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ABSTRACT: 
In this project, we have synthesised and characterised different anion exchange 

membranes from two different polymers, chitosan and poly(vinyl) alcohol. The 

objective of the study is to use these membranes in a CO2 conversion process that is 

aimed at producing desired products from an electrorreduction of the gas, being 

methane the principal one. Copper is the catalyst of the reaction, and it is added in the 

membranes matrix in the form of nanoparticles, in order to obtain a new kind of 

membrane that combines the functions of physical barrier and ionic exchanger in the 

process with the catalytic part of the electrode. In order to verify the influence of the 

copper, different amounts of Cu have been considered: 1%, 5% and 10% of the total 

solid content. 

Anion exchange membranes (AEMs) are expected to provide better energy efficiency 

than commercial cation-exchange membranes (CEMs). The membranes were 

characterised by viscosity, colour, water uptake and ion exchange capacity, and the 5 

wt. % Cu-loaded AEMs showed promising properties compared with the commercial 

Nafion and Fumatech membranes. Finally, the conductivity of the developed 

membranes was studied in the CO2 electroreduction to CH4 process conditions 

Regarding the behaviour of the Fumatech anion-exchange membranes in the same 

process, we observed an improvement in production and efficiency. 
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1. INTRODUCTION 
1.1. MOTIVATION 

Global warming is one of the biggest environmental concerns, and the effects of the 

fossil fuels combustion have increased during the last decades. The electricity 

production strongly depends on this combustion: 59% of the production mix in Spain is 

obtained from fossil fuels [1]. That is why reducing the impact of the CO2 emissions, 

the principal greenhouse effect gas, has become an important issue in order to 

produce greener energy. 

Furthermore, the valorisation of CO2 does not only focus on the reduction of its levels 

in the atmosphere, but also on its transformation in useful products with commercial 

potential [2]. Among these products fuels such as methane and chemical products 

such as formic acid are the most relevant [3]. 

Electro reduction of CO2 is an approach that intends to use the excess of electrical 

energy from intermittent renewable sources to produce value-added products while, 

at the same time, reducing the effects of global warming [4]. The reaction commonly 

takes place in an electrochemical cell, a device in which the CO2 enters and reaches an 

ionic exchange surface in contact with an electrolyte, the solution that provides the 

ions. Additionally, a current must be applied to ensure that electrons are accepted by 

the CO2. The kind of product obtained depends on different parameters: the 

configuration of the cell, the voltage (or current) applied, the solution used and the 

catalyst [5]. When small hydrocarbons like CH4 are the desired products, copper has 

proved to offer the best selectivity as catalyst [6-7]. 

Contact between the catholyte and the anolyte in the cell would cause the re-

oxidation of the reaction products and a decrease in current efficiency. To avoid it, a 

physical separation of the two phases is supplied by a membrane, leading to the 

development of a Membrane Electrode Assembly (MEA) [8]. The principal 

characteristic of the membrane employed is its ionic exchange capacity (IEC), the 

property that determines how well the membrane material allows the ions flow from 

the electrolyte solution to the CO2 compartment.  
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Depending on the ions exchanged, membranes can be classified as Cation Exchange 

Membranes (CEMs) or Anion Exchange Membranes (AEMs). The most commonly used 

are the FAA (Fumatech) anion exchange membrane and the Nafion (DuPont) cationic 

membrane, as collected in Table 1. These two commercial membranes have their 

drawbacks. CEMs (Nafion) have a much higher conductivity. However, it is observed 

that when using AEMs the energy losses due to polarization are lower, which is 

translated in better energy efficiency [7]. Other novel mixed matrix membranes based 

on chitosan are being studied and developed [9]. Both commercial membranes are 

made from toxic or non-renewable components, and more environmental friendly and 

low-cost are sought. 

Table 1, Most common commercial ion exchange membranes  

Membrane Structure Applications 

FAA 3-PEEK-130 

(Fumatech) 

Reinforced PEEK (poly ether ether ketone) Electrodialysis for 

demineralization, desalination, 

acid recovery applications  

Nafion ® 

(DuPont)  

Sulfonated tetrafluoroethylene based fluoropolymer  Fuel cells, chlor-alkali 

production, super acid cathalyst 

1.2. OBJECTIVES 

This work is focused on membrane design and its influence in the CO2 electro 

reduction process. New membranes are made from two polymers, chitosan and 

polyvinyl alcohol, with the innovation of adding Cu, as nanoparticles, into the 

membranes matrix. This synthesis provides the membrane a catalytic property for the 

reduction of CO2 to CH4 along with its ion exchange and physical barrier functionality, 

which is expected to be translated to better conductivity and process efficiency than 

commercial ion-exchange membranes. 

2. EXPERIMENTAL METHODOLOGY 
2.1. MEMBRANES PREPARATION AND CHARACTERIZATION 

Materials and chemicals 

The polymers used in the study were CS, chitosan (coarse ground flakes and powder), 

with molecular weight from 310,000 to 375,000 and 75% deacetylation degree, based 

https://en.wikipedia.org/wiki/Tetrafluoroethylene
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on the viscosity range of 800–2000 mPas (obtained from Sigma Aldrich, Spain) and 

PVA, Poly(vinyl) alcohol (99+% hydrolysed) with a molecular weight 85,000–124,000 

(Sigma Aldrich, Spain). Both powders were used without further purification. Copper 

particles (nanopowder, 60-80 nm particle size) used as a filler were also obtained from 

Sigma Aldrich (Spain). All other used chemicals: acetic acid (glacial), hydrochloric acid 

(37%) and sodium hydroxide pellets used for preparation and characterisation were 

supplied by PANREAC. Distilled water was produced at the University of Cantabria, 

Santander, Spain, with a resistivity of 18.2 MΩ. 

