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CO2 is one of the leading greenhouse gases, so studies that turn this gas into higher value-

added products, that function as simpler and cheaper hydrogen stores, as an alcohols, are

extremely important. In this work we using a polymeric Electrolyte Reactore fuel cell type

supplied with H2 on platinum anode and dry CO2 in the cathode with a copper-carbon

electrocatalyst. Copper nanoparticles supported on carbon Vulcan XC72 were produced

by the sodium borohydride reduction method. The XRD revealed the presence of two

different phases, CuO and Cu2O. In addition, the TEM images revealed agglomerates

presence. The water, formaldehyde, methanol, methane, formic acid, dimethyl ether,

oxalic acid, dimethyl carbonate, and ethylene-glycol were observed by differential mass

spectroscopy on line with the reaction and the onset potential for each product and these

results were confirmed by infrared spectroscopy e ATR-FTIR setup. This work showed the

mapping CO2 reduced compounds for onset potential proposing some contributions to the

literature.
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Introduction

CO2 is one of the leading greenhouse gases and great efforts

have been made to reduce emissions, and finding ways to

capture the gas [1,2]. Another strategy to mitigate this envi-

ronmental issue is to convert carbon dioxide into value-

adding chemicals, fuel-based products or molecules for

hydrogen storage [3,4]. Unfortunately, this is not an easy task.

Carbon dioxide is a linear molecule with two equivalent C]O

bonds, in which their energy equals 750 kJ mol�1, whereas a

generic CeC, CeO and the CeH bond has an energy equal to

336 kJ mol�1, 327 kJ mol�1, 336 kJ mol�1 respectively [1].

Despite this difficulty, several chemical ways have been

studied to enhancing the CO2 reduction reaction, as a photo-

catalysis, thermal reform and electrochemical. The electro-

chemical paths are entirely appropriate because they can be

carried out in mild conditions, such as in photocatalytic re-

actors [5,6], but with the advantage of modulating the energy

to be applied by an external system [7].

The conversion by electrochemical routes has been

improved over time, managing to decrease the overpotentials

for the reaction to occur, followed by two different strategies

catalysis and the other on reactors [8].

For electrocatalysis in which the main studies deal with

composition, morphology, preferential crystallographic face,

addition of functional groups and oxidation states [9e13].

Among the electrocatalysts used for the CO2 Reduction Reac-

tion (CO2RR), copper has been demonstrated to be very

promising; some authors attribute this activity to the high

capacity of producing hydrocarbon products [12,14]. As sug-

gested by Wuttig [15] and replying by Vasile [16] that cooper

presentsmoderate adsorption of CO and thismakes it possible

to produce more complex compounds as a methanol [17],

methane [13], ethanol [18], formates [19] and others [20]

important chemicals feedstock, and molecules for hydrogen

storage for energy applications [21e23].

On the other hand, different reactors designs have been

worked, these reactors can be based on liquid electrolytes

[9,11], polymeric electrolytes [24e26] or a mixture of both

types to favor some mass transport or selectivity for products

[18]. Electrodes and ways to diffuse gas are also widely

addressed [9,27], however, there is not yet a standard to be

followed as it occurs in several other electrochemical devices

such as fuel cells for example [24e26].

Some reactors presented in the literature present architec-

ture very similar to that of proton-exchanging fuel cells [24], the

compartment cathodic and anodic chemistry are separated by

a polymeric electrolyte membrane (PEM), and the flow of ions

while attenuating product crossover. Highly-porous gas diffu-

sion layers (GDLs) support the catalyst and promote prolonged

contact between CO2 molecules and the electrocatalyst during

electrolyte contact. Also, in cathodic chamber the CO2 can be

delivered with a solution [28] or in the gas phase [25,26]. Some

of the advantages of using polymeric electrolyte, is associated

to the low operating temperature, the mechanical and chemi-

cal resistance in comparative than solid electrolyte [28,29].

