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Abstract

Flexible and free-standing thin films were fabricated and employed directly as working electrodes for the electrochemi-
cal reduction of CO, in 0.5 N KHCO; at 25 °C, in which, various sizes of Cu,0O nanocubes (~27 +2, 37+3, 62+4 and
207 +3 nm) with different extent of surface oxidation (13, 20, 66, and 64% of Cu(Il)) were reinforced on to polyvinyl alcohol/
reduced graphene oxide matrix (PVA/rGO/(Cu,0/CuO_X, where, X = without halide, Cl, Br and I). The size of Cu,O nano-
cubes and their surface oxidation were systematically altered by the addition of 1 mL of 10 mM sodium halides (NaCl, NaBr,
and Nal) during the synthesis. Energy-dispersive X-ray spectroscopy mapping displayed the specific adsorption of Cl™ ions
over the Cu,O surface, whereas Br™ and I” ions did not show such behaviour. PVA/rGO/(Cu,O/CuO_ClI) thin film exhibited
a low overpotential of 20 mV for CO, reduction reaction and, ~ 60 and ~ 7 times higher current density at — 0.80 V vs. RHE
compared to that of the PVA/rGO/(Cu,0/Cu0), PVA/rGO/(Cu,0/CuO_Br) =~ PVA/rGO/(Cu,0/CuO_I), respectively. Gas
chromatography and "H-NMR analyses confirmed methanol as the single liquid product, with a faradaic efficiency of 63%
at — 0.75 V vs. RHE on PVA/rGO/(Cu,O/CuO_Cl) thin film.
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1 Introduction

Proliferation of carbon dioxide (CO,) is identified as a
major reason accountable for the disruption of our eco-sys-
tem [1] Therefore, it is necessary to control CO, emissions
into the atmosphere and reduce it through environment-
friendly approaches. The conversion of CO, directly into
industrial commodities offers double advantage which is
carbon—neutral energy-dense fuel production and miti-
gation of CO, levels into the atmosphere [2]. Methanol
is one such important industrial commodity [3, 4]. Even
though there are several catalysts proposed to convert CO,
to methanol, separation of methanol from several products
generated is usually a time consuming, inefficient and non-
scalable process [5].

For the large scale production of methanol from CO,,
an inexpensive, earth-abundant catalyst with facile and
sustainable synthesis procedure, selectivity, and stability
are extremely desirable. At commercial levels, methanol is
being produced via the hydrogenation process (using syn-
gas, i.e. CO and H,) [6, 7]. However, this process requires
a large amount of hydrogen, and high temperatures and
pressures. CO, reduction reaction (CO,RR) using electro-
catalysts is an attractive green route to generate beneficial
fuels such as hydrogen, methane, and methanol at room
temperature and pressure [8]. Several metallic electrodes
have been used as the electrocatalysts for CO,RR [9-11].
Among all, Cu is an earth-abundant and relatively inexpen-
sive element whose surface exhibits low affinity towards
CO impurities/intermediates in the course of CO,RR
[12]. Primarily, pure Cu particles have been identified as
prominent electrocatalysts for the formation of methane,
ethylene, and ethanol [13]. Cuprous oxide (Cu,0) is a
p-type semiconductor material that has captivated several
interests due to its potential applications in catalysis, gas
sensing, and solar energy conversion [14]. Cu(I) species
in Cu,0 could directly reduce the CO, to methanol due to
the facile adsorption of CO, [15]. To tune the selectivity
and catalytic properties of Cu,O various shapes such as
nanocubes, nanospheres, nanocages, and hollow structures
with different sizes have been synthesized and employed
for numerous applications in electrocatalysis [16—18].

