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ction by electrochemical reaction
using ethylene glycol with terephthalic acid†

Se-Hyun Kim,ad Sang-Won Woo,a Chan-Soo Kim,b Sung-Eun Lee*c

and Tae-Oh Kim*ad

In this study, ethylene glycol (EG) and terephthalic acid (TPA) were used to generate hydrogen using copper

electrodes in an alkaline aqueous solution and the corresponding reaction mechanism was experimentally

investigated. Both EG and TPA produced hydrogen; however, TPA consumed OH�, inhibiting the

production of intermediary compounds of EG and causing EG to actively react with H2O, ultimately

leading to enhanced hydrogen production. In addition, the initiation potential of water decomposition of

the EG and TPA alkaline aqueous solution was 1.0 V; when 1.8 V (vs. RHE) was applied, the hydrogen

production reached 440 mmol L�1, which was substantially greater than the hydrogen production rate of

150 mmol L�1 during water decomposition.
Introduction

Hydrogen does not emit pollutants and can solve the problem of
environmental pollution and resource depletion caused by
fossil fuels.1 Hydrogen is mainly produced using fossil fuels,
biomass, and water; however, among these resources, fossil
fuels have been the major raw material used in the production
of hydrogen, causing resource depletion and environmental
pollution.2 Biomass can be classied as a clean energy source in
terms of the carbon cycle, but much research is still needed.3

The electrochemical method of generating hydrogen using
water is a simple, environmentally friendly, and highly reliable
technology, but it has a disadvantage of being a less efficient
process than hydrogen production from fossil fuels.4–6

Numerous researchers have investigated methods to improve
the low efficiency by using catalysts6–9 and inserting materials
capable of generating hydrogen.10–12

In water decomposition, water is decomposed into hydrogen
and oxygen via a redox reaction, where an electric current ow
between two electrodes in a device containing an electrolyte.13

The electrodes used in the water decomposition reaction are
mainly Pt, Ru, and Ir, which are noble metals with excellent
Kumoh National Institute of Technology,

im@kumoh.ac.kr

Laboratory, Jeju Global Research Center,

ublic of Korea

pook National University, Daegu 41566,

r

ergence, Kumoh National Institute of

(ESI) available: Experimental data,
concentration of ethylene glycol and
0187g

5

efficiency and durability; however, further research is being
conducted to replace them because of their high cost. For
example, transition metals such as Ni, Co, Cu, Mo, and W have
been considered as direct electrode replacements; in addition,
bonds between metals, bonds between metals and non-metals
(e.g., S, P, Se, and C), and alterations of the morphology (e.g.,
nanowires, nanoparticles, and core–shell structures) have been
suggested as approaches to the development of alternative
electrode materials.6–9 Generally, Ni has been used as electrodes
in the transition metals. Several studies have noted that Cu
electrodes are very inexpensive and stably promote oxidation
reactions of alcohols such as methanol and ethanol.14,15

Recently, we demonstrated the usefulness of Cu electrodes as
replacements for expensive metals and identied the reaction
mode.16 In the previous study, we successfully decomposed
ethylene glycol (EG) and terephthalic acid (TPA), which are the
main raw materials of polyethylene terephthalate (PET), in an
alkaline electrolyte to generate large amounts of hydrogen and
methane.17

This study demonstrates the high-efficiency oxidation of EG
and TPA by using the result of a highly efficient oxidation
reaction mechanism for alcohols such as EG in the aforemen-
tioned hydrogen generation study on the Cu electrode. EG has
low toxicity and ammability, but high energy density. There-
fore, numerous studies involving EG have been conducted in
the fuel cell eld.18–22 However, to the best of our knowledge, no
studies on the electrochemical hydrogen generation reaction
using EG and TPA have been reported. This study was con-
ducted to facilitate hydrogen production via the addition of EG
and TPA to an alkaline electrochemical system with a Cu elec-
trode and was based on our previous studies on hydrogen
production using EG and TPA and on the usefulness of Cu
electrodes.16,17 An additional objective of this study was to
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra10187g&domain=pdf&date_stamp=2021-01-07
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10187g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011004


