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INVESTIGATION OF THE ELECTROCHEMICAL CO2 REDUCTION
MECHANISM ON TIN ELECTRODES

SUMMARY

In today’s world, one of the biggest concern is climate change. Even though fossil
fuels are started to replaced by renewable energy sources in recent years, this solution
turned out to be not sufficient to decrease the accumulated CO- in the atmosphere
Increased human population and energy demand escalated the rate of CO, emission
with a higher rate than environmentally friendly energy sources.

The released CO> gas to the atmosphere by human activities is the main factor causing
climate change. The increased amount of CO; in the atmosphere causes a greenhouse
effect that led to an increment in temperature. Thus, the studies concentrate on the CO>
conversion and storage methods to get rid of the excess CO: in the atmosphere.

The conversion of COz is not only useful to eliminate the CO> gas in the atmosphere
but also the products of this conversion is used as a raw material to produce valuable
materials. There are various methods for the conversion of CO> such as chemical,
thermochemical, electrochemical, biochemical, photochemical, and etc. Among these
methods electrochemical CO> reduction method has numerous advantages such as no
need for heating or pressure, harmless reactants, the possibility to have a carbon-
neutral chemical production by supplying energy from renewable energy sources, and
convenience to scale-up.

Electrochemical CO> reduction is a method in which a CO; is reduced on an electrode
surface acts as a catalyst. The typical setup for this process involves a cell divided by
a proton exchange membrane. The counter electrode and working electrode are located
on different sides of the cell. While CO: is reduced to various chemicals by taking
electrons and H*, besides the hydrogen evolution reaction on the working electrode;
water-splitting reaction occurs on the counter electrode. There are many products that
can be produced by electrochemical CO> reduction and their formation potentials are
close to each other. In addition, CO> is a highly stable molecule due to its linear
molecular structures. These two conditions make the use of a catalyst inevitable. The
metal catalysts capable of reducing CO: are grouped according to their selectivity to
specific products. These metals and the products selectively formed on them are Pb,
Hg, TI, In, Sn, Bi, Cd — formate, Au, Ag, Zn, Pd, Ga — CO, Cu — alcohols and
hydrocarbons. The optimal binding energy between the catalyst surface and the key
intermediate to produce a certain product led to high selectivity.

The aim of this study is to produce selectively formate because of its high energy
density and economical value, and its nontoxic nature. Among the metals that are
selectively produced formate Sn stands out because of its relatively low price, high
availability, innocuousness, and most importantly high selectivity towards formate.
Even there are numerous studies published regarding design highly selective Sn-based
catalyst to produce formate, a few of them discourse the mechanism providing the high
selectivity. However, to design a highly selective and efficient catalyst, one should
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understand the factors favoring formate production. Thus, understanding the
mechanism will be a breakthrough in electrochemical CO> reduction.

In this study, the mechanism of electrochemical CO- reduction to formate on the Sn
electrode is investigated. At first, the reliable setup was built-up to have replicable and
trustworthy results. To achieve the reproducibility, adjustment of the position of the
reference electrode and the working electrode with respect to the membrane,
stabilization of temperature, the distance between the counter and working electrode,
and anode area were done. The working electrode was masked to have an area of 4
cm?. However, the results were not reproducible. Following this, the annealing at 150,
180, and 200°C and anode area studies were done. As a result, the annealing has no
significant effect on faradaic efficiency in this study. The faradaic efficiencies obtained
on 4 cm? were not reproducible, but when the electrode area was decreased to 2 cm?
results were reproducible. The increased counter electrode to working electrode area
ratio and the more similar sizes of the electrode and membrane, ease the charge transfer
and resulted in uniform charge distribution.