Composite of Cu,O with conductive materials (such
as carbon nanotubes, carbon cloth, rGO, graphene, and
polypyrrole) is a promising strategy to improve its electri-
cal conductivity, electrocatalytic activity, and selectivity.
Multiwalled carbon nanotubes (MWCNTSs) impregnated
Cu,0 was evaluated for CO, reduction to methanol, in
which MWCNTs stabilizes Cu(l) at the defects of MWC-
NTs and prevents the formation of Cu(I) [19]. Lower cur-
rent densities were observed at higher loadings (40-50
wt. %) of Cu,0 on MWCNTSs due to the agglomeration of
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Cu,0, which eventually reduces the effective surface area
and active sites. Tang and co-workers reported enhanced
stability of Cu,O/rGO composite due to the efficient
charge transfer from Cu,O to rGO. They also observed an
improved photoelectrocatalytic reduction of CO, to CO on
Cu,0/rGO composite [20]. Cu,O supported gas diffusion
electrodes have been investigated for the electrochemical
reduction of CO, in 0.5 M KHCO; [21]. These electrodes
have produced mainly methanol (faradaic efficiency, FE,
42.3%), small quantities of ethanol (FE=10.1%) and
n-propanol (FE =2.4%), whereas, graphene-supported
Cu,0 electrode has produced exclusively ethanol with FE
of 9.93%. Wu and co-workers studied the electrochemi-
cal reduction of CO, on Cu,O cubes (640 nm) deposited
carbon clothes (E-TEK) in 0.5 M NaOH electrolyte [22].
Gas chromatography confirmed methanol as the pre-
dominant product on Cu,O cubes deposited carbon cloth.
Recently, Chang and co-workers prepared the octahedral
shaped Cu,O with low index facets and icosahedra shaped
Cu,O particles with high index facets followed by func-
tionalization with polypyrrole on a flexible linen paper
(Cu,0O(opmuy/PPYy coated LT paper) for the selective for-
mation of methanol (FE=93%) from CO,RR [23].
Salazar-Villapando and co-workers observed the
enhanced current densities during the CO,RR by adding
KClI, KBr and KI salts into the aqueous electrolytes [24].
Even though they haven’t analyzed the products of CO,RR,
the enhanced current densities are ascribed due to facile
electron transfer from Cu-halides to the vacant orbital of
CO,. Strasser and Co-workers demonstrated the effect of
adding the halides (C17, Br~ and I7) to the electrolyte on
the electrocatalytic activity and selectivity of Cu electrode
in CO,RR [25]. The presence of C1™ and Br™ aided the
increased selectivity of CO formation, while the I” increased
the methane production. The effect was ascertained to the
high transfer of negative charge to the Cu surface, which
eventually favors the protonation of CO to form methane.
Here, we propose the fabrication of scalable free-stand-
ing thin films as working electrodes for the electrochemical
reduction of CO, to methanol, in which, surface oxidized
Cu,0 nanocubes (Cu,0/CuO, Cu,0/CuO_X, where X=Cl,
Br, I) were supported on polyvinyl alcohol/rGO (rGO/PVA)
matrix (PVA/rGO/(Cu,O/CuO_X)). The fabrication of films
on the inexpensive microscopic glass slide was conducted at
ambient conditions. Various sizes of copper oxide nanocubes
(~27+2,37+3, 62+4 and 207 + 3 nm) and different extent
of surface oxidation (CuO formation) were formed due to
the addition of sodium halides (NaCl, NaBr, and Nal) during
the synthesis. PVA interlocks rGO via hydrogen bonding
and directs the formation of flexible thin films, while Cu,O/
CuO nanocubes are anchored into the matrix of PVA/rGO
[26, 27]. The free-standing film, PVA/rGO/(Cu,0/CuO_CI)
prepared using Cu,0/CuO_CI (~27 nm) displays ~60 and ~ 7
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times higher current density compared to that of the PVA/
rGO/(Cu,0/Cu0), PVA/rGO/(Cu,0/CuO_Br) ~ PVA/rGO/
(Cu,O/Cu0O_I) films at — 0.80 V vs. RHE, respectively. To
achieve the optimum CO,RR activity, the thickness of the
films and loading of Cu,0/CuO_Cl were studied by vary-
ing the volumes of PVA/rGO/(Cu,0/CuO_Cl) and Cu,0O/
CuO_Cl solutions respectively.

2 Experimental section
2.1 Materials

Graphene oxide (GO) dispersed in water (5 g L™ was
obtained from UniRegion Bio-Tech (Hsinchu, Taiwan).
Hydrazine monohydrate (98%) and potassium hydro-
gen carbonate (KHCO;) were purchased from Alfa Aesar
(Ward Hill, MA, USA). 15 mm length and 6 mm diameter
Graphite rod was purchased from Alfa Aesar, USA. Fruc-
tose (99%), PVA (average molecular weight: 10,000) and
sodium chloride were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Ascorbic acid (>99%), Cu(NO;),-3H,0
(99%), sodium bromide (99.5%), and sodium iodide (99%)
were purchased from Acros Organics (Geel, Belgium).
Ultrapure water (18.2 MQ cm) was obtained using a Milli-
Q ultrapure system from Merck Millipore (Billerica, MA,
USA). Dimethyl sulfoxide unhydrous (DMSO) (>99.9%)
and D,0 (99.9 at.% D) solvents were procured from Sigma-
Aldrich, USA.

2.2 Methods

X-ray diffraction (XRD) patterns of thin films were recorded
using Bruker-8 fitted with Cu K, radiation (A=1.54056 A).
Zeta-potential of PVA/rGO, Cu,0/Cu0O and Cu,0/CuO_X
nanocubes were measured using Zetasizer Nano ZS from
Malvern Panalytical, United Kingdom. Raman spectrum of
GO, rGO, and PVA/rGO films were obtained using Dong-
woo Optron, KyungGiDo, Korea (532 nm laser source) at an
accumulation time of 5 min. Keithly 2100/220 digital mul-
timeter, USA was used to measure the conductivity in two
probe method. Hitachi S-2400 (Hitachi High-Technologies,
Tokyo, Japan) scanning electron microscope (SEM) was
used to measure the thickness of PVA/rGO/(Cu,0/CuO_Cl)
films. High-resolution transmission electron microscope
(HR-TEM), JSM-1200EX II was employed to measure the
size of Cu,0/CuO, Cu,0/Cu0O_Cl, Cu,0/CuO_Br, and
Cu,0/CuO_I nanocubes as well as their elemental mapping.
A VG ECSA210 electron microscope from VG scientific
(West Sussex, UK) was employed for X-ray photoelectron
spectroscopy (XPS) measurements of various copper-based
nanocubes. The electrochemical analysis was performed
using a CHI 760D from CH Instruments (Austin, TX, USA).

An HP 6890 series Gas Chromatography system fitted with
an HP 5973 Mass Selective Detector from Agilent Technolo-
gies, Inc. (Wilmington, Delaware, USA) was used to analyze
the methanol formed during CO,RR. Prior to acquiring the
chromatograms, the column and inlet temperatures were
set at 60 and 170 °C, respectively. The gas phase (H, gas)
product was detected by GC-Agilent 7890B equipped with a
Restek ShinCarbon ST100/200 mesh (2.0 m in length, 1/16
inch outer diameter and 1.0 mm inner diameter) and oper-
ated at oven temperature of 40 °C with N, as carrier gas.
The H, gas was detected by thermal conductivity detector
(TCD). The CO,RR experiment was conducted for an hour
in an airtight 2 mL reaction vessel to quantify the gas and
liquid products at — 0.75, — 0.80 and — 0.85 V vs. RHE.
The required amount of 0.5 M KHCOj electrolyte (500 pL)
was collected from the 2 mL headspace reaction vessel by
gas-tight syringe and injected to GC instrument. AVIII600,
Bruker Avance™ Nuclear Magnetic Resonance (NMR)
spectrometer was used to detect and quantify the methanol
amounts. 10 mM of DMSO was added in to the D,O solvent
and used as internal standard solution for the 'H-NMR.

