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Abstract

Copper(I)oxide (Cu20) is known as catalyst towards electrochemical reducing of CO>
to methanol. This work aims on depositing CuO onto polypyrrole substrates and
furthermore investigate their ability to CO2 reduction.

For this purpose pyrrole was polymerised electrochemically and finalised by
electrodeposition of copper and copper(I)oxide.

The electrochemical investigations are proceeded in an H-cell using 0.5 M KHCO;3 as
electrolyte solution under nitrogen- and CO.-purged conditions. Determination of

reduction products is proceeded using liquid and gas injection gas chromatography.
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1. Introduction

Greenhouse effect is a well-known fact of today’s world. The most prominent example
for such greenhouse gas is carbon dioxide (COz). Nevertheless many more exist and
methane (CHy), nitrous oxide (N20), ozone (O3), water (H20) and hydrofluorocarbons
(HCFC) should also be mentioned.

Solomon et. al.lIstated that the amount of COz in the atmosphere has increased since the
beginning of industrialisation at 1750 until 2005 from 280 ppm to 379 ppm reaching up
to 400 ppm level of a monthly global average value as of March 2015.[2]

In this technical summary they also explain the consequences of this increasing amount
of greenhouse gases like increased temperature on earth due to reflection of radiation

and climate changes, which are not the aim of this work in greater detail.

For a scientific view on this topic the radiative efficiency of COz, CHs and N2O is
considered. When considering the effect over a period of 100 years, the radiative
efficiency of CHa is 25 fold the value of COzand N2O even has the 300 fold effect.[l]

Also taking water into account, Kiehl and Trenberthl®l state that water is contributing in
a greater part towards greenhouse effects than CO.. The exact values differ when

comparing a clear sky with cloudy conditions.

So why investigations for reducing the concentration of COz should be done? First of all
antropogenic COz is contributing to some part to the greenhouse effect. The main source
for this combustion are fossil fuels like oil, gas or coal which are known to be limited in
quantity. Therefore investigations towards carbon dioxide capture and sequestration

(CCS) and carbon dioxide capture and utilisation (CCU) are made.

Considering the very low overall amount of COz in atmosphere such strategies are more
straightforward when combined directly with combustion plants. CCS is an attempt to
reduce the CO; emission evolving from companies using combustion of fossil fuels via
compressing, liquefying and storing COz in, for example geological formations.

Examples for industries where high CO; emission is occurring are cement industries and



refineries.[’] Combination of CCS with CCU, which aims at generating fuels out of COz
is the final task in this topic.[? For this reason catalysts for reducing CO; are needed.

A couple of CCS with CCU supplying sufficient efficiency for reducing CO: to a fuel
would not only reduce the emission of greenhouse gases but could furthermore reduce

the dependency on fossil fuels.

2. Theoretical background

2.1 COz Reduction
As explained before, the aim of carbon dioxide utilisation is to generate fuels out of COs..

Various possible reaction products exist, whose redox potentials are summed up in

table 1.

Table 1: Thermodynamic redox potentials (formal) of some CO, reduction products (vs. NHE, at pH =7)®l

CO,+ e~ - CO,” E”=-1.90V

2C0,+ e > CO+ CO4* E” =-0.65V
CO,+2H"+2e~ - HCOOH E” =061V
CO,+2H*+2e” - CO+ H,0 E°'=-053V
CO,+4H*+4e~ - HCHO + H,0 E°'=-048V
CO,+6H"+6e~ —» CH;0H + H,0 E°'=-038V
CO,+8H"+8e~ - CH,+ 2 H,0 E°'=-024V

It can be clearly seen that the insertion of the first electron into CO2 shows the highest
energy barrier of -1.90 V. This can be explained by the fact that upon taking up one
electron the linear geometry has to be changed to a bent one containing an O-C-O angle
of 133°.71 A scheme of this reaction is shown in figure 1.
te T
o—c=—o0 O/C\O

Figure 1: Scheme of a one electron CO; reduction

Following table 1, the reduction potentials for multi-election reductions are much lower.
Nevertheless, the table only states the equilibrium potentials and not the reals ones. Due

to overpotentials on real electrodes the reduction potentials can be significantly higher.



In literature, the various mechanisms for reducing CO: to more energetically rich
compounds are classified into the following three types: photochemical, electrochemical
and the combination of those, photo-electrochemical reduction.