Once the reliable setup is achieved, a cyclic voltammetry analysis was done on the
pure Sn electrode in CO> saturated 0.1 M KHCO3 electrolyte with pH 6.8. As a result,
the reduction peak of tin oxide appeared at 1.0 V vs. Ag/AgCl, and in the literature,
the electrochemical CO> reduction experiments were done at more cathodic potentials.
However, there are many studies indicating that the oxide layer on the tin surface is
the key factor governing the high selectivity for formate. To clear up this contradiction,
the longtime electrochemical CO> reduction experiment was designed to understand
the effect of tin oxide on selectivity towards formate. In this experiment, the formate
production rates are detected for every ten minutes. The results revealed that in the
first ten minutes the produced formate amount was almost 4 times higher than the
remaining time intervals. This could be concluded as after the initial reduction of tin
oxide the formate production rate decreased dramatically.

Thereafter, 6 different polarization experiments were conducted on pure Sn electrodes
to have a better understanding of the relationship between the tin oxide and CO>
reduction reaction.

In the beginning, the pure Sn electrodes were polarized from open circuit potential to
-2 V vs. Ag/AgCI repeatedly until the polarization curves no longer changed. Firstly,
this process was done in Ar saturated 0.1 M KHCO3 electrolyte with pH 8.5. The
resulting curve preserved its oxide peak, however, it was slightly reduced. When the
experiment was repeated in CO> saturated 0.1 M KHCOs with pH 6.8, the oxide was
greatly reduced. This contrast between two experiments might be originating from the
differences in CO> presence or pH of the electrolytes. Thus, the final experiment was
done in H2SO4 added 0.1 M KOH which has a pH of 6.8 but there was no CO> or even
HCOzs" in the electrolyte. The eventuated curve preserved its oxide peak, and that was
more similar to polarization curves obtained in Ar saturated 0.1 M KHCOs3 than the
CO; saturated 0.1 M KHCOs3. However, it is worth noting that after the first cycle the
oxide is reduced even less than the Ar saturated 0.1 M KHCO:s.

The second set of polarization experiments was designed to reduce the tin oxide
electrochemically before the polarization. At first, the pure Sn electrodes were reduced
at-1.8 V vs. Ag/AgCl for 15 minutes to give enough time to have a full reduction and
simulate the real experimental conditions. Then, the polarizations were started at -1 V
rather than to open circuit potential to prevent the re-oxidation of the Sn surface, and
it continued until the -2 V vs. Ag/AgCl. This process was repeated similar to the
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previous set of experiments until the polarization curves did not change anymore. The
results were consistent with the experiments that do not involve prior electroreduction.
The polarization curves obtained in Ar saturated 0.1 M KHCO3 with pH 8.5 and H2SO4
added 0.1 M KOH with pH 6.8 were similar, but the reduction of the oxide was less in
the H2SO4 added 0.1 M KOH. In the polarization curve obtained in CO> saturated 0.1
M KHCOs with 6.8 pH, no oxide peak has appeared. Thus, it can be suggested that the
oxide is more prone to be reduced in the presence of CO. or HCOs". This experiment
proves that the electrochemical CO; reduction proceeds with not only CO. gas but also
HCOzs" ions in the electrolyte. Additionally, at more cathodic potentials than -1.6 V vs.
Ag/AgCl, it was clear that both hydrogen evolution reaction and electrochemical CO>
reduction reactions become kinetically limited because the slope of the curves become
steeper. The steepness of the curves at more negative potentials than -1.6 V vs.
Ag/AgCI can be listed as higher to lower, CO2 saturated 0.1 M KHCOs, Ar saturated
0.1 M KHCOs, and H2SO4 added 0.1 M KOH. Since, as the CO2 and HCOs™ amount
increases in the electrolyte the reaction becomes more limited, it can be said that the
electrochemical CO> reduction reaction becomes more limited than the hydrogen
evolution reaction.