2.3 Cu,0/Cu0 and Cu,0/Cu0_X (where X=Cl, Br, I)
nanocubes synthesis

The synthesis of Cu,O nanocubes was carried out based on
a previously reported work with slight modifications [28].
In addition, three different Cu,O nanocubes were synthe-
sized using NaCl, NaBr and Nal solutions. Briefly, 2.5 mL
of 0.01 M Cu(NOs;), 3H,0, and 1.2 g of fructose were
added into a 200 mL of double neck round bottom flask, fol-
lowed by the addition of 2.5 mL of 1 M NaOH and 5 mL of
0.0788 M L-ascorbic acid. The resultant solution was diluted
to 100 mL with ultrapure water. Thus prepared solution (pH
12.2) was mildly stirred for 1 h at room temperature. The
resulting solution was centrifuged at a relative centrifugal
force (RCF) of 20,000xg for 20 min and re-suspended in
ultrapure water. The same centrifugation procedure was
repeated about three times to remove the unreacted species.
The Cu,O nanoparticle solutions were stored at — 4 °C to
avoid over-oxidation of the surface. However, partial oxida-
tion of surface is inevitable due to the atmospheric oxygen.
A similar procedure was followed by the addition of 1 mL
of 10 mM NaCl, NaBr, or Nal aqueous solutions after the
L-ascorbic acid. Thus synthesized copper oxide nanocubes
are referred to as Cu,0/CuO, Cu,O/CuO_Cl, Cu,0/CuO_Br,
and Cu,O/CuQO_I respectively. Each 1 mL of Cu,0/CuO and
Cu,0/Cu0O_X solutions were dried at 60 °C to determine
the weight of Cu,O/CuO. The weight of nanocubes in 1 mL
of Cu,0/Cu0O, Cu,0/CuO_Cl, Cu,0/CuO_Br, and Cu,0/
CuO_I was found to be 45+3,42,+4,30+6 and 35+ 5 pg,
respectively.
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2.4 Preparation of PVA/rGO composite

10 mL of 5 wt.% PVA aqueous solution was added to
10 mL (50 mg) of GO aqueous solution. Thus resulted
PVA-GO mixture was sonicated for 30 min to achieve a
homogeneous dispersion. 0.5 mL of hydrazine was added
to the PVA-GO solution and heated at 95 °C for 3 h to
form the PVA/rGO composite. The resulting solution was
cooled and stored at ambient conditions for further use.

2.5 Synthesis of free-standing PVA/rGO/(Cu,0/Cu0O
or Cu,0/Cu0_X) thin films

PVA/rGO/(Cu,0/CuO or Cu,0/CuO_X) ink like disper-
sion was prepared by adding 1.31 pg of Cu,0/CuO or
Cu,0/CuO_X solution to PVA/rGO solution containing
1 mg of rGO, followed by 1 h of sonication. Thus resulted
ink was transferred to (5 x 2) cm” area of a microscopic
glass mold and dried overnight for solvent evaporation at
room temperature. The drying process led to the forma-
tion of a thin film, which was carefully peeled off from
the glass mold and stored at — 4 °C to avoid the further
oxidation of the nanocubes. Cu,0/CuO_Cl loadings
(MEcu,0/CuO_Cl/mg,;) and free-standing film thick-
ness (mg,o/cm?) were optimized to achieve high CO,RR
activity. Without incorporating any physical or mechani-
cal support and time-consuming post modifications, all
electrochemical measurements were conducted directly
on thin films.

2.6 Electrochemical measurements

Electrochemical CO,RR was performed using PVA/rGO/
(Cu,O/CuO or Cu,0/Cu0O_X) thin films as a working elec-
trode, Ag/AgCl (sat. KCl) electrode as a reference electrode
and graphite rod as a counter electrode. The working area
of the film was maintained to 1 cm?. All potentials meas-
ured against the Ag/AgCl reference electrode were then
converted to a reversible hydrogen electrode (RHE). The
electrolyte was saturated with CO, by purging the CO, gas
(30 mL/min) into the electrolyte for about 30 min. The pH
of the CO,-saturated 0.5 M KHCOj; aqueous solution was
determined to be 7.6. During the electrochemical measure-
ments, CO, gas was continuously purged above the electro-
lyte. Cyclic voltammetry (CV) was performed to monitor the
electrolysis of CO, using a CHI 760D electrochemical work-
station, which was operated in the potential range between
0.68 and — 1.18 V vs. RHE at a scan rate of 20 mV s~!. The
amount of methanol formed was determined using a calibra-
tion plot obtained from the peak area against the concentra-
tion of standard methanol in 0.5 M KHCO; solutions.