This thesis differs from the reducing materials from the previous research topic of the
institute, reviewed from E. Portenkirchner et. al.l’] They used rhenium and rhodium
complexes for photo- and electrochemical reduction. In my case polymer films with

deposited copper compounds as islands for electrochemical reduction are investigated.

2.2 Polypvyrrole

Polypyrrole is assigned to the class of conducting polymers, which is a result of
conjugated 11 system.[8 Although the pioneers on this field and furthermore Nobel Prize
laureates, H. Shirakawa, A. G. MacDiarmid and A. J. Heeger reported the general
properties of conjugated polymers in 1977, polypyrrole has a quite longer history.[°]

In 1888 for the first time the oxidative polymerization of pyrrole was reported.[1% Since
1937 structural researches were as far to report that pyrrole units are linked via the a

positions.

Ir=

Figure 2: Scheme of pyrrole with a/f position

The result of polymerisation of pyrrole is a black substance which is insoluble in water.



2.2.1 Synthesis

For polypyrrole two general ways of syntheses are reported. In the first case, the
chemical way, oxidative polymerization can be employed.[8! For this route mainly FeCls
or other salts of iron or copper are used. Varying the solvent, reaction time and
temperature and the monomer to oxidising agent has a great influence on the
conductivity of the resulting polymer.

On the other hand polypyrrole films on metal electrodes can be achieved by
electrochemical polymerization. Advantages of this method are that the mass and the
thickness of the film can be regulated. The first one who reported this type of polypyrrole
was Dall’Olio in 1968.[81 They received a powder deposited on an electrode whereas Diaz

et. al. in 1979 got a flexible film with improved conductivity.[11]

2.2.2 Properties

Independent of the synthetic route, polypyrrole exists in an oxidized or p-type state.[8!
This results is observed as oxidation of pyrrole for the polymerisation and oxidation of
just-built polypyrrole are competitive reactions which results in an incorporation of

counter ions up to an ratio of pyrrole to counter ions of approximately 4:1.[81{11]

Figure 3: Scheme of an oxidised polypyrrole partls]

In figure 3 the A- is standing for such a counter ion or so-called dopant. The exact level of
oxidation can be modified by varying the relation between the reactants. In case of
chemical polymerisation with FeCls, the FeCls is not only the oxidising agent for the

polymerisation but also dopant as [FeCl4]-.[10]

The final goal would be a flexible substrate for COz reduction. As polypyrrole is a p-type
semiconductor it is in general not the first choice for a substrate because CO; reduction

as a reductive process would be better supported by an n-type substrate.[?l The reason
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for this is that p-type semiconductors are hole conducting while n-type semiconductors
are electron conducting, which are needed for a reduction process.[13]

However Cosnier, Deronzier and Moutet described polypyrrole immobilised on
platinum as substrate for rhenium compounds towards CO:z reduction and even
reported a greater stability of the catalyst on the polypyrrole substrate.[14]

In 2004 Koleli and Aydin['® reported the reduction of CO; to methanol using a

polypyrrole coating on platinum as electrode. In their case high pressure was applied.
So in this work the attempt is made to synthesise a flexible free standing film of

polypyrrole. Step by step depositions onto this substrates are performed and

electrochemical studies under ambient atmospheric pressure performed.

2.3 CO> reduction on CuxO surfaces

The task of this thesis is to transfer the concept of reducing COz to methanol (CH3OH) at
Cu0 surfaces by Flake et. al.[1] to a flexible substrate of polypyrrole. Cu(l) species are
known for their catalytic activity towards several electrochemical reactions.

Flake et. al. assume that Cu20 shows tendency towards selective reduction to methanol
by two facts. They based their opinion on the work of Fresell7l.

Already the first step, adsorption of CO,, shows one advantage of Cu(l) species.
Following Frese, on Cu20 surfaces this process is followed by the dissociation into COaq
and Oag, similar to chemisorption. Due to the strong affinity of copper towards oxygen,

Frese suggests that the adsorbed O is getting absorbed by the matrix.

In aqueous solutions, the adsorbed CO is getting hydrated via adsorbed hydrogen on

the surface. The adsorbed hydrogen atoms are produced by the reduction of water:
HyO0qy+ e~ = OH™ (qq) + Higay 17

Those Hag are supposed to reduce the COad over formyl (HCOa.q) to finally methoxy

(H3COad). This proposed mechanism is also consistent to the reduction of CO with Hz on

copper surfaces described by Yang et. al..[18]



The second advantage of Cu(I) species is that Flake et. al. suggest that the adsorbed

intermediate products are stabilised because of a high heat of adsorption.1°]

H,0
K +2 Hiqq)
Otaa)
+ H{ad} + H[ad) + H{ad)
COE(Q} i— Cofad) &—A HCO[ad) L‘ HZCO[ad} L—A Hglfﬂ[ad)
Formyl Formaldehyde Methoxy

Figure 4: Schematic process of CO; reduction until methoxy intermediate

Based on descriptions of Fresell”l and Yang et. al.[18] the schematic, stepwise reduction of
COzis presented in figure 4. Taking the reduction of water to Haq into account, the overall

process has consumed 5 electrons up to the methoxy.