In conclusion, the two main outcome of this study is that the formate production rate
was decreased with the reduction of the tin oxide, and total reduction of tin oxide on
the surface is only achieved by the presence of CO> in the solution indicating a synergic
interaction between tin oxide and CO.. Thus, this study reveals the strong relationship
between the tin oxide reduction reaction and ECR. In addition, it reveals the missing
point in the literature about how tin oxide is affected by the electrochemical CO>
reduction reaction.
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KALAY ELEKTROTLAR UZERINDE ELEKTROKIMYASAL CO:
REDUKSIYONU MEKANIZMASININ iNCELENMESI

OZET

Glintimiizde, insanlig1 ilgilendiren en biiyiik sorunlardan birisi iklim degisikligidir.
Iklim degisikliginin en biiyiik sebeplerinden birisisi olarak da insan aktiviteleri sonucu
ortaya c¢ikan yliksek miktarda CO2 gazi gosterilmektedir. Her ne kadar son yillarda
fosil yakitlar yerine yenilenebilir enerji kaynaklar1 kullanarak bu gaz salinimi
azaltilmaya calisilsa da atmosferdeki CO2 gazinin yildan yila artist bu girisimin
basarisiz kaldigimi gostermektedir. Ustelik artan insan popiilasyonu ve dolayisiyla
enerji arz1 iklim degisikligi krizini tirmandirmaktadir.

Atmosferde artan CO> gazi sera etkisine sebep olmakta ve Diinya sicakliginda artisa
sebep olmaktadir. Bu yilizden bilim diinyasi atmosferdeki fazla CO2 gazindan
kurtulmak amacityla CO2’in dontstiiriilmesi ve depolanmasi ¢alismalarina
yogunlagmustir.

COz2’in doniistiiriilmesi sadece atmosferdeki fazla CO; gazindan kurtulunmasini degil,
ayni zamanda degerli kimyasallarin tiretilmesi i¢gin CO2’in hammadde olarak da
kullanilmasmi saglar. CO2’in donistiiriilmesi i¢in  kimyasal, termokimyasal,
elektrokimyasal, biyokimyasal ve fotokimyasal gibi pek ¢ok yontem vardir. Ancak
bunlarm iginden elektrokimyasal CO2 rediiksiyonu, uygulama i¢in fazladan sicaklik
ve basing uygulamasina gerek olmamasi, proses girdilerinin zararsiz olmasi, gerekli
elektrik enerjisinin yenilenebilir kaynaklardan saglanmasi ile karbon-nétr bir proses
olma ihtimali ve modiiler yapisindan dolay: sistemi biiylitmenin kolay olmasi gibi
sebeplerle 6ne ¢ikmaktadir.

Elektrokimyasal CO> rediiksiyonu yonteminde CO> gazi, katalist olarak gorev yapan
bir elektrot yiizeyinde indirgenerek farkli kimyasallara doniistiiriiliir. Bu sistem basitge
bir proton degistirici membran ile ikiye ayrilmis bir hiicreden olusur. Hiicrenin bir
tarafinda ¢alisma elektrodu bulunurken diger tarafta karsit elektrot bulunur. Katalist
olarak gorev yapan ¢alisma elektrodu iizerinde CO; elektron ve proton alarak cesitli
kimyasallara doniislir ve yan reaksiyon olarak da hidrojen olusum reaksiyonu vardir.
Karsit elektrot {izerinde ise su pargalanarak elektron, proton ve oksijen gazi olusturur.
Elektrokimyasal COz rediiksiyonu ile birbirlerine ¢ok yakin olusum potansiyelleri olan
bircok farkli kimyasal {iretilebilir. Bunun yanisira, CO; lineer bag yapisindan dolay1
son derece kararl bir bilesiktir. Hem bu kararliligin bozulmasi igin gereken fazladan
enerjiyi digsiirmek, hem de birbirine ¢ok yakin potansiyellerde olusan iirlinleri segici
olarak iiretebilmek icin katalist kullanmak zorunludur. Elektrokimyasal CO:
rediiksiyonu i¢in kullanilan metal katalistler secici olarak trettikleri {irtinlere gore {i¢
grupta incelenebilir. Ilk grupta segici olarak format iireten Pb, Hg, T, In, Sn, Bi ve Cd
metalleri, ikinci grupta secici olarak CO gazi iireten Au, Ag, Zn, Pd ve Ga metalleri
ve son grupta ise alkol ve hidrokarbonlar iiretebilme yetenegine sahip tek metal olan
Cu yer alir. Bu metallerin segici olarak belirli tirtinleri tiretmesinin altinda yatan sebep
Sabatier prensibi olarak da bilinen o iiriinii iiretmek i¢in gerekli olan ara iiriiniin metal
ylizeyine ortalama bir baglanma enerjisi ile baglanmasidir. Bu baglanma enerjisi ¢ok