Preparation of the membranes 

 Polymer solutions 

1 wt.% CS solutions were prepared by dissolving the powder in a 2 wt.% acetic acid 

aqueous solution and stirring it for 24 h at room temperature. On the other hand PVA 

was dissolved in distilled water also for 24 h but at 85ºC, obtaining a 4 wt.% solution. 

To make sure that the prepared polymer solutions were homogenous and did not 

contain any impurities, they were filtered under vacuum and degassed in ultrasound 

bath for 20 min to prevent defects in the membrane by impurities or air bubbles. 

 Preparation of Cu/PVACS hybrid membranes 

CS and PVA solutions were blended in different proportions with the addition of 

different amounts of copper nanoparticles as filler. In our case, the filler loading was 1, 

5, and 10 wt.% with respect to total solids. 

Each solution was stirred for at least 24 h to make sure that the mixture was 

completely homogeneous. The Chitosan and PVA blend with ratio 2:1 was cast on a 

glass plate using a doctor blade knife at a 0.15 mm opening as in a previous work [10]. 

The Cu/PVACS solutions were cast on 120 x 120 mm polystyrene Petri dishes with 1 

mm tall walls, since the viscosity was much reduced upon nanoparticles addition. After 

casting, the solvents were evaporated for 2-5 days in a fume-hood at room 

temperature. The ion exchange was carried out by immersion in 1 M NaOH bath for 1h 

and then washed with abundant distilled water, before characterisation. For simplicity, 

the hybrid membranes were named according to the Cu content and mass ratio of PVA 
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to chitosan. Notations in Table 2 are XPVACS/1:Y where X stands for the Cu 

nanoparticles loading and Y for the CS wt.% in the polymers blend. 

Table 2, Membranes with their polymer and copper content 

Physicochemical characterization 

 Viscosity 

The solution viscosities were measured after stirring for 24 h at 25 °C using an 

FUNGILAB viscometer. 

 Thickness 

The thickness of the membranes was measured using an IP-65 digital micrometer with 

a precision of 0.001 mm (Mitutoyo Corp., Japan), in at least 3 representative locations 

of the membrane section without any visible impurities or air bubbles. 

 Water Uptake (WU) 

Total WU of the prepared and the commercial membranes, was measured by weighing 

the piece of each membrane before and after hydration and comparing these two 

weights using equation (1). Before the measurement, the membranes were totally 

dried in an oven at 70ºC for 1 h. To obtain the wet weight, pieces of membranes were 

immersed in deionized water at room temperature for 24 h. The excess of water was 

removed by blotting with a tissue paper. Each membrane was measured at least twice 

and the results were presented as the average of all measurements. The weight of dry 

Abbreviation Polymer wt.% in the membrane Cu wt.% loading to 
total polymer 

content CS PVA 

PVACS/1:1 50 50 - 

PVACS/1:2 66.7 33.3 - 

1Cu/PVACS/1:1 50 50 1 

5Cu/PVACS/1:1 50 50 5 

5Cu/PVACS/1:3 75 25 5 

10Cu/PVACS/1:1 50 50 10 

10Cu/PVACS/1:3 75 25 10 
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and wet membranes was obtained in an electronic balance with a precision of 0.001 g. 

The percentage of water content is quantified using following eq. 

𝑊𝑊𝑊𝑊(%) =
𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤 −𝑊𝑊𝑑𝑑𝑟𝑟𝑟𝑟

𝑊𝑊𝑑𝑑𝑟𝑟𝑟𝑟
· 100  (1) 

 Thermogravimetric analysis (TGA) 

The thermal stability behaviour of membrane materials was determined by 

thermogravimetric analysis (DTA-TGA) using a thermo balance apparatus (DTG- 60H, 

Shimadzu, Japan) in the presence of a nitrogen flow of 50 mL/min. Samples of 

approximately 2–5 mg were loaded into an alumina crucible and a reference pan was 

left empty during the experiment. The membrane samples were heated up to 600ºC at 

a heating rate of 20ºC/s. The decomposition temperature was calculated as the 

temperature in which 5% weight loss occurs. 

 Water Content (WC) 

The water in the membrane is in the form of free and bound water, which accords for 

the divergence in the WU values calculated as mentioned before. The bound water 

was determined with thermogravimetric analysis from TGA curves. The WC values 

were calculated according to Franck-Lackaze et al. [11] using equation (2) for sample 

masses m1 and m2, measured at T1 and T2, which is a temperature range in which 

considerable mass change was observed. 

𝑊𝑊𝑊𝑊(%) = 100 · �1 −
𝑚𝑚2

𝑚𝑚1
�   (2) 

 Ion Exchange Capacity (IEC) 

In our study, the ion exchange capacity is determined by the acid-base titration 

method improved from the literature [8]. In this case, the membrane in OH- form was 

rinsed thoroughly in order to completely remove the last traces of alkali. The following 

step was the equilibration into the Cl- form by immersing in 0.01 M HCl solution for 24 

h and this excess solution was then titrated by a standardised 0.01 M NaOH solution 

using phenolphthalein as indicator. The IEC was calculated by eq. (3) 

𝐼𝐼𝐼𝐼𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚/𝑔𝑔 =
�𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑖𝑖 − 𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑓𝑓� · 𝑊𝑊𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑊𝑊𝑑𝑑𝑟𝑟𝑟𝑟
  (3) 
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where VNaOH,f is the volume of the 0.01M NaOH solution consumed to titrate 10 mL of 

the HCl solution with the membrane and VNaOH,i of 0.01 M NaOH solution consumed by 

the blank HCl solution without membrane. CNaOH (M) is the concentration of NaOH 

solution previously standardised by hydrogen potassium phthalate and Wdry is the dry 

weight of piece of membrane used for the measurement [10]. 

 Colour 

Changes in colour were observed and noted down during the mixing of polymers 

solutions with Cu nanoparticles after casting, membrane formation by the evaporation 

of the solvent and upon ion exchange to OH- form. 