Figure 5: Scheme of methanol release from Cu20O surfacel’!

Figure 5 shows the proposed last step on a Cu20 surface - the release of methanol. By
turther addition of Hag to the methoxy on the carbon atom, also methane (CHs) could be
released. Flake et. al. suggest that the release of methanol on Cu2O surfaces is

energetically favoured.[16]



2.4 Copper deposition

As Flake et. al.l¢l describe the deposition on copper surfaces, also for the polypyrrole
substrates comparable conditions are preferred. For this reason on top of the polypyrrole
tirst a layer of metallic copper is deposited. Onto this copper layer then Cu20O is deposited
according to Flake et. al..

The copper deposition procedure is done related to the work of Grujicic and Pesic[l®l. A

tilm only with deposited copper is also electrochemically characterised.

For deposition a 0.1 M CuClz solution with a pH of 3.4 is prepared. Attention has to be
paid to the special Cu/CuSOs reference electrode used in literaturel’®], which shows a
potential vs. SHE of +0.3 V. As in my systems an Ag/AgCl/3M NaCl with a potential of
+0.210 V is used this difference has to be considered.

Following the pourbaix diagram of copper species in figure 5 the correct potential for

copper deposition in the pH range of the solution is determined.
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Figure 6: Pourbaix diagram of copper!*’]

For the deposition a three electrode system, like for the CuxO deposition, is used. -550 mV
vs. Ag/AgCl/3M NaCl are applied for 30 minutes. Although this is in a more negative
area than showed in the diagram (-0.410 V vs. Ag/ AgCl/3M NaCl), some over potential

resulting from the electrode is expected.



3. Experimental Section

Cyclic voltammetry was employed throughout this study to characterise the
electrochemical behaviour of the materials. For this method a setup containing a three
electrode system is used. One is the working electrode (IWE) covered or made out of the
material to be analysed. Platinum or graphite rod was used as the counter electrode (CE)
whereas the reference electrode (RE) was chosen as Ag/AgCl/3M NaCl which has a
defined potential of 0.210 V vs. NHE.

Unless stated otherwise, when water is mentioned, purified water in a grade of Milli-Q
or MQ, which corresponds to resistivity of 18 MQ is meant. In all the experiments a
comparison between cyclic voltammograms (CV) of N2 and CO; purged solutions are
made. The electrolyte solution is preliminarily purged with nitrogen for 30 minutes. All
experiments recorded under purged COz conditions are performed in a way that before
measuring the electrolyte solution is purged with COxz for 15 minutes.

In all experiments a 0.5 M KHCO; solution with a pH value of 8.6 is used as electrolyte
solution.

Unless stated otherwise all CV measurements are recorded under the following

conditions:

Start Potential: 0mV
1. Return Potential: -1500 mV
2. Return Potential: 0 mV
Polarization Speed: 10 mV/s
Cycles: 2

For analysing headspace gas, a Thermo Scientific Trace GC Ultra containing a helium and
a nitrogen channel with a thermal conductivity detector (TCD) is used.
For analysing electrolyte solutions, a Thermo Scientific Trace 1310 Gas Chromatograph for

liquid injection with flame ionisation detector (FID) is used.

Unless stated otherwise the faradaic efficiency is calculated for all electrolyses after 1h

including all detected products.



3.1 Copper plate with deposited Cu2O

The first task is to prove the concept stated by Flake et. al.[1°l concerning the reduction of

COz to methanol. Their experiment is repeated in the same way as described.

A copper wire is fixed to a copper plate in a size of 0.7 x 2.5 cm. This plate is fixed in the
plastic frame for reasons of stability.

The first step is the preparation of a solution with roughly comparable concentrations of
0.4 M Cu?* species and 3 M lactate at a pH = 9. For this reason a 3 M lactate solution is
prepared by dissolving 30.0289 g of a ~90% lactic acid solution in 60 mL of a 5 M NaOH
solution in a 100 mL volumetric flask. Afterwards the flask is filled up with water and a
pH value of approximately 5.5 is obtained. By adding drops of 5 M NaOH solution the
pH is adjusted to 9.0.