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 5
/2

/2
02

6 
12

:3
8:

48
 A

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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
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elucidate the reaction mechanisms and hydrogen production
changes when generating hydrogen from EG and TPA by
dening the role of EG and TPA in the reaction (Table 1 is the
list of acronyms used in the text).
Experimental data
Electrochemical measurements

Hydrogen generation and amphoteric experiments in this study
were conducted using EG (Samchun, 99.5%) and TPA (Junsei,
99%). Aer a certain amount of EG and TPA were dissolved in
ultrapure water (Human Corp.), 0.1 M KOH (Daejung, 85.0%)
was added as an electrolyte and tested under continuous stir-
ring at 200 rpm. Experiments conducted with 0.1 M KOH
solution but without the addition of EG and TPA are hereaer
referred to as “water decomposition (none)”.

The experiments were conducted in a three-electrode batch
reactor without an ion-exchange membrane; the reactor was a F
5.5 cm � 7 cm glass cylinder. The working electrode was Cu
(1 cm � 1 cm plate), the counter electrode was Pt (1 cm � 1 cm
plate), and the reference electrode was a Ag/AgCl (KCl sat'd)
electrode.

Cyclic voltammetry (CV) was conducted using a potentiostat
(AMETEK, VersaSTAT3) to conrm the redox reaction of EG and
TPA. The measurement conditions were 22 �C and 1 atm, and
the voltage range was 0.2 to 1.5 V. The scan rate was 50 mV s�1.
The CV results were analyzed using the AMETEK VersaStudio
soware.

Linear sweep voltammetry (LSV) was conducted to observe
the change in current density in the voltage range from 0.8 to
1.8 V and with the scan rate set to 10 mV s�1, when EG and TPA
were added.
Characterization

Fourier-transform infrared spectroscopy (FT-IR) (Bruker Korea,
VERTEX 80v) analysis was conducted to conrm the oxidation
and reduction process of EG and TPA. A ZnSe crystal was used
for the attenuated total reectance (ATR) method, and
Table 1 The list of acronyms used in the text

Acronyms

EG Ethylene glycol
TPA Terephthalic acid
KCl sat'd KCl saturated
CV Cycle voltammetry
LSV Linear sweep voltammetry
FT-IR Fourier-transform infrared spectroscopy
ATR Attenuated total reectance
1H-NMR 1H-Nuclear magnetic resonance
DMSO Dimethyl sulfoxide
GC-TCD Gas chromatography with a thermal conductivity detector
K2TP Dipotassium terephthalate
HK3TP Tripotassium hydrogen terephthalate
HKTP Potassium hydrogen terephthalate
XRD X-ray diffraction

© 2021 The Author(s). Published by the Royal Society of Chemistry
wavenumbers for EG and TPA were recorded according to the
experimental method. A 0.1 M KOH solution was used as
a reference sample.

In addition, 1H-Nuclear magnetic resonance (1H-NMR;
Bruker Korea, AVANCE III 400) analysis was carried out at
a frequency of 400 MHz and at room temperature to elucidate
the reaction mechanism of TPA. The TPA sample for NMR
analysis was dissolved in dimethyl sulfoxide-d6 as a solvent. In
addition, in order to conrm the reaction mechanism of TPA in
the alkaline electrolyte, dissolving TPA in KOH solution was
analyzed, and KOH peaks was excluded at the interpretation
process of analytical results.