 Conductivity 

The conductivity of the membrane materials was measured in a MicroFlow 

electrochemical Cell (ElectroCell, Denmark). To accomplish this task, an Autolab 

PGSTAT302N electrochemistry workstation was used. Experiments were carried out 

under the following conditions: anolyte 0.1 M KHCO3; flow rate 5 mL/min, CO2 gas flow 

150 mL/min; constant voltage of -3 V. 

The membrane ionic conductivity σ in mS/cm was calculated using equation (4) 

𝜎𝜎 (𝑚𝑚𝑚𝑚/𝑐𝑐𝑚𝑚) =
𝑙𝑙

𝑅𝑅𝑚𝑚 · 𝑚𝑚
  (4) 

where, l is the thickness of the membrane (cm), Rm is the membrane resistance (Ω) and 

S is the effective area of the membrane in the cell (cm2). 

 Transmission Electron Microscopy (TEM) 

The morphology of the membranes, as well as the distribution of Cu nanoparticles 

inside the membranes was observed through analysis of the TEM images taken by 

transmission electron microscopy. The TEM images presented in this work were 

measured at the University of Zaragoza using a high resolution analytical transmission 

electron microscope (JEOL-2000 FXII). Membrane specimens were embedded in an 

epoxy resin and cut by an ultramicrotome diamond knife before placing in the Cu grid. 
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2.2. ELECTRO-REDUCTION OF CO2 

Description of the cell 

The experimental plant consists in an electrochemical cell working in gas-liquid phase. 

The CO2 enters the cell as gas phase because the micro GC chromatograph used to 

analyse the composition of the outgoing product works with gaseous samples. The 

liquid phase is the electrolyte used in the cell: an aqueous solution of Potassium 

Hydrogen Carbonate, KHCO3 0.1M. The picture in Figure 1 shows the cell 

disassembled.   

 
Figure 1. Photograph of the electro catalytic cell with its parts. 

Both the CO2 and the electrolyte enter the cell by the lower part of their respective 

compartments. Then they flow through the spacers and reach the membrane, which is 

placed between the two green joints in contact with the working electrode, and finally 

leave the cell by the upper part. The geometric area of the electrode is 10 cm2. 

Electrode preparation 

For the reduction of CO2 and the production of CH4, Cu is needed as the reaction 

catalyst. As was mentioned, some of our new membranes contain Cu in their structure, 

but the commercial and the pure polymer ones do not. So we attached these 

membranes to a carbon paper piece, which was already been sprayed with a Cu ink. 

1 

2 

3 

4 

5 

6 

1. Reference electrode: Ag/AgCl 
2. Working electrode: cathode 
3. Anode: platinised titanium 

electrode 
4. Gas phase side of the cell 
5. Liquid phase side             [6] 
6. Membrane 
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The ink is made with the same nanoparticles we used for the membranes synthesis. Its 

composition is: 

 50 mg Cu 
 15.47 g isopropanol (solvent)  10 electrodes (theoretically) 
 400 mg Nafion  

After leaving the mixture in the ultrasonic bath, a spray coating is performed onto the 

carbon paper with an airbrush, slowly and homogenously. The amount of ink per 

electrode must be around 4 - 5 ml, so the mass of Cu per area is 0.5 mg/cm2. We 

weighted the carbon paper before and after the spraying to check how much catalyst 

we added.  

Finally the carbon paper is attached to the membrane at 50ºC and 80 bars using a 

manual press.  

This was the procedure followed with the commercial membranes, Nafion and FAA. 

For the prepared membranes we performed several (PVACS/1:1) we conducted several 

attempts at different pressures and at room temperature. However, even at the 

highest pressure, the membrane was not fixed to the carbon paper properly.  

Continuous electro reduction of CO2 

Figure 2 shows the experimental plant. 

 
Figure 2. CO2 electrorreduction plant 

1 

2
 

3 

5 

4 

6 

1. MEA 
2. Gas filters 
3. Gas purifier 
4. Anolyte tank 
5. Gear pump 
6. CO2 humidifier vessel 
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Once the cell is assembled and the tubes connected, we can start the process. The CO2 

flowrate is 180 mL/min; the electrolyte flowrate is set between 5-10 mL/min. Before it 

enters the cell, the CO2 is bubbled in order to increase the amount of ions reaching the 

membrane. The reaction takes place if a current is provided to the cathode. The 

current (or voltage) is fixed and applied by a potentiometer. 

For the commercial CEM and the synthesised membranes the current was set at 75 mA 

to achieve a current density of 7.5 mA/cm2. On the other hand, for the anionic 

commercial membranes it was impossible to reach that current density due to their 

low conductivity; we got 0.7 mA/cm2. 

When the reaction takes place the gas produced in the electrorreduction enters the 

micro CG chromatograph for analysis. The flowrate of incoming gas should not 

overpass 100 mL/min, in our case depending on how much gas is produced the 

flowrate is between 15 and 20 mL/min. When the micro GC takes 8 measurements we 

can stop the process. These results are obtained according to the calibrate curves for 

the different substances: CH4, CO2, H2, CO. These curves are shown tin the annexes. 

Table 3. Summary of the parameters in the electro reduction process 

Geometric 
area 

CO2 flowrate 0.1M KHCO3 
flowrate 

Current 
density 

Current density 
for Fumatech 

Micro CG inlet 
flowrate 

10 cm2 180 mL/min 5 – 10 mL/min 7.5 mA/cm2 0.7 mA/cm2 15 – 20 mL/min 

Data analysis 

The data given by the Micro GG 3000 (Inficon) are the areas of the peaks that appear 

in the charts shown in Figure 3 at a certain time. It is the time that the equipment 

needs to detect each component. 
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Figure 3. Example of composition curves of the product gas in the Micro GC 

The equipment has four columns; each one is able to detect different gases. Column A 

(Molsieve) (shows the peaks referred to the three products we obtain: H2, CH4, and 

CO. Argon is the used as carrying gas. Column B (Plot-Q) shows CO2. In this case helium 

is the carrying gas. There are other peaks that belong to the carrying gases. 