XXV



oldugunda ara iiriin metal ylizeyine adsorplanir ve ylizeyden ayrilmadan 6nce bir daha
reaksiyona girerek farkli iiriinlere doniisiir. Ote yandan, bu baglanma enerjisi az
oldugunda ise ara iirlin elektron transferi gerceklesemeden yiizeyden ayrilir ve {iriin
olusamaz. Bu sebeple, belirli bir iirlinii tiretmek i¢in gerekli ara iiriin ve metal ylizeyi
arasindaki baglanma enerjisi optimum bir degerde olmalidir.

Bu ¢alismada ise bahsedilen tiim iiriinler i¢inden yliksek enerji yogunlugu, ekonomik
degeri ve zararsiz dogasindan dolay1 liretilmek {izere format se¢ilmistir. Formati segici
olarak iiretme yetenegine sahip metaller arasindan ise hem yiiksek secicilige sahip
olmasi hem de ucuzlugu, kolay bulunabilirligi ve zararsizlig1 sebebi ile arastirma
konusu olarak kalay elektrotlar secilmistir. Literatiirde elektrokimyasal CO:2
rediiksiyonu yontemi ile yiiksek secicilikte format iiretmek icin kalaya dayanan
katalistlerin tasarlanmasina yonelik pek ¢cok ¢alisma vardir. Bu yontemler i¢inde, kalay
nanoyapilarin farkli tabanliklar iizerinde olusturulmasi, alasimlama, oksit tiirevi
yiizeylerin olusturulmas1 gibi birgok yodntem vardir. Literatiirde yeni kalay
elektrotlarin tasarlanmasina yonelik fazla sayida calisma olsa da bu calismalarin
cogunda bu tasarimlarin reaksiyon mekanizmasini nasil etkileyecegi ve segiciligi nasil
artiracagini  ongdrmemisler ve deney sonuglarini yorumlarken artan segiciligin
sebebini mekanistik olarak aciklamamislardir. Ancak, yeni bir katalist tasarlanirken
kalay tizerinde gergeklesen elektrokimyasal COz rediiksyion reaksiyonu mekanizmasi
bilinmelidir ki yiiksek format seciciligine ve verime yol acacak unsurlar tasarima
eklenebilsin. Bu nedenle elektrokimyasal CO: rediiksiyon reaksiyonunun
mekanizmasinin tam anlamiyla anlasilmasi bu konuda ¢igir agacak ve sonrasinda
katalistlerin tasariminda biiyiik bir yol katedilecektir.