Hydrogen produced by the oxidation reaction of EG and TPA
was qualitatively and quantitatively analyzed using gas chro-
matography with a thermal conductivity detection (GC-TCD;
PerkinElmer, Clarus 680); the column was a ShinCarbon ST
(2 M, 1 mm ID, RESTEK). Hydrogen generated in the batch
reactor was collected with a gas syringe (SGE syringe,
removable-needle-type gas-tight syringe) at regular intervals and
subsequently analyzed; data analyses were carried out using the
PerkinElmer's TotalChrom Navigator soware.
Results and discussions
Cycle voltammetry

Cycle voltammetry (CV) was performed to determine how the
redox reaction between EG and TPA proceeds in an alkaline
electrolyte. Fig. 1 shows the CV results recorded with a scan rate
of 50 mV s�1 using 1.0 M EG and 10 mM TPA in 0.1 M KOH
solution, respectively.

The oxidation reaction of EG (orange line) began at 0.4 V,
reached a maximum at 0.7 V, decreased to 1.0 V, and rose again
from 1.1 V. The CV results can be explained on the basis of the
following previously reported reactions:20–24

(Anode)

Cu + 2OH� / CuOH2 + 2e� (1)
Fig. 1 Cyclic voltammograms of EG and TPA in 0.1 M KOH solution, as
recorded at a scan rate of 50 mV s�1.

RSC Adv., 2021, 11, 2088–2095 | 2089
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Fig. 2 FT-IR spectra in the wavenumber range 1000–2000 cm�1, as
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Cu(OH)2 + OH� / CuOOH + H2O + e� (2)

C2H6O2 + 2CuOOH / C2H4O2 + 2Cu(OH)2 (3)

C2H4O2 + 2CuOOH + OH� / C2H3O3
� + 2Cu(OH)2 (4)

C2H3O3
� + 2CuOOH / CHOCOO� + 2Cu(OH)2 (5)

CHOCOO� + 2CuOOH + 3OH� + Cu2+ / COOCOO2� +

3Cu(OH)2 (6)

C2H6O2 + 2H2O / 2CO2 + 10H+ + 10e� (7)

2OH� / H2O + 2e� + 0.5O2 (8)

(Cathode)

2H2O + 2e� / 2OH� + H2[ (9)

4H+ + 4e� / 2H2[ (10)

In the previous study, the initial Cu electrode produced
CuOOH by OH adsorption (eqn (1) and (2)) on the anode
surface. The CV result of EG can be explained by the reaction of
eqn (4)–(10).20,21 The highly oxidative peak of 0.7 V corresponds
to the presence of intermediate compounds. EG reacts with
CuOOH at the anode to form glycolaldehyde (C2H4O2) (eqn (3)),
which has been known to produce intermediates such as gly-
colate (C2H3O3

�), glyoxalate (CHOCOO�), and oxalate
(COOCOO2�) (eqn (4)–(6)).23

Deng et al.24 deduced the appearance of hydrogen and
carbon dioxide by EG reacting with H2O (eqn (7)). An increase
from 1.1 V corresponds to a hydrogen ion generation reaction in
which EG and H2O react under alkaline conditions. Specically,
aer 1.1 V, OH� is deprived of electrons to generate H2O (eqn
(8)), and EG reacts with H2O to generate hydrogen ions (eqn (7)).
And the generated hydrogen ions react with electrons in the
cathode to become hydrogen gas.

In the cyclic voltammograms for TPA (Fig. 1, dark-yellow
line), oxidation started at 0.4 V, decreased at 0.8 V and restar-
ted at 1.3 V. The CV results for TPA were also found to be
consistent with the reaction schemes presented in various
literature.

KOH / K+ + OH� (11)

C8H6O4 + 2K+ + 2OH� / C8H4O4K2(K2TP) + 2H2O (12)

(Cathode)

C8H4O4K2 + K+ + e� / C8H5O4K3(HK3TP) + 0.5H2 (13)

(Anode)

C8H5O4K3 / C8H5O4K(HKTP) + 2K+ + 2e� (14)

When the reaction starts at the anode, the KOH dissociated
into K+ and OH� in water; the K+ and OH� then reacted with
2090 | RSC Adv., 2021, 11, 2088–2095
TPA to form dipotassium terephthalate (K2TP) through the
neutralization reaction shown in eqn (12).24

Wang et al.25 reported a reduction reaction in which a part of
water-soluble TPA forms hydrogen and tripotassium hydrogen
terephthalate (HK3TP) in the cathode (eqn (13)). The generated
HK3TP was transformed to potassium hydrogen terephthalate
(HKTP) through oxidation at the anode. Interpreting the TPA CV
results in Fig. 1, we speculate that the oxidation reaction start-
ing from 0.4 V was due to the HKTP produced in eqn (14).