All the calibration curves with the equations are shown in the Annex 2.  

Two experiments were performed for each membrane to check the reproducibility, 

except for the 10Cu/PVACS/1:1 one. This was due to the fragility of the 

10Cu/PVACS/1:1 membrane compared to the other ones. We obtained 16 values in 

total per sample. 

The area values can suffer serious variations, due to experimental errors or distortion 

in the micro GC measure. Following the curves equations shown in Annex 2 and with 

the areas obtained, we can calculate the v% and the product concentration in PPMV. 

After calculating the average from all the data, we reject the values that are twice 

higher or lower than it. Then we repeat the average calculation but without the 

eliminated values. Finally we obtain the average from the two experiments per each 

gas. 

The concentration in PPMV obtained from the micro GC areas is then normalised with 

the CO2 content in the outlet gas, as in equation (5) 

A 
B 

C D 
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𝑃𝑃𝑃𝑃𝑃𝑃𝑉𝑉 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝 =
%𝑣𝑣 𝑝𝑝𝑜𝑜𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝

%𝑣𝑣 𝑊𝑊𝐶𝐶2 𝑝𝑝𝑝𝑝𝑝𝑝𝑙𝑙𝑜𝑜
· 10000  (5) 

The product concentration can be expressed also in mg/L, considering that 1 mol of 

gas takes up 22.4 L in normal conditions (273.15ºC and 1 atm): 

𝑚𝑚𝑚𝑚
𝐿𝐿
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑉𝑉 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝 · �

𝑃𝑃𝑊𝑊 · 1000
22.4 · 1000 · 1000

�   (6) 

where Mw is the molecular weight of each product. 

In order to test the performance of the developed materials the reaction rate and the 

Faradaic efficiency (FE) were calculates. The first one gives the generation velocity of 

each component and the second is an indicator of the selectivity of each reaction [7]. 

Reaction rate r (mol/m2·s): with Q/A in mL/min·cm2 and production in mol/L. 

𝑝𝑝 �
𝑚𝑚𝑝𝑝𝑙𝑙
𝑚𝑚2 · 𝑠𝑠

� = �
𝑄𝑄
𝐴𝐴

·
𝑚𝑚𝑝𝑝𝑙𝑙
𝐿𝐿

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝� · �
10000

60 · 1000
�   (7) 

Where: 
𝑚𝑚𝑝𝑝𝑙𝑙
𝐿𝐿

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝 =
𝑚𝑚𝑚𝑚
𝐿𝐿
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝 · �

1
1000 · 𝑃𝑃𝑊𝑊

�   (8) 

 

Finally the Faradaic efficiency, following the Faraday laws for electrolysis, is defined as: 

𝐹𝐹𝐼𝐼(%) =
𝑧𝑧 · 𝑜𝑜 · 𝐹𝐹

𝑞𝑞
· 100  (9) 

Where z is the number of exchanged e-, n is the number of moles produced, F is the 

Faradaic constant (F= 96,485 C·mol-1) and q is the total charge applied in the process. 

All in all lead us to equation (10): 

𝐹𝐹𝐼𝐼 (%) = �

𝑜𝑜𝑚𝑚𝑜𝑜− · 96485 · 100
1000 · 60 · 𝑃𝑃𝑊𝑊

· 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑜𝑜𝑝𝑝𝑜𝑜 �𝑚𝑚𝑚𝑚𝐿𝐿 � · 𝑄𝑄𝐴𝐴 �
𝑚𝑚𝐿𝐿

𝑚𝑚𝑜𝑜𝑜𝑜 · 𝑐𝑐𝑚𝑚2�

𝑗𝑗 �𝑚𝑚𝐴𝐴𝑐𝑐𝑚𝑚2�
�   (10) 

3. RESULTS AND DISCUSSION 

3.1.  CHARACTERIZATION OF THE MEMBRANES 

General characteristic – viscosity of the solutions and colour change 

The appearance of the membrane varies depending on copper content and ratio of CS 

and PVA polymers, as shown in Figure 4. The colour of pure polymer membranes with 
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different PVA/CS ratio did not change during the preparation, and the solutions as well 

as the dried membranes were transparent. 

Membranes with lower amount of Cu (5Cu/PVACS/1:3, 5Cu/PVACS/1:1 and 

1Cu/PVACS/1:1) have blue, or light blue colour, while membranes with higher Cu 

content (10Cu/PVACS/1:1) present green colour. 

 
Figure 4. Photograph’s of  synthesised PVA/CS and commercial membranes: (a) Nafion 117 

(Dupont), (b) FAA (Fumatech), (c) PVACS/1:1, (d) PVA:CS/1:2, (e) 1Cu/PVACS/1:1, (f) 

5Cu/PVACS/1:1, (g) 5Cu/PVACS/1:3, (h) 10Cu/PVACS/1:1, (i) 10Cu/PVACS/1:3. 