@ Springer

3 Results and discussion

3.1 Formation and characterization
of free-standing PVA/rGO/(Cu,0/Cu0 or Cu,0/
CuO_X) thin films

Successful preparation of Cu,O nanocubes was achieved
only in alkaline (pH 12.2) conditions by using Cu(NO5),
3H,0, fructose and ascorbic acid. The Cu”*" ions were
stabilized by fructose via Cu(OH)-fructose complexation
followed by the reduction to Cu,O. However, considering
the partial surface oxidation of Cu,0O, the nanocubes were
designated as Cu,O/CuO. The growth rate, size, and mor-
phology of Cu,O can be tuned by the presence of halides
in the solution, where different halides possess different
adsorption strengths on the crystal facets of Cu,O [29].
The addition of 1 mL of 10 mM sodium halides (NaCl,
NaBr, or Nal) during the synthesis of nanocubes alters
the ionic strength of the solution, which affects the growth
of Cu adatoms and hence the size of nanocubes [30, 31].
Scheme 1a illustrates the step-wise processes involved
in the synthesis of Cu,0/CuO nanocubes. Figure l1a—d
displays HR-TEM images of Cu,0/CuO, Cu,0/CuO_ClI,
Cu,0/CuO_Br, and Cu,0/CuO_I nanocubes, respectively.
The average size of Cu,0/CuO nanocubes was calculated
to be 37 +3 nm, while the presence of Cl™ ions led to
the formation of 10 nm smaller Cu,0/CuO_ClI nanocubes.
While conducting the same synthesis procedure in pres-
ence of Br~ or I, larger particles were formed with aver-
age diameters of 62 +4 and 207 + 3 nm, respectively. Fig-
ure S1(A) shows the energy dispersive X-ray spectroscopy
(EDS) mapping of Cu, C17, Br~ and I” elements. Figure
S1(B) displays the EDS spectrum of the Cu,0/CuO_Cl,
Cu,0/CuO_Br, and Cu,0/CuO_I nanocubes. The EDS
mapping unambiguously displays the spatial distribution
of C1™ ions with at.% of 0.39 on the surface of nanocubes,
confirming the specificity of C1™ ion adsorption over the
surface of Cu,0. Hence, the growth of Cu,O cubes was
ceased by the preferable adsorption of C1™ ions over the
surface of Cu,O, which resulted in smaller nanocubes.
The adsorbed Cl™ ions thermodynamically stabilizes the
surface structures and increases the surface area of Cu,0O/
CuO_CI [29, 32]. Random and lower intensities of purple
dots were observed in Figure S1(A)b"” and ¢”, which indi-
cates the presence Br~ and 1™ ions without any specific
adsorption on the surface of nanocubes. In addition, the
at.% of Cl (0.39%) is higher than the Br~ (0.20%) and
I” (0.31%) elements. Ignaczak et al. has shown that the
decrease in adsorption energy while going from F~ to
I” on the Cu, Ag and Au metals via density functional
theory calculations [33]. XPS is a sensitive technique to
gain insight into the surface composition and electronic
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Scheme 1 Schematic representation of (A) synthesis of (a) Cu,0/CuO_Cl, (b) Cu,0/CuO_Br, (c) Cu,0/CuO_I, nanocubes, (B) preparation of

PVA/rGO followed by PVA/rGO/(Cu,0/CuO) composite

state of the species. The surface of Cu,O could undergo
oxidation in ambient conditions and leave the surface of
nanocubes with mixed oxidation states of Cu (such as Cu™
and Cu?%) [34]. Quantification of the relative amount of
Cu(II) species on the Cu,O surface could give an insight
into the catalytic activity of Cu,O nanocubes [35]. The
ratios of Cu (I): Cu(Il) was calculated from the Cu,,;/,
spectra using the methodology developed by Gerson and
Jaseniak [36]. Figure 2 shows the Cu 2p core level pro-
file XPS spectra of as-synthesized (a) Cu,O/CuO, (b)
Cu,0/Cu0_Cl, (c) Cu,0/CuO_Br and (d) Cu,0/CuO_I
nanocubes. The deconvoluted XPS spectra of (a), (b), (c)
and (d) displays the Cuy;3, level at 934.3, 934.2, 933.1

and 933.0 eV; Cu,,), level at 954.3, 954.3, 954.0 and
952.8 eV respectively, which can be assigned to Cu* pre-
sent in Cu,O. Particularly, Cu,0/CuO_Cl, Cu,0/CuO_Br,
and Cu,0/CuO_I nanocubes show peaks at 936.9, 935.0
and 934.9 eV respectively, these peaks can be assigned to
Cu?*, which indicates the formation of CuO surface layer.
The main peak present (935.0 and 934.9 eV) in Cu,0O/
CuO_Br and Cu,0/CuO_I nanocubes indicates the signifi-
cant oxide layer over the Cu,O surface. Hence, the avail-
ability of Cu,O active sites to the CO,RR has diminished
significantly. Cu,O/CuO_Cl nanocubes consist of mainly
Cu,O species (80%) with a minor surface CuO phase
(20%). Peaks at 944.1,944.5,941.0, 942.0; 949.9 eV were
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Fig.1 HR-TEM images, a
Cu,0/Cu0O, b Cu,0/Cu0_Cl,
¢ Cu,O/CuO_Br and d Cu,0/
CuO_I nanocubes, inset graphs
represents the size distribution
of corresponding nanocubes,
respectively.

identified as the satellite peaks of CuO Cuy,,;/, and 963.8,
963.9, 963.5 and 963.5 eV were identified as the satellite
peaks of CuO Cuy,,, level. The ratios of Cu,O: CuO for
(a) Cu,0/CuO, (b) Cu,0/Cu0O_Cl, (c) Cu,0/CuO_Br and
(d) Cu,0/CuO_I was calculated to be 87:13, 80:20, 34:66
and 35:65.

