA*, and TEOA*)
could later react with other intermediates available in the
solution.
RSC Sustainability, 2025, 3, 3520–3529 | 3525
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Fig. 6 Schematic diagram showing CO2 photoreduction on the CTGN photocatalyst with alkanolamines.
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MEOA + h+ / MEOA* + H+ (10)

DEOA + h+ / DEOA* + H+ (11)

TEOA + h+ / TEOA* + H+ (12)

Results from CO2 photoreduction revealed TEOA as the most
effective facilitator for CTGN, providing a TCC of 7890 mmol
gcat

−1, compared to DEOA (2424 mmol gcat
−1) and MEOA (3130

mmol gcat
−1). The excellent performance of TEOA can be

analyzed in terms of its two roles as a facilitator in CO2 photo-
reduction: withdrawing photo-induced holes (SCR) and CO2

capture. As an SCR, three factors were known to affect hole-
scavenging ability: diffusivity, nucleophilicity, and relative
permittivity (Table 1).30,31 MEOA is a small molecule with a pKa
of 9.44, providing higher diffusivity and more nucleophilicity
than DEOA (pKa = 8.88) and TEOA (pKa = 7.76) (Table 1).
Permittivity indicates the amount of electric charge contained
in a molecule and its ability to stabilize other radicals, corre-
lating with the hole-scavenging ability. MEOA displays a relative
permittivity of 31.9, whereas DEOA and TEOA yield values of
25.8 and 29.3, respectively, indicating that MEOA is a more
efficient SCR than TEOA and DEOA. The diffusivity, nucleo-
philicity, and permittivity trends contrast with the PL analysis,
in which TEOA yielded the best hole-scavenging ability in the
absence of CO2. We prioritize the primary data from PL analysis
and propose that functional groups can contribute to the hole-
scavenging ability. Considering that the deprotonated hydroxyl
group (–O−) of alkanolamine helps stabilize photo-induced
holes, TEOA with three –O− (Table 1), therefore, assists photo-
catalysts better than DEOA and MEOA with two and one –O−,
resulting in the enhanced CO2 photoreduction rate.35 Con-
cerning the CO2-capturing role, MEOA and DEOA react with CO2

faster than TEOA due to the robust nature of the acid–base
reaction (CO2–MEAO and CO2–DEOA) compared to the base-
3526 | RSC Sustainability, 2025, 3, 3520–3529
catalyzed hydration (CO2–TEOA). TEOA also desorbs CO2

quicker than MEOA and DEOA due to the weak CO2–TEOA
bond. The analysis supports the CO2 photoreduction result,
indicating the dominance of CO2 desorption when TEOA is
used. MEOA assists photoreduction better than DEOA as it is
more nucleophilic than DEOA. The pH of the suspension
contributes to the photoreduction rate and type of products.
The initial pH for the CTGN suspension with no alkanolamine
was ∼7, and it reduced to ∼5 with dissolved CO2. The suspen-
sion with alkanolamines and dissolved CO2 provided a pH of
∼7. The target products were methanol, ethanol, isopropanol,
acetone, and n-butanol, with ethanol being the primary
product. As the suspension pH was adjusted to 8, 9, and 10, the
TCC decreased, and the target products were acetaldehyde,
ethanol, isopropanol, and acetone for CTGN suspension with
alkanolamines. In the case of MEOA and DEOA, acetaldehyde
and ethanol were the two major products. Ethanol production
was higher than acetaldehyde at pH 8, but the trend reversed at
pH 9 and 10. In the case of TEOA, ethanol and acetaldehyde
were the major products, with the ethanol production rate
exceeding that of acetaldehyde at pH 8, 9, and 10. The prefer-
ence in product generation concerning the solution pH can be
attributed to a balance between the CO2–alkanolamine and
CO2–alkali interactions. More studies are needed to clarify this
part. Our group previously tested the photoactivity of CTGN in
catalyzing CO2 photoreduction, relying on water and alcohol
SCRs.17,19 The photoreduction produced methane, acetalde-
hyde, methanol, ethanol, acetone, and isopropanol at TCCs
ranging from 3426 to 6544 mmol gcat

−1. Adding an alkanolamine
to the CO2-saturated CTGN suspension promotes product
generation rates beyond those of the alcohols, yielding an
enhanced TCC of 7890 mmol gcat

−1 in the case of TEOA. We
realized a more extensive target product, n-butanol, due to the
interactions between CO2, intermediates, and alkanolamine.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Such interactions promoted CO2 dissolution in water and
stabilized intermediates, forming a bigger product for photo-
reduction. Total reactions for generation of the target products,
acetaldehyde (C2H4O), methanol (CH3OH), ethanol (C2H5OH),
isopropanol (C3H7OH), acetone ((CH3)2CO), and n-butanol
(C4H10O) are proposed here as follows (eqn (13)–(18)):

2CO2 + 10H+ + 10e− / C2H4O + 3H2O (13)

CO2 + 6H+ + 6e− / CH3OH + H2O (14)

2CO2 + 12H+ + 12e− / C2H5OH + 3H2O (15)

3CO2 + 18H+ + 18e− / C3H7OH + 5H2O (16)

3CO2 + 16H+ + 16e− / (CH3)2CO + 5H2O (17)

4CO2 + 24H+ + 24e− / C4H10O + 7H2O (18)

The production of methanol, ethanol, isopropanol, and
acetone, as mentioned in our previous study,19 provided redox
potentials (E0redox) of −0.38, −0.33, −0.31, and −0.36 V,
respectively. The groups of Bertheussen E. (2016)36 and Ting
L.R. L. (2020)37 reported the electroreduction potentials for CO2

to acetaldehyde and n-butanol to be −0.33 and −0.48 V,
respectively. The E0redox values suggest that photoreduction
prefers isopropanol to ethanol, acetaldehyde, acetone, meth-
anol, and n-butanol. This analysis contrasted with the experi-
mental results, which revealed ethanol as the primary product
with nearly equivalent production rates for methanol and iso-
propanol in all photoreductions with alkanolamine. This
phenomenon indicates that other factors, such as intermediate
formation pathways, contribute more signicantly to the
product type and generation rate.
Conclusions

This research highlighted the effects of three alkanolamines,
MEOA, DEOA, and TEOA, on CTGN in CO2 photoreduction.
TEOA showed the best performance in supporting the CO2

photoreduction, achieving products, including acetaldehyde,
methanol, ethanol, isopropanol, acetone, and n-butanol with an
impressive TCC of 7890 mmol gcat

−1, compared to MEOA (3130
mmol gcat

−1), DEOA (2424 mmol gcat
−1), and water (2086 mmol

gcat
−1). The outstanding performance of TEOA was attributed to

its impressive hole-scavenging ability and weak CO2–TEOA
interaction, which enabled rapid CO2 desorption for subse-
quent photoreduction. In other studies, increased solution pH
led to deceased TCC due to stronger bonds between CO2 and the
alkali solution. The bonds reduced the CO2 desorption rate and,
eventually, the CO2 photoreduction rate. The work emphasizes
the signicance of alkanolamine as a facilitator for photo-
catalysts and its role in enhancing CO2 photoreduction.
Choosing a suitable facilitator for the reaction could increase
the product generation rate and be a key factor in advancing
CO2 conversion technology.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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37 L. R. L. Ting, R. Garćıa-Muelas, A. J. Mart́ın, F. L. P. Veenstra,
S. T. J. Chen, Y. Peng, E. Y. X. Per, S. Pablo-Garćıa, N. López,
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