4.6511 g of Cu(NOs)2 * 2.5 H20 are filled up in a 50 mL volumetric flask with the ~3 M
lactate solution which results in a pH of roughly 6. Also in this case the pH is adjusted
to 9 by adding 5 M NaOH.

Due to this pH adjustments it is obvious that the concentrations are lower - but this error

is negligible because the solution is only used for deposition.

Proceeding the deposition a three electrode system containing a platinum wire as CE, an

Ag/AgCl/3M NaCl as RE and the PPy as WE is used.

In a water bath, the cell is firstly thermostatted to 60°C for 15 minutes. Afterwards
+600 mV are applied at this temperature for 30 min. During the deposition, the liquid
turns green and directly after this deposition a green coverage is visible but after rinsing

with water the typical orange Cu20 deposition is observed.



IR e =N ¢ \ P "," ! “;""..r y
Figure 7: Copper plate before deposition, directly after and after rinsing

For electrochemical characterization, this plate is installed in an H-Cell using 0.5 M
KHCO:s solution as electrolyte.

WE ... Cu/Cu0O

RE ... Ag/AgCl/3M NaCl

CE ... platinum plate

When purging the cell at first the Cuz0O is quite resistant. Only during CV measurements
the orange layer turns darker and fell off after measuring cycles under nitrogen purged
conditions.

This can be used as explanation why the cycle under CO; shows a slightly more positive

current than the one under nitrogen in figure 8.

— Cu-plate/Cu,O - N, purged
24 —— Cu-plate/Cu,O - CO, purged

(N,

Current / mA

-6 X | & 1 T T L — T T
-1600 -1400 -1200 -1000 -800 -600 -400 -200 0
Voltage / mV vs. Ag/AgCI/3M NaCl

Figure 8: CV comparison of Cu/CuO
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On the platinum CE and on the WE bubble evolution is observed. After the CV
characterisation a 5 hours electrolysis is started at a potential of -1500 mV. Before starting
this experiment, after 1 hour, after 5 hours and finally after 20h samples of electrolyte
solution and the headspace are taken and analysed via GC. Before and after 20h the
headspace is analysed in the nitrogen channel of the GC for hydrogen evolution. In this
session samples are only taken from the WE side.

The analysis of the headspace revealed a constantly increasing amount of CO until 5
hours - which vanishes until 20 hours, seen in figure 9. After 1 hour the peak corresponds
to an amount of 2.2 pL, after 5h to an amount of 9.4 pL and finally after 20h no CO can

be detected any more.

Cu/Cu,O - before electrolysis
3000 - Cu/Cu,0 - after 1h electrolysis
Cu/Cu,0 - after 5h electrolysis
Cu/Cu,0O - after 20h electrolysis

2950

2900

2850

2800

instrument response / mV

2750

2700 T T T T T
100 102 104 106 108 11.0 112 114

time / min

Figure 9: Comparison of the gas-GC (He channel) chromatograms during electrolysis

Considering the chromatogram of the nitrogen channel before the electrolysis a large
amount of CO; is detected and some traces of oxygen.

After 20h no CO; can be detected any more whereas 51.2 pL of H> can be observed.
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Figure 10: Comparison of the gas-GC (N2 channel) chromatograms during electrolysis

Analysing the chromatograms of the liquid injection GC does not deliver as precise
results as the gas GC. Very small peaks of methanol exist, as can be seen in figure 11, but

as the signal to noise ratio is very low the amount of produced methanol is negligible.

2.03 MeOH Before
4.0+ - After 1h
After 5h
3.8

— After 20h

< 36+ g I

i

Q3.4+

(2]

C

9 324

8

= 304

E

g 28-

=

- QGA\,\’\/-

£
2.4 4 i T
2.2
2.0 T T X T T T T T r 1

1.6 1.8 2.0 22 24 26
time / min

Figure 11: Comparison of the liquid GC during electrolysis

Although Flake et. al.'%l stated a reduction of COz to methanol in this experiment no
methanol amounts as reported are found. Interestingly enough Flake et. al. only reported
a minor amount of CO whereas in my case detectable amounts were clearly observed.

The overall faradaic efficiency was calculated to be 1.5%.
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3.2 Polypyrrole on glassy carbon

Before using the glassy carbon rod as working electrode, it is cleaned electrochemically
by cyclic voltammetry in the ranges -500 mV to 500 mV for 20 cycles in 0.5 M H2SOs4.