PVA is a polymer containing hydroxyl functional groups
with excellent chemical stability and film-forming ability
[37]. Scheme 1b shows the synthesis of PVA/rGO and PVA/
rGO/(Cu,0/Cu0) composites. An equal volume ratio of 5
wt.% PVA and GO aqueous solutions were thoroughly mixed
to obtain a PVA-GO solution. The hydroxyl groups in PVA
interact with each other via intra-molecular hydrogen bond-
ing. GO could interact with the hydroxyl groups of PVA
via intermolecular hydrogen bonding, which is then reduced
by hydrazine at 90 °C for 3 h to form a macroscopically
homogeneous PVA/rGO solution [26]. The brown color of
the PVA-GO solution, slowly converted to black, indicating
the formation of rGO. Raman spectroscopy was employed
to confirm the formation of rGO from GO. Figure 3a shows
the comparison of Raman spectra of GO, rGO, and PVA/
rGO composites. D- and G-band of all the three samples
were observed at 1346 and 1582 cm™, respectively. The D-
and G-bands originated from the first-order scattering of E,,
vibrational modes in the graphitic forms (sp>-carbon) and
defects (sp>-carbon), respectively. In the Raman spectrum
of rGO and PVA/rGO, D-band intensity decreased while
G-band becomes prominent. D-band to G-band ratio (D/G

@ Springer

ratio) for GO, rGO and PVA/rGO is found to be 1.451, 0.851
and 0.671, respectively. The decrease in the D/G ratio of
PVA/rGO composite confirms the formation of rGO and sp>
networks on the basal planes through the hydrazine reduc-
tion [38].

The electrostatic interactions between the Cu,0O and
PVA/rGO are one of the possible forces governing the
affinity of nanocubes into the network rGO/PVA matrix.
Hence, {-potential measurements were conducted to assess
the electrostatic interactions between PVA/rGO and Cu,O/
CuO or Cu,0/CuO_X nanocubes. Table 1 shows the
C-potential values for the aqueous solutions of PVA/rGO,
Cu,0/Cu0O, Cu,0/Cu0O_Cl, Cu,0/CuO_Br, and Cu,0/
CuO_I nanocubes along with their corresponding stand-
ard deviation. The {-potential of PVA/rGO was found to
be — 6.34 mV with a standard deviation of + 0.14 mV.
The negative {-potential value indicates the presence of
anionic sites over the PVA/rGO matrix for the adsorption
of cationic species. However, {-potential values for Cu,O/
CuO, Cu,0/Cu0O_Cl, Cu,0/CuO_Br, and Cu,0/CuO_I
nanocubes were also observed to be negative which were
—19.16, — 13.50, — 38.43 and — 36.26 mV, respectively.
The nanocubes which posses the high negative {-potential
will be repelled stronger from PVA/rGO matrix and hence,
weaker attractive forces are expected. The weak electro-
static attractions would operate between PVA/rGO and
Cu,0/Cu0O, Cu,0/CuO_Br, and Cu,0/CuO_I compared
to that of the PVA/rGO and Cu,0/CuO_CI nanocubes. The
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Fig.3 (A) Raman spectra of GO, rGO and PVA/rGO films, and (B) XRD pattern of (a) PVA/rGO/(Cu,0/Cu0O), (b) PVA/rGO/(Cu,0/CuO_Cl),
(c) PVA/rGO/(Cu,O/CuO_Br) and (d) PVA/rGO/(Cu,O/CuO_I) films, respectively.
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Table1 The Zeta potential values of PVA-rGO, Cu,0/CuO and
Cu,0/CuO_X (where X =Cl, Br, I) nanocubes

Material C-potential in mV (SD*)
PVA-rGO —6.34(+0.14)
Cu,0/CuO —19.16 (% 0.29)
Cu,0/Cu0O_Cl1 —13.50 (+ 0.06)
Cu,0/CuO_Br —38.43 (£ 0.15)
Cu,0/Cu0_I —36.26 (+ 0.39)

*Standard deviation calculated from four successive measurements

relatively stronger columbic interaction of Cu,O0/CuO_Cl
nanocubes with the PVA/rGO matrix could lead to the
least charge transfer resistance, hence the higher CO,RR
activity. To accomplish the optimum CO,RR activity, the
thickness of the films and loading of Cu,0/CuO_CI were
studied by varying the volumes of PVA/rGO/(Cu,0/CuO_
Cl) and Cu,0/CuO_ClI solutions, respectively.

The preparation of the thin films on microscopic slides
is schematically represented in Scheme S1. PVA/rGO/
(Cu,0/CuO) solution was sonicated for 1 h to form an
ink-like dispersion. The resulting ink (1 mL) was dropped
on to (5 x 2) cm? area of a microscopic glass slide and
dried overnight at room temperature to form PVA/rGO/
(Cu,0/CuO) film. Similarly, PVA/rGO/(Cu,0/CuO_Cl),
PVA/rGO/(Cu,0/CuO_Br), and PVA/rGO/(Cu,0/Cu0_l),
thin films were prepared using ~ 1.31 pg of Cu,0/CuO_Cl,
Cu,0/CuO_Br, and Cu,0/CuO_I solutions, respectively.
In Fig. 3b, XRD patterns of all the films displayed a broad
peak at 20 value of 19.5° which corresponds to PVA [39].
The characteristic peaks of Cu,0/CuO or Cu,0/CuO_X
did not appear because of their ultra-low (0.87-3.06 pg/
cm?) loadings and their existence within the PVA/rGO
sheets. The mechanical properties of PVA fibers facilitate
the formation of a stable and flexible film. The free-stand-
ing PVA/rGO/(Cu,0/CuQ_Cl) thin film is stable after
twisting, and tape tests, showing its mechanical strength
which is one of the desired properties of free-standing
working electrodes (Figure S2). In the case of free-stand-
ing electrodes, no direct support of the current collector
is used; hence the intrinsic electrical conductivity of thin
films itself needs to be high enough to conduct the elec-
trons. Electrical conductivity of PVA/rGO/(Cu,0/Cu0),
PVA/rGO/(Cu,0/CuO_Cl), PVA/rGO/(Cu,0/CuO_Br),
and PVA/rGO/(Cu,0/CuO_I), films were measured to be
0.160, 0.182, 0.185 and 0.380 S/m via two probe-method,
respectively. These conductivity values are four orders of
magnitude lower than that of the reported rGO (2420 S/m)
and 30 times lower than the rtGO/PVA [39, 40]. The pres-
ence of non-conducting PVA on to the rGO sheets could
decrease the conductivity of the free-standing thin films.

