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Photoelectrochemical reduction of CO, was investigated on carbon electrodes modified with lignin and
cuprous oxide. The electrodes were modified by electropolymerization of lignin and subsequent pulse

electrodeposition of Cu,0. Characterization of the electrodes was performed by SEM microscopy; Raman;
IR-ATR; and UV-visible spectroscopies, as well as electrochemical methods. Lignin films provide a micro-
environment where Cu,0 is stabilized and also its reactivity is modified toward C-H-O containing compounds.
The main products obtained from the reduction of CO, are formaldehyde, methyl formate and ethyl acetate,
as detected and quantified by nuclear magnetic resonance and UV-Vis spectroscopy. Our results
demonstrate that lignin is a good material for the formation and support of the electrodeposited Cu,0,
where the Cu,0 enables the potential use of solar energy for the photoelectrochemical reduction of CO, at

low overpotentials.

Introduction

In the last two decades, the different entities responsible for the
study and mitigation of climate change have focused on the rapid
and constant increase of atmospheric carbon dioxide associated
with global warming ! The earth’s climate has warmed by about 0.6
° Cin the last 100 years,2 which coincides with atmospheric CO,
increasing by more than 60 ppm since it was first recorded in 1958
%, The direct relationship between the in global
temperature and the concentration of CO, has affected, is affecting
and irreproachably is affecting ecological systems and biota that are
highly sensitive to ecological variables like temperature and
precipitation A

At present, the atmospheric CO, concentration has exceeded the
400 ppm barrier, a value that had never before been recorded 7 To
mitigate the CO, increase, efforts are focused on enhancing energy
efficiency and improving technologies for capture, storage and
transformation of CO,. Differents methods have been used for CO,
transformation, among them, electrochemical and

increase
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photoelectrochemical reduction are versatile methods that can be
done under ambient conditions. In this context several metallic
electrodes like, Pt, Ni, Cr and Mo, among others,s’9 have been used
to reduce CO, electrochemically, producing mainly C; compounds
like CO or HCOO '®*.  The main problem is the high
electrochemical overpotential required to reduce CO,. Because CO,
is stable and chemically inert, the single-electron reduction of CO,
to an anion radical CO,” requires a significant negative electro-
chemical potential of -1.9 V vs NHE 2 On the other hand,
photoelectrochemical studies show decreased overpotential for
CO, reduction.

Electrodes modified with a metal oxide semiconductor allow one to
take advantage of semiconductor properties and to create the
charge carriers using the eletrons from the conduction band to
reduce the CO,. A disadvantage of semiconductor materials is that
the electron-hole separation gives rise to other processes, such as
oxidation of the electrode or recombination of the photogeneratred
carriers, that may occur and decrease system efficiency14

Metal oxide semiconductors have been used for CO, reduction,
such as Ti0,™¢, Wo,'"*8, zn0™*°, cds**%, cdTe”, and Cu,0%*%.
TiO, is the most widely used, but an important limitation of this
semiconductor is the requirement of UV photons with wavelengths
shorter than 380 nm to create electron-hole pairs This
wavelength range impedes the use of the solar spectrum in more
applied devices.

Cuprous oxide, Cu,0, is another semiconductor that has attracted
great interest. In contrast to TiO,, Cu,0 has a high absorption
coefficient’” across the solar spectrum that allows it to
photogenerate electron-hole pairs. Furthermore, Cu,0 has a
conduction band edge positions that lies at a very negative
potential, translating into high reducing power for the
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photogenerated electrons®. Cu,0 is a semiconductor that is easy to
prepare and is composed of two very abundant and non-toxic
elements®. It has been reported with a direct band gap near to 2.2
eV3°, and depending on doping level may have a n-type or p-type
character. In recent works, Cu,0 has been used as a photocathode
for photoelectrochemical reduction of COZBHA. Using a hybrid
CuO/Cu,0 semiconductor K. Rajeshwar et a/ = reported the photo-
electroreduction of CO, to methanol in aqueous solution by
applying -0.2V vs NHE under simulated AM 1.5 solar irradiation.
Also, using the Cu/Cu,0 system and applying high overpotential the
reaction yields CH, and C,H, as the main products 3, However, the
main drawback in the use of this semiconductor as a photocathode
is its instability in aqueous solution resulting from the redox
potentials of cuprous oxide lying within its own bandgap36.