Starting with the reference experiment, just the cleaned glassy carbon is used in 0.5 M

KHCO:; as electrolyte solution.

Selected electrodes:

WE ... glassy carbon rod
RE ... Ag/AgCl/3M NaCl
CE ... platinum plate

Under the usual settings CV is measured followed by a 20h electrolysis at -1500 mV.

Blank glassy carbon - N, purged
Blank glassy carbon - CO, purged

0.04

-0.5 4

Current / mA

-2.04

T T T T T T T T
-1600 -1400 -1200 -1000 -800 -600 -400 -200 0

Voltage / mV vs. Ag/AgCI/3M NaCl

Figure 12: CV comparison of blank glassy carbon

During the experiment, before, after 1h and finally after 20h liquid and gaseous samples

only from the WE side are taken and analysed:
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] ]
2 2740 2
264
2730
2.4 4
2720 T T T T T T T T T ] T 1
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time / min time / min

Figure 13: Gas and liquid GC analysis of blank glassy carbon

Not in the gas analysis (left side) CO nor in the liquid analysis (right side) methanol is
detected. From this results a catalytic activity of glassy carbon towards CO2 reduction

can be excluded.

For the electrochemical polymerisation of pyrrole onto the glassy carbon electrode, a

one-compartment cell is used (figure 14):

Figure 14: One-compartment cell for polymerisation

This cell is filled with 20 mL of a 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF¢) solution in acetonitrile. 250 pL of pyrrole are added which results in a
concentration of 0.18 M according to Diaz et. al.[7l. Before starting the polymerisation

the cell is purged with nitrogen for 45 minutes.
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Potentiostat settings:

Start Potential: 0mV
1. Return Potential: -900 mV
2. Return Potential: 900 mV
Polarization Speed: 100 mV/s
Cycles: 20
—— Polymerisation of pyrrole
0.5~ — 1% cycle
—— last cycle

0.4

0.3 1

0.2 1

Current / mA

0.1

0.0

-0.1 1

-0.2

T 1! T T T T T T T T T
-1000 -800 -600 -400 -200 O 200 400 600 800 1000

Voltage / mV vs. Ag/AgCI

Figure 15: Polymerisation of pyrrole

Afterwards copper deposition according to page 7 followed by CuO deposition

according to page 9 which results in a robust-looking Cu20O layer:

Figure 16: Glassy Carbon/PPy/Cu/Cu0O

This electrode is implemented as WE in an H-Cell which is filled with 0.5 M KHCOs as

electrolyte solution.
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Selected electrodes:
WE ... Glassy Carbon/PPy/Cu/CuxO
RE ... Ag/AgCl/3M NaCl

CE ... platinum plate

Then the usual N2/COz purging and CV measurement treatment followed by a 20h

electrolysis at -1500 mV is done resulting in the following I-V-curves:

Glassy Carbon/PPy/Cu/Cu,O- N, purged
—— Glassy Carbon/PPy/Cu/Cu,0 - CO, purged
0.5+
0.0
< 051
S
= 101
c
L
5 -1.5-
o
-2.0 1
-2.5 1
-3.04
x LI T E T T T g LI T J T X T
-1600 -1400 -1200 -1000 -800 -600 -400  -200 0
Voltage / mV vs. Ag/AgCI/3M NaCl

Figure 17: CV comparison 1 of the glassy carbon/PPy/ Cu/CuxO

During the experiment samples of the electrolyte solution and the headspace of the WE
side are taken and analysed before, after 1h and finally after 20h. The liquid samples
before injecting are diluted 1:4 to minimise errors occurring from changing the volume

of the electrolyte solution.

—— WE - Before —— WE - Before
2900 4 ———WE - After 1h 4.0 ——WE - After 1h
—— WE - After 20h —— WE - After 20h
- 3.9
<
E 2850 & 15
3 ™\ % ’
s f \ =
o (=}
(=% Q
8 8
= 2800 A =
E C
[ [
E 2750 g
3.4 4
2700 - - - 33 1

T T T T T T T T
10.0 10.2 10.4 10.6 10.8 11.0 1.2 1.4 1.90 1.95 2.00 2,05 2.10 215
time / min time / min

Figure 18: Gas and liquid GC analysis of Glassy Carbon/PPy/Cu/Cu20O at -1500 mV
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Deriving from the data from gas GC (left side) after 1Th an amount of 4.8 pL CO is
produced while after 20h an amount of 3.8 pL CO is produced. An untight H-Cell can
also in this case be taken as reason for the decrease in the CO amount.