@ Springer

3.2 Electrochemical reduction of CO,

Figure 4a shows the CVs of PVA/rGO/(Cu,O0/Cu0O_Cl)
film recorded in the N,-saturated and CO,-saturated 0.5 M
KHCO; solution. The enhanced current density exhibited in
CO,-saturated 0.5 M KHCOj electrolyte indicates the elec-
trocatalytic ability of PVA/rGO/(Cu,0/CuO_Cl) thin film
for CO,RR. Figure 4b shows CVs of free-standing films
of PVA/rGO/(Cu,0/Cu0), PVA/rGO/(Cu,0/CuO_Cl),
PVA/rGO/(Cu,0/CuO_Br), and PVA/rGO/(Cu,0/Cu0O_I),
prepared from different sized Cu,O/CuO_X nanocubes,
recorded at a scan rate of 20 mV s~! in CO,-saturated 0.5 M
KHCO; solution at 25 °C. The PVA/rGO/(Cu,0/CuO_Cl)
thin film displayed a remarkable CO,RR activity, in terms
of low onset potential and higher current densities in com-
parison to that of PVA/rGO/(Cu,0/Cu0O), PVA/rGO/(Cu,0O/
CuO_Br), and PVA/rGO/(Cu,0/CuQO_I) thin films. PVA/
rGO/(Cu,0/CuO_Cl) film showed an onset potential of
—0.40 V vs. RHE for CO,RR, which is much lower than that
of PVA/rGO/(Cu,0/Cu0), (— 0.43 V vs. RHE), PVA/rGO/
(Cu,O/CuO_Br) (- 0.80 V vs. RHE) and PVA/rGO/(Cu,0/
CuO_Il), (- 0.66 V vs. RHE) films. It exhibited a current
density of 0.12 mA cm~2 at — 0.80 V vs. RHE, which is ~7
times higher than that of the other films studied for CO,RR
(see Figure S3). The superior CO,RR activity of PVA/rGO/
(Cu,O/CuO_Cl) thin film is likely due to a large number of
active sites and relatively smaller sizes of Cu,O nanocubes.
CI™ ions could suppress the unwanted hydrogen product,
which increases the CO,RR activity and selectivity of PVA/
rGO/(Cu,0/CuO_Cl) thin film [32, 41].

Further, CO,RR activity of PVA/rGO/(Cu,0/CuO_Cl)
thin film was optimized with respect to Cu,0/CuO loadings
(H8cu,0/CuO_Cl/mg,;0). By using aliquots of 100-350 uL)
of Cu,0/CuO_Cl solutions, various amounts (0.87-3.06 pg)
of Cu,0/CuO_Cl were loaded onto each one mg of PVA/
rGO composite. Figure S4(B) shows the CO,RR activ-
ity of PVA/rGO/(Cu,0/CuO_Cl) film at various loadings
of Cu,0/CuO-ClI nanocubes. Upon increasing the Cu,O/
CuO_Cl loadings from 0.87 to 2.19 ug, an increase in
current density and a decrease in the onset potential were
noted. Further increase in Cu,O loading to 3.12 ug resulted
in poor CO,RR activity, revealing that higher Cu,O load-
ings could lead to aggregation of particles that cause the
lower number of active sites for CO,RR. Thus, optimum
CO,RR activity was found at a Cu,0O/CuO_Cl loading of
1.31 ug. We then optimized the film thickness by changing
the rGO loading per unit area to further enhance CO,RR
activity. Figure S4(A) shows the CO,RR activity of films
prepared at different loadings of rGO. High rGO loadings
could decrease the surface area, deform the regular arrange-
ments of PVA chains of PVA/rGO/(Cu,0/CuO_Cl) films
which led to the poor CO,RR activity [42]. The thin film
prepared using 0.492 mg of rGO showed the optimum
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Fig.4 Comparison of cyclic voltammograms of A PVA/rGO/(Cu,O/
CuO_C) film in N,_, CO2-saturated 0.5 M KHCO;, B (a) PVA/GO/
(Cu,0/Cu0), (b) PVA/rGO/(Cu,0/CuO_Cl), (c) PVA/rGO/(Cu,O/
CuO_Br) and (d) PVA/rtGO/(Cu,0/CuO_I) films in CO,-saturated 0.5
M KHCO; (pH 7.6) at the scan rate of 20 mV s7! 25 °C; C com-

CO,RR activity. Figure S5 shows the cross-sectional SEM
images of the respective films prepared with different rGO
loadings. The thickness of the films prepared using the rGO
loadings of 0.246, 0.492, 0.738 and 0.984 mg were 11, 14,
16, and 32 pm, respectively.

3.3 Analysis of products

Chronoamperometry was used to monitor the product of
electrolysis of CO, in the potential range between — 0.75
to — 0.85 V vs. RHE for 1 h. In order to identify and quan-
tify the products during the course of CO,RR, controlled
potential electrolysis was carried out at potentials of — 0.75,
— 0.80 and — 0.85 V vs. RHE for 1 h in 0.5 M KHCO;,
solution. GC-MS was used to analyze the liquid products
formed during the CO,RR. Figure 4c shows the GC spectra
of standard methanol solution and that of the solutions sub-
jected to electrolysis of CO, at different potentials using the
free-standing PVA/rGO/(Cu,0/CuO_Cl) thin film. A sharp
peak corresponding to methanol was observed at a retention
time of 2.54 min. We observed only methanol as a product
in the liquid phase, which confirms the high selectivity of

C
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parison of gas chromatograms of standard (std.) solution (250 uM
methanol in 0.5 M KHCO;) and 0.5 M KHCOs; electrolyte collected
after 1 h of CO,RR on PVA/rGO/(Cu,0/CuO_Cl) film at (a) — 0.85,
(b) — 0.80 and (c) — 0.75 V vs. RHE; D methanol formation rates
(umol cm™2 h™!) determined at different potentials for the film (a).