 

Change in colour of prepared membranes may be associated with the different 

oxidation strategies of Cu nanoparticles in the membrane structure. According to 

Fernanda C. de Godoi et al. [12], it can be caused by the oxidation reaction between 

copper, oxygen and water as described by the following reactions: 

2𝑊𝑊𝑝𝑝0(𝑠𝑠) + 𝐶𝐶2(𝑔𝑔) + 2𝐻𝐻2𝐶𝐶 → 2𝑊𝑊𝑝𝑝(𝑁𝑁𝑎𝑎)
+2 + 4𝐶𝐶𝐻𝐻(𝑁𝑁𝑎𝑎)

−  

𝑊𝑊𝑝𝑝(𝑠𝑠)
0 + 2𝐻𝐻2𝐶𝐶 → 𝑊𝑊𝑝𝑝(𝑁𝑁𝑎𝑎)

+2 + 𝐻𝐻2(𝑔𝑔) + 2𝐶𝐶𝐻𝐻(𝑁𝑁𝑎𝑎)
−  
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The description of prepared and commercial membranes and the viscosity of the 

solutions of the former are gathered in Table 4. From the measurements of the 

solution viscosity, it can be concluded that the addition of Cu molecules greatly 

reduces the viscosity of the polymeric solutions. For the solutions with the same 

amount of Cu, those with higher amount of CS are more viscous. 

Table 4. Viscosity and colour of the membranes 

Type of membrane Solution 
viscosity 
[mPa∙s] 

Solution color 
(before casting) 

Colour of dried 
membrane 

Nafion 117 (Dupont) - - Transparent 
FAA (Fumatech) - - Transparent 
PVACS/1:1 205 Light Yellow Transparent 
PVACS/1:2 220 Light Yellow Transparent 
1Cu/PVACS/1:1 19.8 Light Blue Light Blue 
5Cu/PVACS/1:1 5.4 Grey/Green  Blue 
5Cu/PVACS/1:3 10 Grey/Green Blue 
10Cu/PVACS/1:1 4.6 Grey/Green Dark green 
10Cu/PVACS/1:3 9.2 Grey/Green Dark blue 

Membrane morphology 

The morphology of selected membrane materials was observed by TEM. The TEM 

images in Figure 5 show a homogeneous dispersion of the Cu nanoparticles in the 

PVA/CS matrix and the size of the nanoparticles is 33.5 ± 0.7 – 15.8 ± 1.4 nm. The TEM 

images show an hydrogel morphology of the PVACS/1:3 in agreement with previous 

observations. In general, the particles are homogeneously dispersed, although more 

closely packed than in the 5Cu/PVACS membrane. The observation of a single particle 

allows determining the size, shape and electron diffraction of the Cu in the polymer 

matrix. The rings in the electro diffraction pattern in Figure 6 can be indexed as (0 2 0) 

and (1 3 1) of CuO and Cu(OH)2. This agrees with the literature of Cu catalysts oxidation 

states, where the Cu is transformed to Cu(OH)2 upon ion exchange in NaOH 1M, 

providing the blue colour and further transformations to anion intermediate species of 

blue-green colour. The change from blue to green is due to the reduction of Cu(II) to 

Cu(I), and the formation of Cu2O (green) and CuO (black-brown) species [13]. 
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Figure 5. TEM images of three selected membranes: a) 5Cu/PVA:CS/1:1 membrane, b) 5Cu/PVA:CS/1:3, 

c) 10Cu/PVA:CS/1:1. The right column is an inset at higher magnification of the sample in the left. 

 
Figure 6, Electron diffraction of a single Cu nanoparticle in the 10Cu/PVA:CS/1:1 polymer matrix. 

Thermal stability and water content 

Thermal stability was measured by TGA. Figure 7 shows the TGA curves of all 

membranes characterised in this study. From the graph, it can be deduced that FAA 

commercial membrane is more stable at high temperatures than the Nafion cation-

exchange membrane, and both commercial membranes show higher thermal stability 

than all of the membranes synthesised in this study. Both commercial membranes 
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present a single step decomposition, probably attributed to the thick support, while 

the PVA:CS based membranes in this study show three characteristic stages: the first 

corresponds to the evaporation of free and bounded water, the second one 

corresponds to the elimination of side groups and CS deacetylation and 

depolymerisation and the third one for the polymer backbone breakdown [9]. 

As shown in Table 4, decomposition temperature off all the prepared membranes 

varies between 154ºC and 201ºC and for the blends with the same amount of Cu, the 

thermal stability of the prepared membranes increases with CS content. 

 
Figure 7. Thermal decomposition of CS-PVA based membranes, with Cu and commercial membranes in 

nitrogen. 

WU, WC and thermal decomposition are shown in Table 5. The WU is calculated from 

direct weighing of the wet and dry membranes according to equation (1). 

At first sight, without performing any measurements, the higher WU capacity of the 

synthesized membranes than the commercial ones was observed. The commercial 

membranes are prepared on thick interwoven supports while the membrane materials 

studied in this work are free standing membranes. The WU increases with increasing 

CS content in the PVA/CS blend mixture [14] and although it decreases slightly with 

increasing Cu nanoparticle loading, the metallic particles alone are not able to reduce 

the high hydrophilic swelling of the polymers involved [8]. The inaccuracy of the 

measurement cannot provide clear information about how the amount of Cu affects 

this property, but the higher Cs content seems to increase the WU, as CS is the 

functional polymer in the mixture and PVA the structural one. 
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The bound WC is calculated from the first stage observed in TGA curves, using 

equation (2) and decomposition temperatures. The bound WC of the prepared 

membranes is more similar to those of the commercial membranes than the WU in 

Table 5, which is subject to inaccuracies due to the huge hydrophilicity of the materials 

involved in membrane preparation. The bound water content is the water in the 

membrane framework that is expected to contribute to ionic conductivity and ion 

exchange capacity, and it generally increases with a higher amount of Cu content. The 

PVA:CS (1:3)-based membranes behave differently because the membranes tend to 

form a hydrogel structure and mechanical stability is lower than the membranes with 

PVA:CS (1:1) blend composition. 

Table 5. Data obtained from TGA analyses for commercial and prepared membranes. 