Then, to protect the electrode in aqueous solution A. Paracchino et
al. covered Cu,0 with ZnO:Al, Ti,O and Ag nanopaticles. Their
results showed that the electrodes produced photocurrents of up
to-7.6 mAcmZata potential of OV vs RHE and remained active
after 1 hour of testing%.

On the other hand, lignin is a biopolymer present in plants, which
constitutes the cell wall along with cellulose and hemicellulose. In
the paper industry lignin is a byproduct from the treatment
lignocellulosic material®’ . Lignin is a very abundant biopolymer in
nature, which is environmentally benign, sustainable,
biodegradable and low cost®®,

The typical structure of lignin consists of three basic monomer
units; coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. It has
a random organization, with C-O and C-C linkages. The common
functional groups in lignin include methoxyl, phenolic hydroxyl,
aliphatic hydroxyl and carbonyl groupsag. In recent works, lignin has
been used in different applications, such as lithium ion batteries'®”
42, stabilization of nanoparticlesAHG, hydrogen production47 and
H,0, generation48 among others.

It is also possible for lignin-modified electrodes to be used for
electrocatalytic applications. G. Milczareck reported electrodes
modified with Iignin49 are useful for the reduction of acidic nitrite®’.
Operating at 0.0V vs Ag/AgCl, lignin-modified electrodes could
detect nitrite at concetrations between 1 to 250 uM. Furthermore,
lignin- modified electrodes oxidized NADH. The redox activity of
lignosulfonate shows persistent catalytic activity for the
electrooxidation of NADH"".

To the best of our knowledge, the use of lignin as a supporting
material for the modification of electrodes with Cu,0 has not been
reported. This work investigates glassy carbon electrodes modified
with lignin and cuprous oxide (GC-LS-Cu,0) and glassy carbon
electrodes modified with Cu,0 (GC-Cu,0). We report the
characterization and use of these modified electrodes for the
photoelectroreduction of CO,. Our results indicate that GC-LS-Cu,0
electrodes show better photo-stability than GC-Cu,0 in aqueous
solution obtaining formaldehyde, methyl formate and ethyl acetate
as reduction products at low overpotentials.

Experimental

Electrochemical experiments

2| J. Name., 2012, 00, 1-3

All electrochemical experiments were carried out using a three-
electrode system with a glassy carbon electrode as working
electrode, a platinum wire counter electrode and a Ag/AgCl
(saturated KCI) reference electrode.

Glassy carbon activation and electrochemical deposition of lignin

Prior to electrode modification, 3mm diameter glassy carbon
electrodes (model CHI104, CH Instruments) for cyclic voltammetry
and glassy carbon plate (SPI-Glas 11 grade, SPI supplies) of 1.18 em?
for electrolysis or characterization were polished with alumina
powders decreasing in size from 1.0 um to 0.3 um and 0.1 um, then
rinsed with milli-Q water (18 MQ cm'l), sonicated for 5 minutes in
acetone and rinsed again with milli-Q water. Activation of the glassy
carbon electrode was done by cyclic voltammetry in a phosphate
buffer (pH = 7.4), performing 15 continuous cycles at a scan rate of
100 mVstin a potential window from -0.2 to 1.7V vs Ag/AgCl (sat.
KCl) ** (Figure S1, ESIT).