Bu tez ¢aligmasinda Sn elektrot iizerinde elektrokimyasal COz rediiksiyon yontemi ile
format olusum reaksiyonunun mekanizmasi incelenmistir. Literatiirde, kalay tizerinde
yapilan elektrokimyasal CO2 rediiksiyon ¢aligmalar1 sonucu faradaik verim %10 ile
%90 arasinda degismektedir. Bu durum elde edilen sonuglarinin deney diizenegi ve
deney kosullarima onemli derecede bagli oldugunu gostermektedir. Bu nedenle,
deneysel calismalara gilivenilir bir deney diizenegi kurmakla baglanmistir. Deney
diizeneginde calisma elektrodu olarak saf Sn, karsit elektrot olarak platinize titanyum
elektrot ve referans elektrot olarak da Ag/AgCl elektrot kullanilmistir. Bundan sonra
verilecek tiim potansiyeller Ag/AgCl’e goredir. Gilivenilir bir deney diizenegi
olusturmak i¢in referans elektrodun ¢alisma elektroduna gore ve calisma elektrodunun
da ortada yer alan proton degistirici membranin boyutuna ve yerine gore pozisyonu
ayarlanmistir. Ayrica sicaklik, ¢alisma ve karsit elektrotlarin birbirlerine mesafesi ve
anot alani sabitlenmistir. Calisma elektrodu da maskelenerek alan1 4 cm? olacak
sekilde sabitlenmistir. Fakat yapilan bir saatlik deneyler sonucunda ortaya ¢ikan
format faradaik verimlerine bakildiginda tekrarli bir sonu¢ alinamamustir. Sonrasinda
kalay iizerinde kendiliginden olugmus olarak bulunan oksitin 6zelliklerinin esitlenmesi
icin elektrotlar1 150, 180 ve 200°C sicakliklarda 5 saat boyunca tavlayarak ve ¢alisma
elektrodunun alanimi 2 cm?’ye diisiirerek deneyler yapilmistir. Bu deneyler sonucunda
tavlamanin bu deney diizeneginde 6nemli bir etkiye sahip olmadig1 goriilmiistiir, ancak
elektrot alaninin 4 cm?’den 2 cm?’ye diisiiriilmesi ile %75 ve %80 arasinda degisen
tekrarlh faradaik verim sonugclari elde edilebilimistir. Calisma elektrodunun alaninin
diisiiriilmesi ile artan karsit electrot ve ¢alisma elektrodu alan orani ve 2 ¢cm? alanmn
proton degistirici membranin boyutlarina ve pozisyonuna daha uygun olmasi, yiik
transferini kolaylastirmis ve elektrot ylizeyinde daha homojen yiik dagilim1 saglayarak
giivenilir ve tekrarlanabilir sonuglar vermistir.
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Giivenilir bir deney diizenegi kurulduktan sonra, 6.8 pH’a sahip CO2‘e doyurulmus
0.1 M KHCOg3 clektrolit icinde ve saf Sn elektrot {izerinde doniisiimlii voltametri
calismasi yapilmis ve -1.0 V’ ta kalay oksitin rediiksiyon piki goriilmiistiir. Litetatiirde
yapilan neredeyse biitiin calismalarda elektrokimyasal CO> rediiksiyon reaksiyonu i¢in
elektrotlara bundan daha katodik potansiyeller verilmektedir. Yani reaksiyon
oncesinde oksit katmanmin rediiklenmesi gerekmektedir. Buna ragmen, birgok
calismada kalay tlizerindeki yiiksek format seciciliginin sebebinin lizerindeki oksit
katmani oldugu savunulmustur. Bu ¢eliskiyi a¢iklamak i¢in 2 saat siiren Sn {izerinde
elektrokimyasal CO> rediiksiyon ¢aligmasi yapilmis ve bu ¢alismada her 10 dakikada
bir elektrolitten ornekler alinarak tiretilen format miktar1 analiz edilmistir. Sonuclara
bakildiginda ilk 10 dakikada iiretilen format miktarmin diger zaman araliklarinda
iiretilen format miktarindan neredeyse 4 kat fazla oldugu goriilmiistiir. Boylece deney
baslangicinda kalay oksitin rediiklenmesinden sonra format iiretim miktarinin 6nemli
Olclide diistligii sOylenebilir.

Daha sonra kalay oksitin rediiksiyon reaksiyonu ve elektrokimyasal CO> rediiksiyon
reaksiyonu arasindaki iliskinin daha iyi anlagilmasi adina 6 farkli kosulda polarizasyon
caligmasi yapilmistir.