Type of membrane Decomposition 

temperature, Td 

(oC) 

WC (%) WU (%) 

Nafion 117 (DuPont) 340 2.88 10.9 ± 0.89 

FAA (Fumatech) 409 1.49 1.50 ± 0.35 

PVACS/1:1 164 7.29 122.4 ± 39.03 

PVACS/1:2 - - 162.0 ± 9.78 

1Cu/PVACS/1:1 184 7.44 205.0 ± 97.92 

5Cu/PVACS/1:1 154 ± 19 13.2 ± 2.3 115.8 ± 42.51 

5Cu/PVACS/1:3 201 ± 13 12.17 ± 0.14 188.9 ± 15.71 

10Cu/PVACS/1:1 169 ± 15 11.26 ± 0.61 119.4 ± 36.8 

10Cu/PVACS/1:3 175 9.55 63.3 ± 4.71 

Ion Exchange Capacity, Thickness and Conductivity 

A similar result can be observed from the IEC calculated as equation (3) and collected 

in Table 6. The low IEC and conductivity are the main challenges of anion-exchange 

membranes in electrochemical processes. In this work, the increasing Cu and the CS 

amounts improve the anion exchange capacity of the prepared membranes compared 

to the commercial anion-exchange membrane from Fumatech, but do not exceed the 
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IEC of the Nafion commercial membrane. Since the methodology used (titration) 

implies some errors such as equivalence point determination or a weight 

measurement of a membrane sample used for titration [15], this measurement was 

repeated 2-3 times for each membrane composition to assure reproducibility. 

The average thickness is also shown in Table 6, as the casted membranes do not 

always have a regular distribution of the solids, and the thickness is not the same all 

over the membrane area in the Petri dish. The thickness value depends mostly of how 

the membrane was cast: the pure polymer membrane PVACS/1:2 was cast over a glass 

plate with a doctor blade, and it is thinner than the pure polymer membrane cast on 

the petri dishes where the Cu/PVACS membranes had to be cast because of their low 

viscosity. 

Considering only the membranes cast in petri dishes, thickness decreases as the Cu 

content increases. In principle, the amount of Cu and polymer solution were calculated 

to obtain a certain thickness, as the doctor blade opening, by calculating the weight 

needed knowing the area of the dish and the blend density. 

However, the real thickness was not the same as the theoretical one, which is 

increased by the CS and Cu content, as shown in Table 4. 

Conductivity of the membranes was deduced from the ohmic resistance of the 

membrane taking into account the thickness and the area of the sample in the cell 

according to equation (4) for both the commercial membranes and the prepared ones 

with PVA:CS ratio 1:1 are also gathered in Table 4. Conductivity measurements indicate 

mobility of OH- ions through the membrane structure [8]. The 5Cu/PVA:CS/1:1 shows 

the highest conductivity of 2.72 · 10-2 mS/cm and it is also the membrane with a higher 

IEC of those whose conductivity was measured, except for the Nafion membrane. This 

indicates that the amount of exchangeable OH- ions is lower for the prepared AEM 

than for the commercial CEM. 

Both, the value of IEC and conductivity, for FAA membranes denoted the lowest 

mobility of ions, comparing to all the studied membranes. 
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Table 6, properties measured for each membrane 

Type of membrane WU [%] Ion Exchange 
Capacity 
[mmol/g] 

Conductivity 
[mS/cm] 

Thickness 
[mm] 

Nafion 117 (Dupont) 10.9 0.404 ± 0.0016 1.83 ·10-2 0.184 
FAA (Fumatech) 1.5 0.045 ± 0.014 1.59 ∙ 10-4 0.181 
PVACS/1:1 122.4 0.236 ± 0.087 2.6 ·10-4  0.224 
PVACS/1:2 162.0 0.288 ± 0.076  0.111 
1Cu/PVACS/1:1 205.0 0.131 ± 0.035 9.17 ∙ 10-3 0.184 
5Cu/PVACS/1:1 115.8 0.264 ± 0.018 2.72 · 10-2 0.132 
5Cu/PVACS/1:3 188.9 0.150 ± 0.034  0.132 
10Cu/PVACS/1:1 119.4 0.133 ± 0.0057 1.92 · 10-2 0.063 
10Cu/PVACS/1:3 63.3 0.380 ± 0.2621  0.166 

 

3.2. PROCESS PERFORMANCE 

Although we have prepared and characterised membranes with different Cu loads and 

polymers ratio, for the electro-reduction process only used the X/PVACS/1:1 ones 

(X=1, 5, 10 wt% Cu), since the objective was to study the influence of Cu rather than 

the polymer-blend composition. Also, as the pure membranes could not be attached to 

the carbon paper, we did not use them either because of their lack of Cu. Therefore, 

the membranes employed in the process were:  

 FAA (Fumatech) 
 1Cu/PVACS/1:1 
 5Cu/PVACS/1:1 
 10Cu/PVACS/1:1 

The results obtained from the calibration curves in Annex 2 are the CO2 volume 

percentage in the outlet gas and the concentration in (PPMV) of the different 

products: CH4, H2 and CO. These results are shown in the Annex 3. 

The first impression regarding these results is that the productivity decreases on the 

second experiment for our synthesised membranes. This does not happen with the 

commercial one, which maintains a constant the production, this indicates that it 

remains stable for a long period of operation time. The fragility of the 10Cu/PVACS/1:1 

membrane was corroborated: almost half the methane CH4 concentration values were 

ignored due to their high variation following the data selection criteria. 
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The CH4 production of the prepared membranes is similar to that of the commercial 

AEM from Fumatech, being 22.31 PPMV, 0.016 mg/L for the 5Cu/PVACS/1:1 

membrane in the first experiment performed, higher than 19.60 PPMV, 0.014 mg/L of 

CH4, for the FAA AEM commercial membrane. 

Normalised products concentration 

Table 7 shows the final values of concentration, which have been taken from equations 

(5) and (6). 

Table 7. Normalised values of the concentration with the CO2 outlet content. 