For the polymerization process the activated electrode was placed
vertically and 50 uL of a 0.5 mg/mL solution of sodium
lignosulfonate and 0.5 M H,SO, was added and left standing for 20
minutes, then the electrode was carefully rinsed with water and
immersed in a solution consisting of 0.25 mg / mL lignin and 0.5M
H,S0,. The lignin was electropolymerized by cycling the potential
between -0.6 V and 1.0 V vs Ag/AgCl at a scan rate of 100 mvs™ for
20 continuous cyclesso.

Electrodeposition of Cu,0

Cu,0 particles were pulse deposited at 50% duty cycle at 5 Hz with
a pulse-on time of 100 ms and a total reaction time of 30 minutes.
The pulse potential varied between -0.4V and -0.35V vs Ag/AgCl.
The pulse electrodeposition method was done in a copper-citrate
solution with 0.05M CuSQ,-5H,0 and 0.1M sodium citrate. The pH
was adjusted to pH = 12.50 by additions of 4M NaOH aliquotssz.

CO, reduction

The photoelectrochemical experiments and controlled potential
electrolysis were carried out in a 0.1M Na,SO, and CO, saturated
solution in a homemade three compartments electrochemical cell
with a window quartz, where the catholyte is separate from anolyte
by a glass frit. Irradiation was carried out using a 500 W Xe-Hg
Lamp (Oriel Corporation) light source. The reaction products were
detected by nuclear magnetic resonance and gas chromatography
and UV-Vis spectroscopy.

H'NMR experiments were carried out following the method
reported by Thomas F. Jaramillo et al 53 Where, a water
suppression program was used to decrease the H,0 signal
interfering with H' from reaction products.

Spectroscopic and Morphological characterization

The IR spectrum of GC-LS was obtained using a Nicolet iS10 FTIR-
ATR spectrophotometer. The crystalline structure of the modified
electrodes was determined by X-ray diffraction (XRD) with a Bruker
D8 advance diffractometer. Raman spectrum and AFM images were
carried out using a WiTec Alpha 300 RA Raman-AFM. SEM images
were obtained with a Quanta 250 FEG scanning electron
microscope.

This journal is © The Royal Society of Chemistry 20xx
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In several experiments, the same sample was used for Raman, AFM
and SEM characterization. Using the 532 nm laser source, a specific
area was marked. Afterward this mark was easily identified in the
SEM or AFM microscope allowing correlation between the SEM
image and other measurements.

ARTICLE

powdered lignin. Figure 2(b) displays peaks characteristic of the
lignin on the GC electrode with a wide band at 1210 em™ and
another band at 1028 cm™ that can be assigned to the stretching of
0=S=0 and SO3H stretching in SO3H groups, respectivelyss'ss. Other
characteristic vibrations of lignin are observed, such as the C=C
stretching (1593 em™ and 1507 cm’l) from benzene structures and
aromatic and aliphatic hydroxyl groups (ca. 3550 cm™)***".

Cu,0 was formed on the lignin-modified electrode by pulse
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Results and discussion

Lignin was electropolymerized on glassy carbon electrode between
-0.6 and 1.0 V vs Ag/AgCl in a 0.05 M lignosulfonic acid and 0.1M
sulfuric acid solutions at a scan rate of 100 mV/s for 20 continuous
cycles. The cyclic voltammogram in Figure 1 shows the
electropolymerization process. An irreversible oxidation peak is
observed initially at 0.72V, but in subsequent scans a reversible
redox pair at ca. 0.5V appears. These processes are assigned to the
irreversible oxidation of the methoxy groups and the quinone-
hydroquinone redox couple, respectively‘r’l.
The quinone-hydroquinone redox couple does not disappear when
the electrode is transferred to a Lignin-free solution, showing the
efficient electrode modification (Figure S2, ESIT). The maximum
surface coverage of lignin was calculated using the following
relationship (1)54:

r=Q /nFA (1)

Where Q is the charge consumed during the cyclic voltammetry, n is
the numbers of electrons transferred in the redox process, F is
Faraday’s constant and A is electrode area (cmz). From Eq. 1, a
surface coverage of 1*%107° molcm? is  determined, which
corresponds to multilayers of lignin films over the glassy carbon
electrode.