In recent years, Guti�errez-Guerra et al. [30] reduced CO2

using a one proton exchange membrane reactor (PEM-R) like

a fuel cell at a temperature of 110 �C, this reactor used
Cu-Carbon as a cathodic catalyst and a polybenzimidazole

(PBI) electrolyte membrane doped with H3PO4, where the

acetaldehyde was the most common product (85% selec-

tivity). P�erez-Rodrı́guez [31], works with a PEM-R using

Nafion with electrolyte and a Fe/C as a cathode, presented

that the higher current density due to the formation of H2 by

the reduction of water, while the conversion of CO2 could be

favored in the Fe electrode, both in an acidic medium and in

the gaseous phase. This work was the first to map the

products of CO2 reduction reaction in potential function

using a polymeric electrolyte reactor e fuel cell type, where it

was utilized a proton exchangemembrane atmild conditions

on Cu/C and correlating the onset potential with the product

obtained by differential mass spectrometry associated with

FTIR spectroscopy performed in an ATR accessory.
Experimental

Cu/C catalyst was produced by the NaBH4 reduction method,

with 20% of the metallic charge and then supported in Vulcan

XC72 carbon. The CuCl2$2H2O (Aldrich) salt was used as a

metal source. The carbon Vulcan was dispersed in a solution

containing 20 wt % Cu ions. This solution was sonicated for

10 min, and then the reducing agent NaBH4 solution mixture

(ratio 5:1 NaBH4: metal ions) was added in the supportþmetal

solution. This final solution was kept under stirring for 1 h at

room temperature, so all the metal salts could be reduced.

After 1 h, the final solution was filtered, washed with ultra-

pure water, and dried at 70 �C for 2 h [32].

The X-ray diffraction pattern of Cu/C was obtained using

Rigaku Miniflex II with CuKa radiation source in the scan

range of 2q from 20� to 90� at 2� min�1. The electron micro-

scopy images were obtained using a transmission electron

microscope (TEM) model JEM-2100 operated at 200 keV.

The polymeric electrolytemembrane reactor PEReFCetype

was prepared using a cathode electrode composed of a diffuse

layer and a catalytic layer of 1 mg copper per cm�2. Moreover,

it was used 5% Nafion® 117 membrane solution and isopropyl

alcohol. The anode electrode was made in the same way, but

using Pt/C (Basf ®) instead of Cu/C. The polarization curves

were obtained using an Autolab PGSTAT 302 N potentiostat

with a current booster. The unit cell with stainless steel plates

for serpentine fuel delivered electrical work as a reactor. The

carbon dioxide flow on the cathode surface was 10 mL min�1

with a 25 �C controlled humidifier bottle and with a flow de-

livery of 120 mL min�1 of H2 on the anode. The humidifier

bottle was heated up to a temperature of 85 �C.
The polymeric electrolyte reactor experiments were assis-

ted by on-line differential mass spectroscopy (DMS) coupled to

the reactor's anodic effluent output (Fig. 1). The DMS setup was

described by Ramos [7]. The products of the cathodic reaction

were also collected for 60 s in vials with water and hexanewith

increments of 50 mV and analyzed by ATR-FTIR performed in

an ATR accessory (MIRacle with a ZnSe Crystal Plate Pike®)

installed on a Nicolet® 6700 FT-IR spectrometer equipped with

an MCT detector cooled with liquid N2. Absorbance spectra

were collected in the ratio (A: A0). A represents a spectrum at a

given potential at the anode, andA0 is the spectrumobtained at

ultrapure water and hexane (Aldrich).
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Fig. 1 e Setup experimental with polymeric reactor coupled

in differential mass spectroscopy.

Fig. 3 e Electrochemical CO2 reduction in Cu/C cathode at

room temperature in the SER-FC with v ¼ 1 mV s¡1, and

the ionic currents measures for m/z 44, 18 e 2 (in blue line

showed a 2-order polynomial regression).
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Results and discussion

For Fig. 2 shows the physical-characterization of Cu/C elec-

trocatalyst. X-ray diffractogram pattern of Cu/C shows the

presence of the crystalline plane (002) at approximately

2q ¼ 25�, associated with the hexagonal structure of the car-

bon support (JCPDS # 50e926), it is possible to observe copper

nanoparticles in two phases CuO (JCPDS # 45e0937) with

peaks at 35� (111), 46� (202) and 63� (113) and Cu2O (JCPDS #

05e0667) phase convolved peak at z 36� (111) and z62� (220),
and an isolated peak at z 39� (200). However, the existence of

the metallic copper phase cannot be ruled out due to noise.