Type of 
membrane 

H2 CH4 CO 

PPMV mg/L PPMV mg/L PPMV mg/L 

FAA Fumatech 

(0.7 mA/cm2) 
2329 0.208 27.58 0.019 141.19 0.1765 

1% Cu 1:1 

(7.5 mA/cm2) 

3795 0.339 13.47 0.010 49.83 0.062 

5% Cu 1:1 

(7.5 mA/cm2) 

3704 0.331 15.39 0.011 55.42 0.069 

10% Cu 1:1 

(7.5 mA/cm2) 

3470 0.310 14.27 0.010 32.80 0.041 

Differences in concentration expressed in mg/L are less significant. It is noticed that 

with the commercial membrane a remarkable higher amount of CO is produced. This 

CO production is diminished using the developed Cu-based AEMs. 

As was mentioned, the CO2 was humidified. The flow of H- ions coming from water 

explains the high H2 production. The humidification intends to raise the amount of ions 

supplied to the process, which favours the reaction of CH4 production, but also H2 

reaction is benefitted, and this reaction is competing with the desired one.  

Reaction rate 

Following equation 7 we calculated the reaction rates per each component and the 

ratio between rCH4 and the other rates. We have also included the values for the Nafion 

commercial membrane, which were obtained in previous experiments. 
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Table 8. Reaction rates for electro-reduction process using different membranes 

FAA 
Fumatech 

(mmol/m2·s) rCH4 /ri 1Cu/1:1 (mmol/m2·s) rCH4 /ri 

Total (-rCO2) 0.335 0.0110 Total (-rCO2) 0.517 0.00349 
rH2 0.31193 0.0118 rH2 0.50826 0.00355 
rCO 0.01891 0.1953 rCO 6.6742 · 10-3 0.2702 
rCH4 3.693 · 10-3  rCH4 1.8036 · 10-3  
      
5/Cu 1:1 (mmol/m2·s) rCH4 /ri 10Cu/1:1 (mmol/m2·s) rCH4 /ri 

Total (-rCO2) 0.506 0.0041 Total (-rCO2) 0.471 0.004106 
rH2 0.49604 0.0042 rH2 0.46477 0.00411 
rCO 7.4225 · 10-3 0.2777 rCO 4.3935 · 10-3 0.4349 
rCH4 2.0614 · 10-3  rCH4 1.9107 · 10-3  
      
Nafion (mmol/m2·s) rCH4 /ri 

Total (-rCO2) 0.226 0.0195 
rH2 0.209326 0.0210 
rCO 0.025247  0.3514 
rCH4 4.4010 · 10-3  

With the commercial membranes we are reaching the lowest consumption rate of CO2, 

but also the highest generation rate of CH4. This is possible because the electro-

reduction with the synthesised membranes produces hydrogen faster than with the 

commercial membranes. We can check again that with the Fumatech membrane a 

higher generation of CO is observed, and it is even higher for the Nafion membrane. 

Faradaic efficiency (FE) 

Table 9 shows the FE, as calculated from equation (10). 

Table 9. FE for the reaction with different membranes 

 FE (%) 

Type of membrane H2 CH4 CO 

FAA Fumatech 90.25 4.27 5.47 

Nafion 53.86 4.53 3.22 

1% Cu 1:1 97.29 1.40 1.30 

5% Cu 1:1 96.94 1.61 1.45 

10% Cu 1:1 97.48 1.60 0.92 
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The FE results for the commercial FAA membrane seem to be good. However its 

conductivity is lower than the others, so we only reached a current density j of 

0.7mA/cm2, as was mentioned previously. This means that it is hard to compare the 

FAA membrane with the prepared ones because it works at lower currents densities, 

but we can assure that it is less energy efficient. Also, the FAA provides a larger FE for 

the CO than for the CH4. On the other hand, the Nafion membrane has a higher FE for 

the CO as well, but the FE for the CH4 is better, and in this case it worked at the same 

current density as the Cu based membranes. So its performance was definitively the 

best.  

Among the polymer-coppered membranes, the 5Cu/PVACS/1:1 one has the best FE for 

methane. 

Figure 8 shows the variations of CH4 reaction rate and FE with the Cu content. It is 

noticed that 5Cu/PVACS/1:1 is the best of the prepared membranes. 

 
Figure 8. Variation of reaction rate and FE with the Cu load and for the commercial membranes. 

4. CONCLUSIONS 
Novel AEMs were synthesised from the polymers CS and PVA and from Cu 

nanoparticles, and their performance in the electrorreduction of CO2 to produce CH4 

has been checked. As commercial AEMs have less conductivity than commercial CEMs, 

it was interesting to analyse a new kind of AEM and try to improve this property. The 

innovation is the introduction of Cu nanopowder with 60-80 nm particle size 
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embedded in the membrane structure. All the membranes showed very good 

mechanical resistance at loading below 10 wt% Cu; this fact indicates that the mixture 

of Cu with the CS and the PVA gives a viable structure for the membranes. Besides, the 

characterization of the membranes showed an improvement in IEC and conductivity. 

The water uptake was controlled by the polymer blend concentration and Cu loading. 

The thermal stability of the Cu-loaded membranes was similar to that of the pristine 

polymer blend. Comparing the IEC and the conductivity of FAA membrane with the 

5Cu/PVACS/1:1, the prepared membrane with better properties, we can observe this 

improvement: 0.264 mmol/g and 2.72 · 10-2 mS/cm for the prepared membrane; 0.045 

mmol/g and 1.59 ∙ 10-4 mS/cm for the commercial AEM one. We should also consider 

that our synthesised membranes are made of renewable and low-cost polymers 

instead of the expensive and toxic components of the commercial ones. 

Finally, when we used them in the electro-reduction process as ion exchangers and 

catalyst, we have not achieved a significant increase in productivity compared with the 

anion-exchange commercial membrane, but we have improved the energy efficiency, 

because these new membranes can work at the same current density as the Nafion 

one. However, the commercial CEM still provides better results in reaction rate and EF. 