The presence of sulfonate groups in the lignin can be observed by
FT-IR ATR spectroscopy. Figure 2 shows the FT-IR ATR spectra of
lignin samples. For comparison, Figure 2(a) shows the FTIR typical of

This journal is © The Royal Society of Chemistry 20xx
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electrodeposition, generating the final modified electrode. As a
control measurement a bare glassy carbon electrode was modified
in the same way and then used to compare the observed
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Figure 3: XRD pattern of GC-LS-Cu,0 and GC-Cu,0 electrodes. The database
reference lines for cuprite are shown.
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Figure 4: Raman spectra, 2D Raman map and SEM images of GC-LS-Cu,0 (blue line in spectra (a), (b) and (c) images respectively) and GC-Cu,0 electrodes
(red line in spectra (a), (d) and (e) images respectively). The Marc in the vibrational mode 2E, correspond to filter to maximum intensity of 2D map of GC-
LS-Cu,0 and GC-Cu,0.

characterization and electrochemical properties. peaks correspond to the Miller indices (111), (200), and (220) for a
X-ray diffraction spectroscopy was used to determine the crystal face centered cubic structure, which are consistent with the
structure of the semiconductor. Figure 3 shows the diffraction presence of cuprite as the main species on the electrodes’®,
patterns observed from GC-Cu,0 and GC-LS-Cu,O. The observed

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Raman spectroscopy was performed to further investigate the
chemical nature of modified electrodes. Raman spectra from the
GC-LS-Cu,0 and GC-Cu,0 were obtained with 532 nm laser
irradiation. The Raman spectrum of the electrodes (Figure 4(a))
show characteristic vibrational modes of Cu,0 with A, E, and T
symmetry in the region between 100 and 700 em™. The observed
Raman shifts are assigned as follows: 105 cm™ (T2u), 156 em®
(T1u),227 ecm™ (2Eu), 322 cm™ (A2u), 430 cm™ (T2g), 517 cm™
(T1u(TO)) and 639 cm™ (T1u(LO)) 2 Also, in both electrodes, Cu,0
shows a broad peak near 3000 cm™ (not shown) which has been

character. The observed Raman bands are associated with copper
vacancies interactions that lead to p-type conductivity,65 and are
consistent with previous reportssg. n-type semiconductors arise
from oxygen vacancies that are not pronounced in our spectra.

The surface morphology of electrodes also was characterized by
AFM and FE-SEM microscopy. The AFM images in Figures 5 show
the 2D, 3D and cross-sectional surface of GC-LS-Cu,0O (5(a), 5(b) and
5(c), respectively) and GC-Cu,O (5(d), 5(e) and 5(f), respectively)
electrodes. Both electrodes show well-dispersed cuprous oxide
particles on the surface; however, the particles grew to at least

1.60 pm

0.00 pm >

0.88 pm

0.00 pm

Figure 5: 2D and 3D AFM images of (a,b) GC-LS-Cu,0 and (d,e) GC-Cu,0. (c,f) Cross-section analysis of 2D AFM images of GC-LS-Cu,0 and GC-Cu,0.

previously assigned to photoluminescence that arises when the
semiconductor is irradiated with a 532 nm laser® 2. On the GC-LS-
Cu,0 electrode, areas associated with lignin exhibited a large
fluorescence signal and Raman scattering was not detectable, using
either 532nm or 785nm laser excitation. Thus, the lignin structure
was not possible to identify because of the fluorescence.
Additionally, extended exposure to the laser can burn the lignin.
Other work has used a 1064 nm laser to reduce the fluorescence on
this polymer and thus identify the characteristic signalssa.