Deriving from the average values of the data from liquid GC (right side) after 1h an
amount of 1.11 mg/L methanol is produced while after 20h an amount of 3.44 mg/L

methanol is produced.

The overall faradaic efficiency was calculated to be 6.3 %.

As a final step for this experiment series a freshly prepared electrode as described before
is prepared and an electrolysis at -1200 mV for 20h is proceeded. For making the cell

more tight not only para film is used for isolating but also aluminium foil.

Selected electrodes:
WE ... Glassy Carbon/PPy/Cu/Cu0O
RE ... Ag/AgCl/3M NaCl

CE ... platinum plate

The usual N2/COz purging and CV measurement treatment followed is done resulting

in the following I-V-curves:

Glassy Carbon/PPy/Cu/Cu,O - N, purged
Glassy Carbon/PPy/Cu/Cu,0O - CO, purged

Current / mA

-10 4

-15 4

4200 1000 800  -600 400  -200 0
Voltage / mV vs. Ag/AgCl/3M NacCl

Figure 19: CV comparison 2 of the glassy carbon/PPy/ Cu/CuO
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Although the curves have a less smooth shape, the general shape is comparable to figure

17. Interestingly, more negative current values are reached than before.

For 20h electrolysis at -1200 mV is proceeded and monitored by liquid and gas GC.

Samples are taken from the WE chamber before starting the electrolysis, after 1h and

after 20h.

3200 ~
3100 4
3000

2900

instrument response / mV

2800

Before

— After 1h

After 20h

2700 .

T T T
10.0 10.2 10.4 10.6 10.8
time / min

T
11.0

T
1.2

instrument response / pA

424
4.0
3.8 1
3.6
344
324
3.04

284

244

Before
—— After 1h
After 20h

26 s T

T T T T
1.90 1.95 2.00 2.05 2.10 215
time / min

Figure 20: Gas and liquid GC analysis of Glassy Carbon/PPy/Cu/Cu2O at -1200 mV

After 1Th a CO amount (left chromatogram) of 5.6 uL can be detected and after 20h

16.0 pL. Following the liquid GC chromatogram (right side) after 1h a methanol

concentration of 1.20 mg/L is detected and after 20h one of 3.06 mg/L.

Applying the less negative potential of -1200 mV slightly increased the overall faradaic

efficiency to 7.1 %.
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3.3 Polypyrrole Film

3.3.1 Preparation of the polypyrrole film
To purify the pyrrole immediately before using, a vacuum distillation is performed.
Approximately 250 mL are heated in a 500 mL round bottom flask under reduced

pressure up to 92 °C. The setup is shown in Figure 21:

Figure 21: Distillation setup

For the preparation of the free standing, flexible PPy film an electro-polymerisation
method in style of Yilmaz et. al.[?0l was used. The reaction is operated in a ceramic pot.
A stainless steel plate (10 x 11 cm) is used as anode whereas a stainless steel grid (14.4 x
14.4 cm) is used as cathode. The grid is placed on standing feet above the steel plate. In
this pot, 900 mL of a 0.1 M para-toluolsulfonic acid (PTSA) are filled in and purged with
nitrogen for one hour. Then exactly 10 mL of freshly distilled pyrrole are added, which

results in a concentration of 0.17 M and homogenized with nitrogen bubbles.
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Figure 22: Setup for electro-polymerization

Galvanostatic polymerisation was employed with a current density of 2 mA cm? are
applied for 17 hours.

After some minutes a black film is observed on the plate, which grows overnight.

Figure 23: Black PPy film

This film is peeled off of the plate, rinsed with water and stored in a vessel with water

inside for preventing it from drying out.
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3.3.2 Characterization of the polypyrrole film

A piece of the film with dimensions of approximately 1 x 3 cm is put into a small plastic

frame with aluminium foil (figure 24).