Overall, these results encourage us to keep studying. 
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ANNEX 1 

CHARACTERIZATION TABLES 
 
Table A1.1. All the thickness measurements performed per each membrane, average and standard deviation 
(S.D.) 

Membrane 
Thickness 

values 
(mm) 

Average 
(mm) 

S.D. 
(mm) 

FAA 
0.181 

0.199 0.0197 0.22 
0.196 

Nafion 
0.183 

0.1837 0.0012 0.185 
0.183 

PVACS/1:1 
0.224 

0.19567 0.0313 0.162 
0.201 

PVACS/1:2 
0.111 

0.104 0.0070 0.097 
0.104 

1Cu/PVACS/1:1 
0.184 

0.187 0.0311 0.22 
0.158 

5Cu/PVACS/1:1 
0.175 

0.160 0.0243 0.173 
0.132 

5Cu/PVACS/1:3 
0.14 

0.125 0.0189 0.132 
0.104 

10Cu/PVACS/1:1 
0.0935 

0.090 0.0252 0.063 
0.113 

10Cu/PVACS/1:3 
0.166 

0.154 0.0157 0.136 
0.159 
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Table A1.2. All the IEC measurements performed, average and standard deviation (S.D.) 

Membrane Dry weight 
(g) 

Vol NaOH 
0.0111M 

(mL) 

IEC 
(mmol/g) 

Average 
(mmol/g) 

S.D. 
(mmol/g) 

 
FAA 

0.065 7.8 0.0342 
0.0446 0.0141  0.057 7.8 0.0389 

 0.183 7.0 0.0607 
 

Nafion 
0.107 4.1 0.4046 

0.4042 0.0016  0.104 4.2 0.4056 
 0.08 5.1 0.4024 
 

PVACS/1:1 
0.121 5.3 0.2477 

0.2363 0.0871  0.014 7.6 0.3171 
 0.077 7.0 0.1442 
 

PVACS/1:2 
0.063 6.2 0.3171 

0.2886 0.0766  0.016 7.5 0.3469 
 0.033 7.4 0.2018 
 

1Cu/PVACS/1:1 
0.031 7.6 0.1432 

0.1307 0.0358  0.014 7.8 0.1586 
 0.086 7.3 0.090 
 

5Cu/PVACS/1:1 
0.086 5.9 0.271 

0.2638 0.0184  0.02 7.5 0.278 
 0.032 7.3 0.243 
 

5Cu/PVACS/1:3 

0.069 6.9 0.177 

0.1505 0.0338 
 0.08 7.9 0.113 
 

0.037 8.2 0.162 Piece dissolved i   
acid 

10Cu/PVACS/1:1 
0.108 6.7 0.134 

0.1333 0.0057  0.102 7.5 0.127 
 0.072 7.8 0.139 
 

10Cu/PVACS/1:3 

0.03 7.5 0.185 

0.3805 0.2621 
 

0.054 4.7 0.678 Piece dissolved i   
acid 

0.133 5.1 0.278 
  

The marked values were titrated with a 0.01 M NaOH solution. 
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ANNEX 2 
CALIBRATE CURVES  

 
CH4 

 
Figure A2.1, Micro GC area vs v% CH4   Figure A2.2, Micro GC area vs ppmv CH4 

 

 
CO2 

 
Figure A2.3, Micro GC area vs v% CO2   Figure A2.4, Micro GC area vs ppmv CO2 
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H2 

 

Figure A2.5, Micro GC area vs v% H2   Figure A2.6, Micro GC area vs ppmv H2 

 
CO 
 

 
Figure A2.7, Micro GC area vs v% CO   Figure A2.8, Micro GC area vs ppmv CO 

 

In these curves the areas delivered by the micro GC are represented versus volume 

percentage and versus the concentration in PPMV of each gas: CO2, CH4, H2 and CO. 
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ANNEX 3 

CONCENTRATION AVERAGE PER EACH GAS AND EXPERIMENT 
 Fumatech 

Table A3.1, Results obtained using the Fumatech membrane 

 Experiment 1 Experiment 2  Experiment 1 Experiment 2 

%V CO2 67.27 65.59  

PPMV H2 1567.35 1507.03 mg/L H2 0.14 0.135 

PPMV CH4 19.60 16.80 mg/L CH4 0.014 0.012 

PPMV CO 98.50 87.87 mg/L CO 0.123 0.110 

 

 

 

 1%CU 1:1 

Table A3.2, Results obtained using the 1% Cu membrane 

 Experiment 1 Experiment 2  Experiment 1 Experiment 2 

%V CO2 97.73 101.44  

PPMV H2 4300.42 3258.23 mg/L H2 0.384 0.291 

PPMV CH4 19.50 7.32 mg/L CH4 0.0139 0.005 

PPMV CO 73.193 26.06 mg/L CO 0.091 0.032 
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 5% Cu 1:1 

 
Table A3.3, Results obtained using the 5% Cu membrane 

 Experiment 1 Experiment 2  Experiment 1 Experiment 2 

%V CO2 102.86 100.97  

PPMV H2 3930.06 3625.57 mg/L H2 0.351 0.324 

PPMV CH4 22.31 9.09 mg/L CH4 0.016 0.006 

PPMV CO 84.15 28.90 mg/L CO 0.105 0.036 

 
 
 
 
 
 

 10% Cu 1:1 
 
Table A3.4, Results obtained using the 5% Cu membrane 

 Experiment 1 Experiment 2  Experiment 1 Experiment 2 

%V CO2 106.07 -  

PPMV H2 3473.73 - mg/L H2 0.310 - 

PPMV CH4 14.281 - mg/L CH4 0.010 - 

PPMV CO 32.83 - mg/L CO 0.041 - 
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