Cu,0 has a larger Raman cross-section than the substrate or lignin,
which allows one to discriminate the semiconductor from the
substrate (glassy carbon) and the lignin in a 2D Raman map. The 2D
images of the Figure 4(b) and 4(d) correspond to a 20 um x 20 um
region, mapped by the intensity in gray band that corresponds to
the 2Eu vibrational mode of CuzO64 and is inidicative of Cu
defects™. The features arising from GC-Cu,0 and LS-Cu,0O in the
Raman map, correlate well with the AFM (Figure 5) and SEM images
(Figure 4(c)) and 4(e). The Raman spectrum of Cu,0 reveals p-type

This journal is © The Royal Society of Chemistry 20xx

twice the size on electrodes modified with lignin than on GC-Cu,0,
as is evident in the cross-sectional profile analysis of the electrodes.
The increased size of the GC-LS-Cu,0 may occur due to the more
hydrophilic microenvironment. The lignosulfonate used presents
various hydrophobic phenylpropanoid residues, but also presents
hydrophilic groups like aromatic and aliphatic hydroxyl groups and
sulfonates groups that can provide hydrophilic zones with a
propitious environment for the Cu,0 to grow. In related work, Li et
al synthesized ZnO with the assistance of sodium lignosulfonate and
proposed a mechanism for ZnO growth where a synergistic effect
between the lignosulfonate aggregation shape and polar ZnO
crystals66 . SEM images verified that the morphology of GC-LS-Cu,0
and GC-Cu,0 electrodes correspond to well disperse cuprous oxide
cubic particles on the surface of electrodes. The SEM images in the
Figure 4(c) and 4(e) show the particles measured in the same area
that AFM images were recorded. EDX analysis reports the presence
of copper, oxygen, sulfur and carbon on GC-LS-Cu,0 electrodes and
copper and oxygen in GC-Cu,0 electrodes (Not shown). SEM image
of GC-LS showed well disperse lignin on the surface of electrodes
(Figure S6, ESIT).

J. Name., 2013, 00, 1-3 | §
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Figure 8: Linear sweep voltammetry of GC-LS, GC-LS-Cu,0 and GC-Cu,0

electrodes carried out in 0.1M sodium sulfate saturated with CO, and under

visible light irradiation (100 mW cm‘z). Scan rate = 10 mVs™*

The semiconductor band-gap of Cu,0 was further determined using

UV-Vis spectroscopy. Figure 6(a) shows the maximum absorbance
Figure 6: (a) UV-Vis absorption spectra obtained of an ITO modified of  Cu,0
electrode with Cu,0. Inset, Tauc’s plot of Cu,0 electrodeposited by pulse and the
electrodeposition. (b) Mott-Schottky plot of Cu,O carried out in a 0.1M

buffer borate solution. inset plots

the

intersectio

n of the

straight-line fit of the linear regime of the Tauc plot derived from

UV-Vis. The bandgap energy values (Eg) of the semiconductor films

were determined from transmittance spectra using Tauc relation in
(Equation (2)):

ahd = A(hd — Eg) (2)

Where A is a constant, h9 is the photon energy, a is the absorption
coefficient, and n depends on the nature of the transition. For
direct allowed transitions, n = %, Therefore, in a plot of (othv)2 'S
h9, the Eg value can be found by extrapolating the linear portion of
the plot to the energy axis at a =0 68, as shown in the inset in figure
6 (a). From the linear fit, an Eg value of 2.28 eV has been obtained
that

agrees well with those reported in the literature for the Cu,0
phasesg.