Figure 24: PPy film in the frame

Selected electrodes:
WE ... PPy film
RE ... Ag/AgCl/3M NaCl

CE ... platinum plate

For this characterisation again an H-Cell is used. Each chamber is filled with
approximately 20 mL of 0.5 M KHCO:s electrolyte solution and they are simultaneously
purged with nitrogen. Then afterwards the usual N2/ CO; purging and CV measurement

treatment is continued resulting in the following I-V-curves:

—— PPy film - N, purged
—— PPy film - CO, purged

10

Current / mA

-10 4

T T T T T T T T T 1
-1600 -1400 -1200 -1000 -800 -600 -400 -200 0 200

Voltage / mV vs. Ag/AgCI/3M NaCl

Figure 25: CV-Comparison of the PPy film

Like in case of the glassy carbon substrate, the two curves under N2 and CO2 show nearly

the same behaviour. Interestingly, in both cases a “belly” at around -1000 mV is

occurring.
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Nevertheless afterwards an electrolysis at -1500 mV is proceeded for 22h monitored by
liquid GC. Before the electrolysis, after 1h and after 22h samples are taken and analysed

towards methanol.
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Figure 26: Liquid GC during 22h electrolysis

Beside some baseline fluctuation no peak resulting from methanol can be found.

Beside the study of the pure free standing PPy film, also PPy/Cu and PPy/Cu0 films
are studied. Like in the case of just PPy no clear reductive peak resulting from the
influence of COz in the electrolyte solution is visible. Electrolysis was performed at
-1500 mV.

Furthermore in no case methanol or CO was observed in the WE chamber.

When metallic copper is deposited onto a PPy film and afterwards the film is exposed to

air for one hour, the colour of the copper changes to green.

22



Figure 27: Left, Middle: PPy film directly after deposition. Right: after 1 hour

This can be explained by formation of a so-called copper patina. A picture from an optical

microscope with 10 fold magnification is taken of this patina.

Figure 28: Copper patina on a PPy film
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3.3.3 Characterization of PPy/Cu/Cu2O

The final goal is now to first deposit metallic copper and on top deposit CuzO. Starting
point is the deposition of metallic copper as described in chapter 2.4. Afterwards the film
is shortly rinsed with water followed by the treatment for Cu20 deposition explained in
chapter 3.1.

After those two treatments a capable layer of orange Cu20O is visible:

Figure 29: PPy/Cu/Cu0
This Cu/Cu20 layer is very brittle and prone to delaminate upon rinsing with water.
When installing this film in a small H-Cell it turns out that the layer is also frail towards
purging the cell. Due to this reasons the bubbling rates while purging on the WE side

have to be decreased to a low level.

Selected electrodes:
WE ... PPy film/Cu/Cu20
RE ... Ag/AgCl/3M NaCl

CE ... platinum plate

Again 0.5 M KHCO:s solution is used as electrolyte solution and an H-Cell seen in figure

30 is used.
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(s

Figure 30: H-Cell setup with PPy/Cu/CuO film inside

The usual N2/ CO; purging and CV measurement treatment is proceeded.
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Figure 31: CV comparison of the PPy/Cu/Cu,0O film

Also in this case, a similar behaviour like in the case of pure PPy (figure 25) is observed.

After measuring the cyclic voltammograms a 20 hour electrolysis at -1500 mV is

performed. During this measurement the liquid of the WE chamber is analysed via liquid

injection GC after 20h of electrolysis. The headspace is analysed in the helium channel

before, after 1h and finally after 20h.
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Figure 32: Gas and liquid GC analysis of PPy/Cu/Cu20O at -1500 mV
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Following the results of figure 32, the slightly shifted methanol peak can be correlated to
an amount of 0.79 mg/L.

After 1Th an amount of 0.6 pL. CO and after 20h an amount of 0.3 pL. CO is observed. This
decrease in amount from 1 to 20 hours can be explained in a way that the cell is not
completely tight and CO is diffusing to the outside. The faradaic efficiency was

calculated to be <1% for the whole process.

In another experiment an electrolysis at the “belly”, -1000 mV, was performed for 20h.
Before, after 1h and finally after 20h samples of the headspace and the liquid are taken

and analysed. In this case, the headspace was also analysed towards Ho in the nitrogen

channel.
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Figure 33: Gas GC analysis of PPy/Cu/Cu20 at -1000 mV (left: He channel / right: N> channel)

Over the electrolysis time the CO2 amount is decreasing, most likely diffusing out. After

1h, 0.1 uL of H> were detected and after 20h 5.7 pL. H». In no case MeOH was observed.
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Figure 34: Liquid GC analysis of PPy/Cu/Cu.O at -1000 mV
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4. Comparison of results

In table 2 the results of methanol and CO in the WE chambers under different electrode

conditions are compared.