[k deneylerde saf kalay elektrot tekrarli olarak agik devre potansiyelinden -2 V’a
kadar ve olusan polarizasyon egrileri farklilik gostermeyene kadar polarize edilmistir.
Bu deney oncelikle pH’1 8.5 olan Ar ile doyurulmus 0.1 M KHCO3 elektroliti i¢inde
yapilmistir. Olusan polarizasyon egrilerine bakildiginda ilk ¢evrimden sonra oksit
pikinde bir azalma gozlenmis fakat pik tamamen yok olmamuistir. Ustelik bu azalma
cevrim sayisi arttikga artmamig sabit kalmistir. Ayn1 deney pH’1t 6.8 olan COx ile
doyurulmus 0.1 M KHCOs3 elektroliti iginde yapildiginda ilk ¢evrimden sonra oksit
pikinin biiylik oranda azaldig1 goriilmistiir ancak tamamen yok olmamistir. Bu iki
elektrolitten elde edilen polarizasyon egrileri arasindaki fark iki nedenden
kaynaklanabilirdi. Birincisi CO2 gazinin varligi ikincisi ise pH farklariydi. Bu durumu
aciklamak i¢in {igiincii bir deney daha tasarlandi. Bu deneyde 0.1 M KOH ¢oézeltisine
pH 6.8’¢ gelinceye kadar H2SO4 eklendi. Boylece bu elektrolitte CO» rediiksiyonuna
sebep olabilecek CO2 gaz1 ve HCO3™ iyonu bulunmazken elektrolitin pH’1 CO2’¢
doyurulmus 0.1 M KHCO3 elektroliti ile ayni, yani 6.8°di. Bu elektrolitle yapilan
polarizasyon deneyi sonucunda ilk ¢evrimden sonra oksit pikinde azalma gergeklesmis
fakat tipki1 Ar’a doyurulmus 0.1 M KHCOs elektrolit i¢erisinde yapilan deneyden ¢ikan
egri gibi bu pik yok olmamisti. pH’1 8.5 olan Ar’a doyurulmus 0.1 M KHCO3
elektrolitinden elde edilen egri ile pH’1 6.8 olan H2SO4 eklenmis 0.1 M KOH
elektrolitinden elde edilen egrinin benzer olmasi ve pH’1 6.8 olan CO2’e doyurulmus
0.1 M KHCOs elektrolitinden elde edilen egrinin bunlardan farkli olmasi aradaki
farkin pH’tan degil CO2’in varligindan olustugunu kanitlamistir.

Ikinci deney setinde ise polarizasyon dncesinde saf Sn elektrot iizerinde varolan oksit
tabakasinin indirgenmesi icin elektrotlara 15 dakika boyunca -1.8 V uygulanmistir.
Daha sonra polarizasyon agik devre potansiyelinden degil -1 V’tan baglatilarak -2 V’a
kadar yapilmis ve polarizasyon egrileri farklilik gostermeyene kadar bu islem tekrar
edilmistir. Bu deneylerde agik devre potansiyelinden baglamamanin sebebi Sn
tizerinde oksit tabakasinin tekrardan olugsmasin1 6nlemektir. Bu deneylerin sonucu da
kalaylara polarizasyon oncesinde elektrokimyasal indirgeme yapilmayan deneyler ile
tutarhidir. Ar’a doyurulmus 0.1 M KHCOs elektroliti igerisinde yapilan deney
sonucunda oksit piki korunmus ve yok olmamistir. Ancak CO2’e doyurulmus 0.1 M
KHCO3 elektroliti ile yapilan deney sonucunda oksit piki tamamen kaybolmustur.
Ayni sekilde pH’1 6.8 olan H2SO4 eklenmis 0.1 M KOH elektroliti ile yapilmis
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deneyden elde edilen egride de oksit piki tipki Ar’a doyurulmus 0.1 M KHCO3
elektrolitinde oldugu gibi korunmus ve yok olmamistir. Ancak bu iki egri
karisilastirildiginda, oksit pikinin Ar’a doyurulmus 0.1 M KHCOs elektroilitinde daha
cok azaldig1 goriilmiistiir. Boylece elektrokimyasal CO2 rediiksiyon reaksiyonunun
sadece CO> gaz1 tizerinden degil ayrica HCOs™ iyonu iizerinden de yiiriiyebilecegi
gosterilmistir. Tiim bunlara ek olarak, olusan tiim egrilerin -1.6 V’tan sonra
egimlerinin arttig1 yani kinetik olarak limitlendigi goriilmiistiir. Bu boliimiin egimi
COz’e doyurulmus 0.1 M KHCO3 elektrolitinde en fazla, H2SO4 eklenmis 0.1 M KOH
elektrolitinde ise en azdir. Elektrolitlerdeki CO2 ve HCOgz™ orani arttikga egimin de
artmasi reaksiyonun daha ¢ok limitlendigi anlamina gelir. Buradan hareketle de -1.6
V’tan daha katodik potansiyellerde elektrokimyasal CO> rediiksiyon reaksiyonunun
hidrojen olusum reaksiyonundan daha ¢ok limitlendigi sdylenebilir.