Regarding the micrograph obtained by TEM illustrated in

Fig. 1b), the nanoparticle's morphology was difficult to be

observed due to high agglomeration; this could be due to the

presence of higher Cu oxidation states [32,33].

Fig. 3a shows the j/V curves for PER-FC. During the CO2RR,

it is possible to observe that up to�0.25 V, the current tends to

zero. Beyond that point, the curve tends to decrease, probably
Fig. 2 e (a) X-ray diffractogram of Cu/C at 2� min¡1 from 2q ¼ 20

by the NaBH4 reduction process.
due to the reduction of copper oxides supported on carbon

until it reaches stability around �0.5 V rapidly. Fig. 3 also

shows the ionic currents (Ii) regarding the m/z ratios 44, 18,

and 2, associated with CO2, water, and H2, respectively. For Ii
(m/z ¼ 44), it is observed that for potentials smaller than 0.1 V,

the signal decreases while the potential is shifted to more

negative values, indicating the reduction of CO2 species.

For m/z ¼ 18, it can be noticed that the profile remains

relatively stable up to z �0.8 V. Beyond this potential, the
� to 90�. (b) TEM micrography of the Cu/C catalysts prepared
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current undergoes a slight increase and stabilizing at a new

level; this behavior can be explained by the breaking of the C]

O bond. Therefore, the O turns out to be available in an envi-

ronment rich in protons. The signal for m/z ¼ 2 shows a cur-

rent decrease at approximately 0 V.

The CO2 species were reduced and the Ii were observed for

the m/z ratios 28, 30, 32, and 16, showed in Fig. 4. The CO2RR

products were carbon monoxide, formaldehyde, methanol,

andmethane. Form/z¼ 28 is possible to note large oscillations

from 0.5 to 0.0 V, followed by an increase in intensity and

subsequent decrease close to �1.0 V. These results agree with

the 2152 cm�1 band attributed to CO formation [34] (Fig. 4b) in

the range of 0.05 V to �1.0 V.
Fig. 4 e a) Ii* x potential for m/z 28, 30, 32 and 16; b); c); d) spectr

FTIR of PER-FC effluent collected in hexane.
The m/z ¼ 30 attributed to formaldehyde the signal is

observed near 0 V, similar to the one observed for CO. The

band at 1249 cm�1 (Fig. 4c) corresponding to the CH2 rock

formaldehyde vibration [35] can also be observed. Form/z¼ 32

attributed to methanol, a current increase is observed from

0.2 V, since methanol is only kept from �0.95 V up to �2.0 V

through the band centered at ~1418 cm�1 (Fig. 4d) corre-

sponding to OH bend [36]. The ratiom/z ¼ 16 corresponding to

methane has an increased profile from �1.0 V to �2.0 V with a

significant jump in ~ �1.6 V and has a band at ~1530 cm-1

(Fig. 4e) corresponding to methane deg vibration [37].

According to Chen and coauthors [21], the first step to

reduce CO2 would be formate species, like formic acid. Due to
a of FTIR of PER-FC effluent collected in water; e) spectra of
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the low energy in comparison the other products, probably the

formates were not detected first, because they are still

adsorbed on the catalytic sites. Fig. 5 shows the Ii for the m/

z ¼ 46, 90, 59, 60, 62, and 33.

The ratio m/z ¼ 46 is more complex, as it may indicate

formic acid, ethanol, dimethyl ether, and oxalic acid [38,39].

According to DFT calculations [21,40], formic acid would be

the starting compound to be formed and from where the rest

would be derived. The profile of Ii is increasingwith the shift to

more negative potentials with strong fluctuations across the

range of potentials applied becoming clearer by observing the

FTIR spectra. The band identifies formic acid at 1770 cm�1,

which corresponds to C]O str [41] and is observed from

�0.95 V persisting up to �2.0 V (Fig. 5c).
Fig. 5 e a) Ii x potential for m/z 46, 90, and 59; b) Ii x potential for

collected in water.
Some authors have used copper as a catalyst and reported

that the main RRCO2 product was ethanol [18,42]. However,

none of these alcohol fragments is very different from the

fragments of other possible products regarding mass spec-

trometry and FTIR spectroscopy. It was also not possible to

observe the ethanol product by ATR-FTIR, and, due to the

band's convolutions, their production cannot be disregarded.