Table 2: Comparison of the results

Electrode Electrolysis duration | CO | MeOH | Faradaic
/ h / uL | / mg L1 | efficiency
1 2.2 0
Cu0 on copper plate 5 9.4 0 1.5 %
20 0 0
Glassy Carbon/ PPy/Cu/CuO 1 4.8 1.11 63 %
(at-1500 mV) 20 3.8 4.88 ]
Glassy Carbon/ PPy/Cu/CuO 1 5.4 1.20 719%
(at-1200 mV) 20 16.0 3.06 '
1 0.6 0 0
PPy/Cu/CuO 20 03 079 <1 %

The repetition of the experiment stated by Flake et. al.['%l (chapter 3.1) showed that CO2
was reduced - but only to CO and no traces of methanol were found. In this experiment
the amount of CO increased nearly linearly until 5 hours and vanished after 20h.
Furthermore the faradaic efficiency was very low.

Trying the same conditions on PPy-glassy carbon show a different picture (Chapter 3.2).
At -1500 mV, after 1 and 20h a comparable concentration of CO was detected. The
amount of methanol increased over the whole experiment. At -1200 mV the CO and the
MeOH amount increased during the whole electrolysis time. Comparing just the
absolute values, more CO was produced but less MeOH comparing the values to the
electrolysis at -1500 mV.

Concerning the faradaic efficiencies, reducing the potential from -1500 mV to -1200 mV
achieved a slightly higher efficiency.

In figure 35 the gas chromatograms (He channel) and the liquid chromatograms of the

two different electrolysis potentials of Glassy Carbon/ PPy/Cu/Cu20O are compared:
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Figure 35: Gas and liquid GC comparison of PPy/Cu/Cu0O at -1500 mV vs. -1200 mV

behaviour like in the case of PPy on glassy carbon. After 1h a higher CO level is reached
than after 20h. After 20h an amount of 0.79 mg/L MeOH is detected.
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5. Conclusion

As polypyrrole alone does not show a catalytic activity, a combination of Cu2O and Cu
is needed for reducing COs.

The first peculiarity is that, if at all, only traces of methanol are produced. It has to be
stated that in this work electrolysis times reached 20h whereas Flake et. al.['®] stated
reaction times of 10 to 30 minutes and that only traces of CO were found. They described
a maximum faradaic efficiency of 38 % whereas I could only reach 7 %. However Fresell’]
described electrolysis times of 1 to 5 hours.

In my case small amounts of CO were produced and only traces of methanol. As could
be seen by the experiment at -1200 mV at glassy carbon/PPy/Cu/Cu20, using this less
negative potential favours the CO evolution. On the other hand the methanol production
was decreasing.

A suggestion for this reason is that in my case the adsorption of CO:x is only followed by
dissociation and desorption, following the “upper” way in figure 4. One reason for this
short lifetime of the adsorbed state could be the heavy hydrogen evolution which is

pulling the adsorbed CO molecules with them.

The greatest problem when working with the depositions on PPy is hydrogen evolution.
All the reductive peaks occurring at -1500 mV are caused by water splitting. H> evolution
is not only a competitive reaction - the evolving hydrogen bubbles also damage the
depositions and lead them to fall off in nearly every case. If also reduction products are

observed working at less negative potentials is recommendable.

One problem using a free standing PPy film might be conductivity. When deposited on
glassy carbon, the micrometre thickness will not hinder the charge transport.

If the whole electrode is made of PPy one major problem might occur. As PPy is
synthesised in the oxidised, conductive form it can be reduced to the neutral form at
negative potentials. As a matter of fact, the neutral form shows significant lower electric
conductivity which is handicapping reduction processes of COx.

The shape of the CV’s of just PPy and PPy/Cu/Cu20 in figures 25 and 31 differs from

the ones using glassy carbon or the copper plate as substrate as a “belly” is occurring.
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John and Wallacel?!l studied the reduction and oxidation of polypyrrole and observed a

quite similar shape for the reduction of oxidised PPy to the neutral form at - 800 mV.

B(ox)

2 7 A(ox)

B(red)
A{red)

- 6 T T | | T T 1
-.1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
E/V(vs,S.C.E.)

Figure 36: Reduction and oxidation of PPy!?!]

This can be seen as a proof that during reductive treatment of the PPy film the current

flowing can be more dedicated to reducing the film than to reducing CO..

A solution to this problem would be the use of an n-type semiconductor instead of a p-
type. N-type semiconductors are capable of transporting electrons which are necessary
for reduction processes and would stay in their conductive, reduced form over the

treatment.

P-type semiconductors are the better choice for the opposite reaction type - for example
water oxidation. In this case, a hole transporting layer is needed under oxidising

environment.
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