the PVA/rGO/(Cu,O/CuO_Cl) thin film towards methanol
formation in CO,RR. The amount of methanol formed was
then determined using a calibration curve of the peak area
against the concentration of standard methanol solution in
0.5 M KHCO; (Figure S6). The amounts of methanol formed
at the potentials of — 0.75, — 0.80 and — 0.85 V vs. RHE
for 1 h were found to be 27, 35 and 39 umol, respectively
(Fig. 4d). The highest methanol yield of 19.5 umol cm™ h™!
was observed at — 0.85 V vs. RHE. Le et al. have reported
the methanol yield of 43 umol cm™2h~! at — 1.32 V vs. RHE
for electrodeposited Cu,O in 0.5 M KHCO;, however, the
onset potential for the CO,RR was observed at high overpo-
tentials (— 0.75 V vs. RHE) [43]. Methanol yield and onset
potential of PVA/rGO/(Cu,0/CuO_Cl) film for CO,RR
are superior to that of the several catalysts reported in the
literature (Table 2) [44-48]. The CO,RR experiment was
conducted using chronoamperometric technique (— 0.75,
— 0.80 and — 0.85 V vs. RHE) in a sealed 2 mL reaction
vessel to quantify the gas and liquid products in CO, satu-
rated 0.5 M KHCO;. Figure S7 displays the i—t curves for
CO,RR on PVA/rGO/(Cu,0/CuO_Cl) in 0.5 M KHCOj; at
—0.75, — 0.80 and — 0.85 V vs. RHE. Figure S8 represents
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Table 2 Comparison of onset potentials and methanol yields of various electrocatalysts for CO,RR reported in the literature

S. no. Catalyst Electrolyte Onset for CO,RR,  Methanol yields Ref.
(V vs. RHE) (umol cm™2 h7"), V vs.
RHE
1 PVA/rGO/(Cu,O /CuO_Cl) film 0.5 M KHCO;4 —-0.40 19.5, - 0.80 This work
2 Cu,O/polypyrrole 0.5 M KHCO;4 —-043 1x1072, - 0.85 [23]
3 Electrodeposited Cu,O 0.5 M KHCO;4 -0.75 43, —1.32 [43]
4 Anodized Cu 0.5 M KHCO;4 -0.16 0.01, — 1.66 [34]
5 CuggSn¢Pbg alloy 0.5 M NaCl+1.5 M HCI —-0.58 03,-1.0 [51]
6 Cu nanocluster/(1010) 0.1 M K,HPO, —-0.55 1.53%x1073, - 1.2 [52]
Zn0O +0.1 M KH2PO4
7 [Cus(n6-CyH;04), (OH,)s], 0.5 M KHCO;4 -0.8 0.06, — 0.70 [53]
8 Cu,0/Zn0O 0.5MKHCO;+10mMof2 —0.7 0.02, - 0.80 [54]
methyl pyridine
9 Cu,0/ZnO (1:1) 0.5 M KHCO;, -1.0 0.02, - 1.1 [55]

the calibration plot for H, gas. The GC calibration line for
H, gas was obtained by injecting the known volumes of H,
from 2 to 25 pL corresponding to 0.1 to 1.2 umol of H, gas,
respectively. A 500 pL of gas was collected from the 2 mL
headspace reaction vessel after 1 h of CO,RR using gas-tight
syringe followed by sample injection to GC instrument. Fig-
ure S9 shows the GC plot obtained at (A) — 0.75, (B) — 0.80,
and (C) — 0.85 V vs. RHE. The amount of H, gas was calcu-
lated to be 1.60 x 107, 0.92 x 107° and 2 x 1076 pmol cm—2
at — 0.75, — 0.80 and — 0.85 V vs. RHE, respectively The
FE for the H, was calculated to be 20, 14 and 32% at — 0.75,
— 0.80 and — 0.85 V vs. RHE, respectively. The amount of
methanol was quantified using 'H-NMR at — 0.75, — 0.80
and — 0.85 V vs. RHE. A 35 pL of standard solution and 500
pL of 0.5 M KHCO; was mixed thoroughly and analyzed

with AVIII600 NMR. Figure 5 shows the 'H-NMR of the
electrolyte which was collected after 1 h of CO,RR at dif-
ferent potentials. The "H-NMR peaks around 4.59, 3.17 and
2.5 ppm indicate the H,O, methanol and DMSO, respec-
tively. The Polyvinyl alcohol, which is employed in the thin
film electrodes preparation, was dissolved in to the elec-
trolyte. The ‘methene’ (2) and ‘methine’(1) protons were
appeared at 3.42 and 0.9 ppm, respectively [49]. The FE
for the methanol was found to be 63, 43 and 59% at — 0.75,
— 0.80 and — 0.85 V vs. RHE, respectively. Table S1 lists
the amount and FE for methanol and H, gas. The FE % is
higher than several reported catalysts for methanol produc-
tion in CO,RR [21, 46, 48, 50]. Figure 6 displays the FE
% for the methanol and H, gas in CO,RR on PVA/rGO/
(Cu,O/CuO_Cl). The durability in methanol production of

3
2 1 =
—éCH—CH+ 1| =
2‘ a = DMSO
«
o H,0 £ Vvs.RHE [ %
£ 2 F
-0.85
— - — R
-2
1 | -0.80
—
o
JL -0.75
-1 T
12 10 8 6 4 2 0 -2 [ppm]

Fig. 5 "H-NMR of the liquid products in CO2RR on PVA/rGO/(Cu,0/CuO_Cl) (10 mM DMSO added as an internal standard in D,O solvent)