Mott-Schottky analysis is based on the assumption that the
capacitance of the space charge layer is much less than that of the
Helmholtz Iayer7°. Mott-Schottky  relationship on  p-type

0.024

0.004

-0.02+4

GC-LS-Cu,0

I(mA)

-0.04+

-0.06+

6 | J. Name.
-0.084

04 03 02 -0
E(V) vs Ag/AgClI

Figure 7: Photocurrent transient of LS-Cu,O (red) and GC-Cu,O (black)
modified electrodes in a 0.1M sodium sulfate solution saturated with CO,
and applying -0.4V vs Ag/AgCl. Inset: Light pulse waveform for current
transient measurements.

permittivity of vacuum (8.854 x 10 F m_l), Np is the donor
density, which is calculated from the slope of the curve, e is the
electronic charge (1.603 x 107 C), T is the operation temperature
(298 K), and k is the Boltzmann constant (1.S’>BX1O_23 JK™Y). Vis the
electrode potential, Vg is the flat band potential, and C is the
depletion-layer capacitance. The Mott-Schottky plot of the Cu,0
film are shown in Figure 6(b). There is a positive slope in the linear
region of the plot, indicating a p-type characteristic according to
Equation 3. The carrier donor concentration (Np) calculated from
the Mott-Schottky analysis was 8.1 x 10?* cm™ and the flat band
potential extrapolation of the straight line corresponds to 1.15 V vs
Ag/AgCl. The apparent donor carrier concentration is higher than
expected; however, polycrystalline Cu,0 can contain grain
boundaries and surface sites that can increase the number of
defects in its structure®. The p-type character obtained from Mott-
Schottky equation is consistent with photocurrent transient for CO,
reduction shown in the Figure 7 and the Raman results.

The photoelectrochemical response of GC-LS-Cu,0 shows that the
recombination process of photoexcited electron-hole pairs occurs
at lower energy than for GC-Cu,0. F. Herrera et al.”t reported that
the steady-state photocurrent (Ipp_s) can be related to the
maximum photocurrent (I,,_on) achieved at time zero, or initial
pulse time, and the current associated with the recombination
processes (I, _g) according to equation 4:

Compound CO, reduction products standards

Table 1: Reaction product signals compared with standards
obtained in aqueous solution.

Water s 4.79 s 4.79%t

DMSO S 2.76 S 2.65

Phenol t 7.36 t 7.2%

t 7.02 t 6.86%1

d 6.96 d 6.851

methyl formate s 8.73 s 8.71
s 3.91 s 376

Ethyl acetate q 4.25 q 4.14%°

s 2.27 s 2.07%°

t 1.52 t 1.24%

Page 6 of 11
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Iph—st/lph—on =1'(Iph—R/Iph—on) (4)

Thus, when I,;,_g decreases, the transient ratio between steady-
state and the maximum of photocurrent increases to 1, where
recombination processes disappear. The pulse photocurrent
transient in Figure 7 results from a square wave chopped light
excitation, and compares the transient between a GC-LS-Cu,O
electrode and a GC-Cu,0O electrode in a 0.1M sodium sulfate
saturate with CO, applying -0.4V vs. Ag/AgCl. A larger current
density is observed in the GC-Cu,0 electrode compared to GC-LS-
Cu,0 according to linear sweep voltammetry experiments (Figure
8). This difference in photocurrent may arise from the lignin
support material hampering the charge transfer at the electrode;
however, the most important feature is less recombination is
observed when lignin is used as support material. Acording to
equation 4, While GC-Cu,0 shows a maximum of photocurrent (R)
of 0.81, GC-LS-Cu,0 shows a maximum of 0.92 that exhibits the best
R value close to 1. This indicates that when we use a GC-LS-Cu,0
the electron-hole recombination decreases compared to GC-Cu,0.
This result suggest that, in the presence of lignin, the sulfonate and
hydroxyl groups may act like commonly used electron-hole
scavengers, impeding the recombination process of the charge
carriers 7>

The CO, photoelectrochemical reduction was performed by
controlled potential electrolysis applying -0.4V vs Ag/AgCl over 4
hours. The applied overpotential was selected according to the
stability of Cu,0 . At potentials greater than -0.4V it is possible to
find Cu (0) that interferes with electrocatalysis. The reaction
products were detected and quantified by nuclear magnetic
resonance, UV-Vis spectroscopy, and gas chromatography, where
gaseous products were not detected.