The CV analysis of EG-TPA (green line) was conducted by
adding EG 1.0 M and TPA 10 mM simultaneously to a 0.1 M
KOH solution. The shape of the CV curve of EG-TPA is similar to
that of EG; however, EG-TPA has a low current density of 3 mA
cm�2 at 0.7 V, whereas the highest current density of EG at 0.7 V
is 9 mA cm�2. The low current density of EG-TPA is attributed to
TPA reacting with OH� to produce K2TP (eqn (12)). In the redox
reaction of EG-TPA, EG is reacted with a Cu electrode and OH�,
resulting in a production of a large amount of intermediates
such as glycol aldehyde (C2H4O2), glycolate (C2H3O3

�), glyox-
alate (CHOCOO�), and oxalate (COOCOO2

�). In addition, TPA
also runs a reaction that consumes OH�. Therefore, unlike the
case of the redox reaction of EG alone, the amount of inter-
mediate compounds generated in the EG-TPA reaction
decreases, and the current density for the oxidation reaction
decreases. When both EG and TPA are present, both EG and
TPA generate hydrogen, and TPA particularly consumes OH�,
which decreases the amount of formed EG intermediates, and
ultimately decreases the current density with allowing EG to
react actively with H2O, and nally produces a lot of hydrogen.

FT-IR

Eqn (4)–(6) and (12) were inferred from the CV results, and FT-
IR was used to characterize the intermediates shown in the
obtained after electrochemical reaction of EG and TPA in 0.1 M KOH
solution at 0.7 V for 3 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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equations. Fig. 2 shows the FT-IR spectrum of products ob-
tained aer 3 h electrolysis at 0.7 V in EG (orange line), TPA
(dark yellow line) and EG-TPA (green line) in 0.1 M KOH solu-
tion. As recorded in the area 1000–2000 cm�1; the peak of the
0.1 M KOH solution was removed as the reference peak.

In the spectrum of EG (Fig. 2), absorption peaks of glyoxal
and glycolate (eqn (4) and (5)) are identied at 1044 and
1085 cm�1, and a peak of oxalate (eqn (6)) is observed at
1337 cm�1. The peak of CO3

2� (eqn (7)) is observed at
1375 cm�1, and acetate and glycolate absorption bands appear
at 1418 cm�1. The presence of the acetate or glycolate absorp-
tion band associated with eqn (3) demonstrates that the spectral
absorption bands of the intermediate compounds predicted in
eqn (4)–(6) coincide with the FT-IR results.26–30 The peaks in the
TPA spectrum were less intense than the baseline of the EG and
EG-TPA spectra, and absorption bands were identied in the
region from 1200 to 1600 cm�1. These results are explained in
greater detail in the discussion of Fig. 3.

The spectrum of EG-TPA is similar to that of EG in that both
show absorption bands at 1085, 1044, and 1337 cm�1, which are
the absorption bands of the intermediate compounds shown in
eqn (4)–(6); however, the absorption peaks in the spectrum of
EG-TPA are less intense than those in the spectrum of EG. This
result is attributed to EG and TPA reacting with OH� in the
reactor, which was an important factor for intermediate
compound formation (eqn (4)–(6) and (12)); as a result, the peak
height of the spectrum was reduced. However, the reaction of
EG with OH� has been reported to occur as an electrochemical
reaction (eqn (4)–(6)), whereas that of TPA with OH� has been
reported to occur through neutralization (eqn (12)); this issue
should be claried.