The band corresponding to CeOeC sym stretch [43] of

Dimethyl ether centered at 922 cm�1 (Fig. 5e) at�0.75 V agrees

with one of the curve's peaks from Ii to m/z ¼ 46, this could

indicate that: i) the alcohol that gave rise to it has absorbed; ii)

the process of two CO2 molecules reducing in close places

could give rise to this ether, as an extrapolation of the one

proposed by Wuttig [15].
m/z 60, 62, and 33; c); d); e) spectra of FTIR of PER-FC effluent
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Fig. 6 e Reaction pathways of CO2 reduction reaction on Cu/

C in a PEM-R at mild condition.
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Oxalic acid is one of the possibilities for m/z ¼ 46 due to its

main detection fragment [38]. However, it can also be

observed at m/z ¼ 90, a band assigned to CeO stretching of

oxalic acid [44] centered at 1320 cm�1 (Fig. 5d) is detected at

�0.95 V and increase the intensities until�2.0 V. Despite being

a minority characteristic of dimethyl carbonate, the most

abundant fragment is m/z ¼ 59 and confirmed by the band of

dOCO2 (rock) at 794 cm�1 [45] from - 0.85 V (Fig. 5e) being a

probable product of the addition of two methanol molecules

to CO2, as proposed by Zhao [46].

The acetic acid reported in the literature [42,47]would appear

at m/z ¼ 60. However, no specific bands were found in the FTIR

spectra; nonetheless, for thism/z ratio, we also have themethyl-

formate, identified by the band of CH3 d-deform at 1443 cm�1

[48,49] (Fig. 4d), that exists in the same range as the detected Ii.

We also detected the fragments inm/z¼ 62 and 33 ethylene

glycol confirmed by the ATR-FTIR spectra in 884 cm�1 corre-

sponding to rCH2 [50]. In Fig. 5d, in the potential range of�0.95

to �2.0 V, the moderate adsorption of activated CO2 is

necessary to produce OCCO species [15], which justifies the

formation of oxalic acid and in situations with less water

availability. Still, with a high proton supply, ethyl glycol is also

present makes it possible.

Based on the data collected by spectroscopy we propose

these reaction steps, Fig. 6, seeing as the central point the

HCO2(ads), already mentioned in other works [21,40].
Conclusion

During the CO2RR in a polymeric electrolyte reactor - fuel cell

type over copper nanostructures composed by CuO and CuO2

phases electrocatalyst, the water, formaldehyde, methanol,

methane, formic acid, dimethyl ether, oxalic acid, dimethyl

carbonate, and ethylene glycol were observed by differential

mass spectroscopy on line with the reactor and confirmed by

infrared spectroscopy. In these experiments it was possible to

map the onset potentials for each species, and it was noted

that some more complex species are detected at the outlet of

the reactor before the appearance of simpler molecules that

would give rise to. Indicating that these simpler molecules

remained adsorbed on the catalytic layer forming the most

complex species, causing delay in detection, the HCO2(ads)

apointed as a central point of the reaction.
Declaration of competing interest

The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

Acknowledgements

The authors thank the CAPES (88882.315566/2019e01), CINE-

SHELL (ANP)/FAPESP (2017/11937-4), CNPq (302709/2020-7) for

the fellowships and the financial support this work.
r e f e r e n c e s

[1] Wang Y, He D, Chen H, Wang D. Catalysts in electro-, photo-
and photoelectrocatalytic CO2 reduction reactions. J
Photochem Photobiol C Photochem Rev 2019;40:117e49.
https://doi.org/10.1016/j.jphotochemrev.2019.02.002.

[2] Cu�ellar-Franca RM, Azapagic A. Carbon capture, storage and
utilisation technologies: a critical analysis and comparison of
their life cycle environmental impacts. Journal of CO2
Utilization 2015;9:82e102. https://doi.org/10.1016/
j.jcou.2014.12.001.

[3] Je�si�c D, La�si�c Jurkovi�c D, Pohar A, Suhadolnik L, Likozar B.
Engineering photocatalytic and photoelectrocatalytic CO2
reduction reactions: mechanisms, intrinsic kinetics, mass
transfer resistances, reactors and multi-scale modelling
simulations. Chem Eng J 2021;407:126799. https://doi.org/
10.1016/j.cej.2020.126799.