@ Springer



Journal of Applied Electrochemistry (2020) 50:979-991

989

70

Il c1.0H
B,

60

50

40

30

20

Faradic Efficiency (%)

10

-0.85 -0.80 0.75
Potential (V vs. RHE)

Fig.6 Faradaic efficiency for methanol and H, gas in CO,RR on
PVA/rGO/(Cu,O/CuO_Cl) thin film electrode in 0.5 M KHCO; at
—0.75,—-0.80 and — 0.85 V vs. RHE about 1 h

100 -

80 -

60 |-

[CH,OH] (umol. cm™)

0 1 1 1 1 1 1
0 10 20 30 40 50
Time (h)

Fig.7 The methanol production rates at 1, 5, 30 and 48 h of CO,RR
on PVA/rGO/(Cu,0/CuO_Cl) thin film electrode in 0.5 M KHCO;
electrolyte at — 0.75 vs. RHE

PVA/rGO/(Cu,0/CuO_Cl) in 0.5 M KHCO; was evaluated
for 48 h. 1 mL of 0.5 M KHCO; was collected from 25 mL
of electrolyte for sampling at respective times followed by
introducing 1 mL of CO, saturated 0.5 M KHCO;. Figure
S10 (A) shows the chronoamperometric graph for 48 h and
(B) '"H-NMR data shows the methanol as a liquid product.
The amount of methanol was found to be 18, 20, 93 and
77 pmol cm~2 for 1, 5, 30 and 48 h duration, on PVA/rGO/
(Cu,O/CuO_Cl) at — 0.75 V vs. RHE, respectively (Fig. 7).

Cross-linked PVA with rGO could facilitate the perme-
ability of CO, molecules through film [51, 52]. PVA mol-
ecules show excellent mechanical strength to the film and
also acts as supporting units for rGO [53-56]. Partially
oxidized Cu,O nanocubes provide the active sites for CO,

reduction, whereas PVA/rGO matrix enhances the electron
transport in the film. Recently, Periasamy et al. have reported
that methanol is formed on the Cu,O surface through the
electrochemical reduction of CO, 4 to CO, followed by the
hydrogenation of CO to CH;07, which reduced further to
form methanol [23]. Similar reaction pathways and mecha-
nisms are likely to occur on the surfaces of Cu,O nanocubes
anchored on the surfaces of PVA/rGO leading to the forma-
tion of methanol. Although Strasser et al. have doubled the
CO production efficiency of Cu electrodes through the direct
addition of halides each at a concentration of 0.3 M into
the testing electrolyte, their electrochemical behavior under
dynamic and stationary potential conditions was different
and thus they were unable to generate a valuable hydro-
carbon product (methanol) [25]. Unlike this approach, we
directly added relatively fewer amounts of halides (10 mM
vs. 0.3 M) into the Cu,O preparation solution and tuned the
size of Cu,O particles by controlling the specific adsorption
capacity of halide ions. As a result, we were able to control
the surface structures, the active sites, the reaction inter-
mediates, and the rate of methanol formation. The CI™ ions
adsorbed on the surfaces of Cu,O remarkably accelerates
the CO,~ formation and enhances the CO production. The
negative charge induced by the C1™ ions result in a positive
effect leading to a facile protonation/hydrogenation of CO
to form CH;0™ and thus the methanol [25]. The enhanced
electron flow from the CI™ orbital to the vacant CO, orbital
through a nucleophilic attack on the carbon atom of CO,,
further enhances the current density, methanol selectivity,
and methanol formation rate [57].

4 Conclusions

Direct evaporation assisted self-assembly strategy for the
fabrication of free-standing thin films was employed using
PVA, rGO and partial surface oxidized Cu,O nanocubes
(Cu,0O/CuO) on an inexpensive microscopic glass slide.
Cu,0/CuO nanocubes were synthesized in the presence
of sodium halides (1 mL of 10 mM NaCl, NaBr and Nal)
at room temperature. C1~ ion adsorption over the surface
of Cu,0 hindered the adsorption of adatoms to Cu,O crys-
tal facets and formed 27 + 2 nm size particles, whereas
Br~ and I” ions did not show notable adsorption on Cu,O
surface and yielded the particles with larger sizes, 62 + 4
and 207 + 3 nm, respectively. The high-resolution pho-
toelectron spectrum revealed a small CuO surface phase
present over the Cu,O nanocubes. The ratio of Cu,O: CuO
for (a) Cu,0/CuO, (b) Cu,0/Cu0O_ClI, (c) Cu,0/CuO_Br
and (d) Cu,0/CuO_I was calculated to be 87:13, 80:20,
34:66 and 35:65. PVA/rGO/(Cu,0/CuO_Cl) film exhibited
superior CO, reduction activity in terms of onset potential
(— 0.40 V vs. RHE) and current density (0.12 mA cm™?
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at — 0.80 V vs. RHE) than that of the PVA/rGO/(Cu,0/
Cu0O), PVA/rGO/(Cu,0/CuO_Br), and PVA/rGO/(Cu,0/
CuO_]) thin films. GC-MS analysis revealed the formation
of methanol as a single liquid product. Methanol yield of
19.5 umol cm™2 h™! at — 0.85 V vs. RHE is observed on
the PVA/rGO/(Cu,O/CuO_Cl) thin film. The FE for meth-
anol and H, gas were found to be 63 and 20% at — 0.75 V
vs RHE, respectively, which is the highest FE among the
—0.75, — 0.80 and — 0.85 V vs. RHE. With the advantages
of low-cost, flexibility, high mechanical strength, catalytic
activity, and stability, the free-standing thin films prepared
through direct evaporation assisted self-assembly method
holds great potential for the use in electrocatalysis and
chemical industries to generate pure methanol.
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