As shown in Fig. 2, the FT-IR spectra of the product obtained
aer 3 h of electrochemical reaction of EG, TPA, and EG-TPA are
consistent with the reactions in eqn (4)–(6); by contrast, no
Fig. 3 FT-IR spectral changes of TPA before the neutralization reac-
tion, after the neutralization reaction in 0.1 M KOH solution, and after
the electrochemical reaction. The wavenumber range is 1100–
3000 cm�1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
peaks of products associated with the reaction between TPA and
OH� are observed. Thus, determining whether the intermediate
compound is formed by the neutralization reaction before the
electrochemical reaction occurs requires analysis of the change
in TPA before the neutralization reaction, the change in the
neutralization reaction before the electrolysis reaction, or the
change aer the electrochemical reaction.

Fig. 3 shows different FT-IR spectra in the wavelength range
1100–3000 cm�1 for TPA (purple line) dissolved in DMSO, TPA
(red line) dissolved in 0.1 M KOH solution, and TPA (yellow line)
aer electrochemical reaction, showing changes in the spectra
as a result of various chemical reactions. The TPA intrinsic
spectrum (purple line) was recorded with the sample dissolved
in DMSO, which is known as a stable solvent,31 and the DMSO
peak was removed. The spectrum of TPA was conrmed to show
O–H bonds, as indicated by the inherent peaks between 3000
and 2400 cm�1, and COOH bonds, as indicated by the peaks at
1700 and 1250 cm�1.32–34 The spectrum of TPA (red line) dis-
solved in KOH solution, which leads to a neutralization reaction
before the electrochemical reaction, shows peaks of COO�

groups at 1500 and 1300 cm�1 but does not show an OH peak, in
contrast to the spectrum of TPA (purple line).32–34 These results
indicate that the H+ of COOH is substituted by K+, leading to the
formation of K2TP, when TPA is dissolved in KOH solution (eqn
(12)).

Aer the electrochemical reaction, the COO� peak in the FT-
IR spectrum of the TPA (yellow line) in Fig. 3 is less intense than
the absorption band of K2TP produced by the neutralization
(red line). Our ability to clearly identify and explain this
phenomenon is hampered by a lack of related studies. However,
Wang et al.25 calculated the H+/TPA ratio on the basis of the
amount of charge consumed to reduce H+ in TPA and by X-ray
diffraction (XRD) measurements, which revealed different
patterns for TPA and K2TP. These two results indicate that
HKTP would be generated aer TPA was reduced to HK3TP in
the electrochemical reaction.

However, they also noted that the XRD patterns alone cannot
discern the presence of HKTP; thus, further investigation is
needed to conrm the identity of the product aer electro-
chemical reaction. Aer 3 h electrolysis at 0.7 V in 0.1 M KOH
solution. As recorded in the area 1000–2000 cm�1; the peak of
the 0.1 M KOH solution was removed as the reference peak.
H-NMR

Using FT-IR spectra alone to determine the presence of K2TP
produced by a neutralization reaction is difficult. 1H-NMR
analysis (Fig. 4), which is commonly used to analyze the struc-
ture of organic compounds, was additionally used to resolve
this problem. Fig. 4(a) shows the peaks of TPA sample, and
Fig. 4(b) shows the peaks of dissolving TPA in KOH solution,
and then the KOH peaks were not accounted for interpretation.
Fig. 4(a) and (b) shows the 1H-NMR spectra of TPA before and
aer neutralization in KOH solution. The samples were
analyzed under a frequency of 400 MHz and at room tempera-
ture. In both spectra, signals of H atoms of H2O and benzene are
simultaneously observed.
RSC Adv., 2021, 11, 2088–2095 | 2091
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Fig. 4 1H-NMR spectra of a TPA solution (a) before and (b) after
neutralization.