[4] Kim C, Dionigi F, Beermann V, Wang X, M€oller T, Strasser P.
Alloy nanocatalysts for the electrochemical oxygen
reduction (ORR) and the direct electrochemical carbon
dioxide reduction reaction (CO2RR). Adv Mater
2019;31:1805617. https://doi.org/10.1002/adma.201805617.

[5] Gusain R, Kumar P, Sharma OP, Jain SL, Khatri OP. Reduced
graphene oxideeCuO nanocomposites for photocatalytic
conversion of CO2 into methanol under visible light
irradiation. Appl Catal B Environ 2016;181:352e62. https://
doi.org/10.1016/j.apcatb.2015.08.012.

[6] Yaashikaa PR, Senthil Kumar P, Varjani SJ, Saravanan A. A
review on photochemical, biochemical and electrochemical
transformation of CO2 into value-added products. Journal of
CO2 Utilization 2019;33:131e47. https://doi.org/10.1016/
j.jcou.2019.05.017.

[7] Ramos AS, Santos MCL, Godoi CM, Oliveira Neto A, De
Souza RFB. Obtaining C2 and C3 products from methane
using Pd/C as anode in a solid fuel cell-type electrolyte
reactor. ChemCatChem 2020;12:4517e21. https://doi.org/
10.1002/cctc.202000297.

[8] Ghaib K, Ben-Fares F-Z. Power-to-Methane: a state-of-the-art
review. Renew Sustain Energy Rev 2018;81:433e46. https://
doi.org/10.1016/j.rser.2017.08.004.

[9] Wang Y, Shen H, Kjt Livi, Raciti D, Zong H, Gregg J, et al.
Copper nanocubes for CO2 reduction in gas diffusion
electrodes. Nano Lett 2019;19:8461e8. https://doi.org/10.1021/
acs.nanolett.9b02748.

[10] Tao Z, Wu Z, Yuan X, Wu Y, Wang H. Copperegold
interactions enhancing formate production from
electrochemical CO2 reduction. ACS Catal 2019;9:10894e8.
https://doi.org/10.1021/acscatal.9b03158.

[11] Takatsuji Y, Nakata I, Morimoto M, Sakakura T, Yamasaki R,
Haruyama T. Highly selective methane production through

https://doi.org/10.1016/j.jphotochemrev.2019.02.002
https://doi.org/10.1016/j.jcou.2014.12.001
https://doi.org/10.1016/j.jcou.2014.12.001
https://doi.org/10.1016/j.cej.2020.126799
https://doi.org/10.1016/j.cej.2020.126799
https://doi.org/10.1002/adma.201805617
https://doi.org/10.1016/j.apcatb.2015.08.012
https://doi.org/10.1016/j.apcatb.2015.08.012
https://doi.org/10.1016/j.jcou.2019.05.017
https://doi.org/10.1016/j.jcou.2019.05.017
https://doi.org/10.1002/cctc.202000297
https://doi.org/10.1002/cctc.202000297
https://doi.org/10.1016/j.rser.2017.08.004
https://doi.org/10.1016/j.rser.2017.08.004
https://doi.org/10.1021/acs.nanolett.9b02748
https://doi.org/10.1021/acs.nanolett.9b02748
https://doi.org/10.1021/acscatal.9b03158
https://doi.org/10.1016/j.ijhydene.2021.11.008
https://doi.org/10.1016/j.ijhydene.2021.11.008


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 4 0 1 0e4 0 1 74016
electrochemical CO2 reduction by electrolytically plated Cu-
Co electrode. Electrocatalysis 2019;10:29e34. https://doi.org/
10.1007/s12678-018-0492-0.

[12] Yang D, Zhu Q, Chen C, Liu H, Liu Z, Zhao Z, et al. Selective
electroreduction of carbon dioxide to methanol on copper
selenide nanocatalysts. Nat Commun 2019;10:677. https://
doi.org/10.1038/s41467-019-08653-9.

[13] Kim MK, Kim HJ, Lim H, Kwon Y, Jeong HM. Metaleorganic
framework-mediated strategy for enhanced methane
production on copper nanoparticles in electrochemical CO2
reduction. Electrochim Acta 2019;306:28e34. https://doi.org/
10.1016/j.electacta.2019.03.101.

[14] Spodaryk M, Zhao K, Zhang J, Oveisi E, Züttel A. The role of
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