Son olarak, bu tez ¢alismasinin en 6nemli iki ¢iktisindan birincisi kalay oksitin
rediiklenmesi ile format {iretim miktarinin diismesinin gosterilmesi, ikincisi ise kalay
oksitin rediiksiyonunun sebebinin elektrokimyasal CO: rediiksiyon reaksiyonu
oldugunun gosterilmesidir. Bir bagka deyisle, bu ¢alisma elektrokimyasal CO:2
rediiksiyon reaksiyonu ile kalay oksit rediiksiyon reaksiyonu arasinda giiglii bir iliski
oldugunu gostermistir. Buna ek olarak, literatiirde kalay oksitin elektrokimyasal CO2
rediiksiyon reaksiyonunundan nasil etkiledigi ile ilgili eksik noktaya parmak basmuistir.
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1. INTRODUCTION

The climate change caused by CO2 emissions from human activities is well-discussed
for years by the authorities, scientists, and the general public. Governments, try to find
solutions for reducing CO> emissions and provide incentives to researchers to decrease
the temperature increment in the atmosphere caused by CO» emission. These efforts
are ensured and supported by international agreements [1].

The research about eliminating the CO> from the atmosphere includes basically the

capture, conversion, and storage of CO> [2].

Electrochemical CO- reduction involves the conversion of CO> to useful chemicals
such as CO, formic acid, hydrocarbons, and alcohols. It has numerous advantages over
the other conversion methods. These are: there is no need for increased pressure and
temperature, suitability for scale-up by simply increasing the electrode number, low
amount of ingredients, and no use of harmful chemicals. In addition, the process can
become carbon neutral or negative by using renewable energy sources as an electricity
source [3]. The electrodes used for ECR acts as a catalyst by reducing the overpotential
and producing selectively certain products. However, the factors determining the
product selectivity by explaining the reaction mechanisms on these electrocatalysts are
not revealed yet. Thus, in the literature, there are different mechanisms proposed about

how CO> reduction takes place[4-12].

In this study, the production of formate from CO with ECR is aimed. As it has low
toxicity, low price, and high availability, tin electrodes are used for this purpose in
many studies [5]. The studies mainly focused on designing new, effective, and
selective tin catalysts to produce formate. For this purpose, nanostructures, oxide
derived surfaces, alloying and combination with carbon-based nanomaterials methods
are widely used [13]. However, we suggest that, prior to design a new catalyst, one
should know the mechanism that provides high selectivity and efficiency on specific
electrodes, so that the designs can be made to enhance this mechanism. Consequently,
the mechanism providing high formate selectivity on tin electrodes was investigated

in this study. By building a reliable setup and showing how the result may vary widely



depending on the setup, we were able to point out the importance of the experimental
setup to get replicable and trustworthy results, which is not indicated well in the
literature. After building a reliable setup, with a long time ECR experiment the
importance of the initial tin oxide reduction on the selectivity towards formate is
designated. Finally, to investigate the relationship between the tin oxide reduction
reaction and ECR reaction, polarization studies were conducted using different

solution and reduction potential parameters.

1.1 CO2 and Climate Change

The amount of carbon on the Earth and its atmosphere does not change because this is
a closed system. The changes and movements of the carbon on the Earth are called a
carbon cycle given in Figure 1.1. In the Earth, there are carbon sinks that carbon is
stored. The main carbon sinks on Earth are rocks and sediments, oceans, atmosphere,
and living beings. This stored carbon is released to the atmosphere by the eruption of
volcanos, fires, burning fossil fuels, etc. [14].

Ccoy

Atmosphere Carbon Cycle

Figure 1.1 : Carbon Cycle Diagram [16].