Fig. 5 LSV results of EG and TPA in 0.1 M KOH solution, as obtained at
a scan rate 10 mV s�1.
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In the spectrum of pre-reaction TPA (Fig. 4(a)), the peak of
the H atom of COOH groups is observed, whereas it is not
observed in the spectrum of the TPA neutralized in KOH
aqueous solution (Fig. 4(b)). The intensity of the H2O peak
increased compared with that in the spectrum of TPA. This
result is consistent with the FT-IR spectrum of TPA (red line)
dissolved in 0.1 M KOH solution, which corresponds to eqn
(12). The O–H bonds of COOH dissociated, and the H+ ions were
substituted by K+ ions; K2TP and H2O were thus formed.32,33 The
FT-IR and 1H-NMR results shows that TPA dissolved in KOH
solution, resulting in the formation of K2TP and H2O, thus
verifying eqn (12). These results therefore demonstrate that TPA
interfered with the intermediate of EG.

Linear sweep voltammetry

Linear sweep voltammetry (LSV) was analyzed to conrm the
oxidation potential of EG, TPA, and EG-TPA. Fig. 5 shows the
LSV results obtained when EG (1.0 M) and TPA (10 mM) were
added to 0.1 M KOH solution; the voltammograms were recor-
ded using a Cu working electrode, Pt counter electrode, and Ag/
2092 | RSC Adv., 2021, 11, 2088–2095
AgCl [KCl sat'd] reference electrode at a scan speed of 10mV s�1.
As shown in Fig. 5, the onset potential of 0.1 M KOH solution,
which is equivalent to the potential of water decomposition
(none), was 1.3 V; by contrast, the onset potential of EG was
observed near 1.0 V. A previous study35 has shown that the LSV
initiation potential for the oxidation of organic compounds
such as ethanol, benzyl alcohol, furfuryl alcohol, and furfural
was 1.3 V; the LSV results for EG in the present study show lower
initiation potentials. In addition, in Fig. 5, the current density at
which the water decomposition occurs is 10 mA cm�2; at this
point, EG showed an overpotential 0.3 V lower overpotential
than those of water decomposition (none) and TPA. This result
means that the addition of EG initiated an oxidation reaction at
a lower potential. We assumed that the onset potential or
overpotential of TPA is similar to those overpotential when only
water decomposition (none) is added and thus does not strongly
inuence the current density. EG-TPA has an onset potential
similar to that of EG; however, at potentials greater than 1.15 V,
the same potential reference current density is low, which is
related to eqn (1) and (2) described in the analysis of the CV
results. In EG-TPA, the Cu electrode reacts with OH� to produce
Cu(OH)2 or CuOOH, losing electrons (eqn (1) and (2)). However,
EG and TPA were added simultaneously, resulting in a neutral-
ization reaction, thereby reducing the amount of OH� and the
number of electrons released by Cu. According to previous
studies,16,36,37 Cu(III) species in CuOOH are known to serve as
excellent catalysts in electrochemical reactions. Therefore, OH�

consumption by TPA may result in a decrease of electron
production and an abundance of Cu(III) species, lowering the
current density, consistent with the LSV results.
The amount of hydrogen produced by GC

Hydrogen production under each condition was analyzed using
GC-TCD. The highest hydrogen production rates of EG and TPA
were observed at concentrations of 1.0 M and 10 mM, respec-
tively. The hydrogen production chromatogram (Fig. S1†) and
the results of hydrogen production according to the concen-
trations of EG and TPA (Fig. S2†) are presented in the section of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Hydrogen production from EG (1.0 M) and TPA (10mM) in 0.1 M
KOH solution: (a) the amount of hydrogen produced over time at 1.6 V
and (b) the amount of hydrogen produced after 30 min under various
voltages.
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ESI.† Fig. 6(a) and (b) are graphs showing the amount of
hydrogen produced as functions of time and voltage for EG (1.0
M), TPA (10 mM), and EG-TPA (1.0 M and 10 mM) in 0.1 M KOH
solution, and the standard deviations for the measurement of
concentration was (�) 5%. The experiment represented in
Fig. 4(a) was conducted for 120 min, with the rst analysis at
30 min and subsequent analyses every 15 min aer the start of
the electrochemical reaction with the voltage xed at 1.6 V.
Hydrogen production increased when EG and TPA were added
compared with the hydrogen production when water decom-
position was performed. EG produced more than 140 mmol L�1