Table 1 summarizes and assigns the signals of H'NMR for observed
CO, reduction products and internal standards, such as phenol and
DMSO. The reaction products identified were ethyl acetate and
methyl formate (Figure S3, ESIt), which was corroborated by
comparisons with a database of standards. Also, using UV-Vis
spectroscopy with chromotropic acid method”, formaldehyde was
detected (Figure S8, ESIt). The amounts of product detected,

Electrode Compound Concentration Method Faradaic
(ppm) detection efficiency (%)

Ethyl acetate 172 H'RMN 37.60
Methyl 250 HRMN 32.11

GC-LS-Cu,0 formate

0.43 Chromotropic 0.05

Formaldehyde acidmaifiod

GC-Cu,0

GC-LS Reaction products were not detected

GC

a)

Intensity (u.a)

0 200 400 600
BYal Society of ChemiBafarpshift (cm ™)

analytical methodology used and faradaic are

summarized in Table 2.

efficiency

It is worth mentioning that the electrochemical reaction in the
absence of light at the overpotential studied did not generate
reaction products using either the GC, GC-LS or GC-Cu,0 electrodes.

Stability test

After electrolysis, SEM images and Raman spectra were recorded to
identify significant changes in the structure and chemical nature of
both electrodes.

The SEM image in Figure 9(a) for GC-LS-Cu,0 shows the morphology
of the cubic Cu,0 is maintained, with little grains in the surface of
electrodes from the sodium sulfate solution. In contrast, Figure 9
(b) shows the GC/Cu,0O electrode is deformed from the initial
structure, probably due to photocorrosion processesgo. A Raman
spectrum of different zones of GC-Cu,0 shows mainly the presence
of CuO, in agreement with previous reports for an unprotected
electrode.®* Raman spectra of GC-Cu,0, Figure 9(c), shows three
characteristic vibrational modes with Raman shifts of 282 cm™ (Ag),
324 cm® (Bg) and 617 cm™ (Bg), consistent with CuO . On the
other hand, the post-electrolysis Raman analysis of GC-LS-Cu,0
electrode continues to show features of Cu,0 particles quite similar
to those presented in Figure 4(c). This indicates the chemical
nature of the semiconductor remains constant and does not
photodegrade, which is consistent with the morphology observed in
Figure 9. These results, together with the photocurrent studies,
show that the system where lignin is used as a support material is
better compared to a system devoid of the biopolymer. We believe
that this is due to the mechanism described above regarding the
generation of a microenvironment that, in addition to allowing a
greater growth of the semiconductor in specific zones, reduces the
recombination processes, where the hydrophilic groups on lignin
act as scavegers of the photogenerated holes that can oxidize Cu (I)
to Cu (0).

Conclusions

In this work, it was demonstrated the synthesis of Cu,O
semiconductor particles using lignin as a support material. GC-LS-
Cu,0 were synthetized by pulse electrodeposition and fully
characterized. This electrode was capable of reducing carbon
dioxide to formaldehyde, methyl formate and ethyl acetate
applying a very low overpotential (-0.4 V vs Ag/AgCl). While Cu,0
has appeared as a good candidate for photo-electrochemical
applications, due to its semiconductor properties, low stability has
been a challenge for the extensive use of this material. Our results
indicate a lignin film provides a specific microenvironment that is
able to photo-stabilize Cu,0. This result offers new uses for this
biopolymer, which is underrated and is mainly used for thermal
energy generation in cellulose mills. The as designed electrode
further demonstrates a new concept in the use of biomass and an
abundant, low toxicity transition metal for photo-electrocatalysis in
CO, transformation.
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Lignin is a residual product can be reused for stabilize Cu,0 on modified electrodes in CO,
reduction.