of hydrogen at 30 min and 211 mmol L�1 at 90 min, and TPA
produced approximately 61 mmol L�1 of hydrogen at 30 min
and 107 mmol L�1 at 90 min. TPA produced less hydrogen than
EG. These results demonstrating that EG produces more
hydrogen than TPA are similar to eqn (7), (10), and (13) dis-
cussed in the analysis of the CV results. EG-TPA exhibited the
highest hydrogen production: 154 mmol L�1 at 30 min and
279 mmol L�1 at 75 min.
© 2021 The Author(s). Published by the Royal Society of Chemistry
In the experiment represented in Fig. 6(b), the voltage was
increased from 1.2 to 1.8 V under conditions otherwise identical
to those used in the experiment represented in Fig. 6(a), and the
hydrogen production was measured aer 30 min for each
voltage. The hydrogen production tended to increase with
increasing voltage under all of the investigated experimental
conditions. At the highest applied voltage of 1.8 V, the amount
of hydrogen generated under each condition was 150 mmol L�1

for water decomposition (none), 260 mmol L�1 for EG,
202 mmol L�1 for TPA, and 440 mmol L�1 for EG-TPA. The
simultaneous addition of EG and TPA resulted in a 66%
increase of hydrogen production over water decomposition,
whereas the addition of EG alone resulted in a 41% increase.
None and TPA produced no hydrogen at the initial applied
voltage of 1.2 V; however, a small amount of hydrogen (16 mmol
L�1) was produced from EG. This result means that EG
produces approximately two times greater than that produced
in EG and was measured to be approximately 440 mmol L�1 at
1.8 V. Fig. 6(b) shows that EG produces more hydrogen than TPA
and that the highest amount of hydrogen is produced when EG-
TPA is added. Fig. 6(a) and (b) shows that EG and TPA both
produce hydrogen, as shown in eqn (7), (10), and (13); however,
TPA consumes OH�, reducing the amount of intermediate
compound of EG, which leads to EG actively reacting with H2O,
producing a large amount of hydrogen.

Conclusions

In this study, hydrogen was produced when electrolyzing 0.1 M
KOH solutions containing EG (1.0 M) and TPA (10 mM) using
a Cu electrode and conrmed the role of EG and TPA in
hydrogen production and the reaction mechanism. Analyses
using GC-MS, GC-TCD, FT-IR, 1H-NMR, and a potentiostat/
galvanostat were conducted to measure the hydrogen produc-
tion and elucidate the reaction mechanism in the electrolysis of
solutions containing EG and TPA. TPA consumed OH� in the
KOH solution, inhibiting the formation of intermediate
compounds of EG. As a result, EG oxidation (0.4–1.0 V) was
diminished. In addition, the OH� consumption mechanism of
TPA was conrmed by FT-IR and 1H-NMR analyses, and the
initiation potential of water decomposition of the aqueous
solution containing EG and TPA was 1.0 V. We applied 1.8 V (vs.
RHE) to a 0.1 M KOH solution to quantitatively evaluate the
hydrogen production, which revealed that hydrogen was
produced at 440 mmol L�1 for EG and TPA, 260 mmol L�1 for
EG, 202 mmol L�1 for TPA, and 150 mmol L�1 for water, indi-
cating that the greatest hydrogen production was achieved
when both EG and TPA were added simultaneously. These
results conrm that both EG and TPA contribute to hydrogen
production. However, further studies are needed to identify the
intermediates formed during the electrochemical reaction of
TPA and to fully elucidate the electrochemical reaction mech-
anisms involved when EG and TPA are simultaneously added.
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