These natural sources are balanced by nature for many years. However, since the
industrial revolution, humans participate in this loop by releasing an excessive amount
of COz into the atmosphere. The 87% of emitted CO> by human activity is originating



from burning fossil fuels, 9% is from changing land use and destroying forests, and
4% is from industrial activities such as using limestone to make concrete [15].

The temperature of the earth depends on the equilibrium between the absorbed solar
energy and infrared radiation turning back to space. The ability of solar energy
absorbance of CO; gas is very low but it effectively absorbs the infra-red radiation that
Is supposed to release back to outer space. This incident results in temperature
increment on Earth. Also, the increment of the concentration of CO; in the atmosphere
leads to enhanced absorption of infrared radiation, which is known as the greenhouse
effect and it is the reason for climate change [17]. These greenhouse effect of CO> in
atmosphere is given in Figure 1.2.
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Figure 1.2 : The Greenhouse Effect [17].



Disastrous consequences of climate change will affect human life leading to an

increase in sea levels, diseases, and food and water scarcity.

In recent years the CO> concentration in the atmosphere reached 415 ppm, which was
280 ppm in the preindustrial era as given in Figure 1.3 [18]. As a result, the studies

about CO> conversion and utilization is becoming the center of attention.
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Figure 1.3 : Increase of CO- since pre-industrial times (measured at Mauna Loa
Observatory) [18].

Four main methods for CO> control in Earth are listed below [2] :
¢ Increasing the energy efficiency to lower the CO2 emissions
e Using cleaner energy sources instead of fossil fuels
e Capture and storage of the CO>

e Conversion and utilization of CO»



1.2 CO2 Conversion Methods

This thesis is on carbon dioxide conversion, thus other methods of CO. control

methods are out of the scope of this work and will not be considered in detail.

There are various methods proposed for CO2 conversion including industrial scale and
laboratory scale applications given in Table 1.1. These are radiochemical,
thermochemical, photochemical, electrochemical, biochemical, and
photoelectrochemical methods. The radiochemical method involves the usage of
gamma radiation as an energy source to initiate the reaction between the CO and H20.
Chemical and thermo-chemical reduction method is used for the production of various
products from CO.. The photochemical reduction of CO. uses light energy to produce
CO, HCHO, and HCOOH. The electrochemical CO> reduction method converts the
CO: to a vast range of products by applying a potential to the catalyst. Bacteria are

also used for biochemical CO> reduction method to produce methane [19].

Table 1.1 : CO2 Conversion Methods [19].

Name of the
Process
process
Radiochemical CO2 - HCOOH, HCHO (by gamma radiation)
Chemical 2Mg + CO2 — 2MgO + C
Reduction Sn +2C0O2 — SnO2 + 2CO
2Na + 2C0O2 — NaxCy0q4
Thermochemical CO2 — CO + % Oz (in presence of Ce™ and > 900°C)
Photochemical CO2 —» CO, HCOOH, HCHO (in presence of hv)
El . CO; + xe- + xH+ — CO, HCOOH, (COOH): (in presence of
ectrochemical eV)
Biochemical CO2 + 4H; — CHg, 2H20 (in presence of bacteria)
photol?:lh%-mical CO: + oxoglutaric acid — isocitric acid (in presence of hv)
Photo- CO2 +2e + 2H" — CO + H20 (in presence of hv and eV,
electrochemical Semiconductor)
Bio- CO2 + oxoglutaric acid — isocitric acid (in presence of
electrochemical enzyme, eV, and methyl viologen)
Bio-photo- CO2 — HCOOH (in presence of hv, enzyme, p-1 nP, eV, and
electrochemical methyl viologen)

Among these methods, the electrochemical CO> reduction method stands out due to

numerous advantages that will be given in Section 2.






2. ELECTROCHEMICAL CO2 REDUCTION

Electrochemical CO2reduction (ECR) is one of the methods for the conversion of CO,.

The advantages of this method compared to other reduction methods are listed below:

e It can be conducted at room temperature and atmospheric pressure, there is no

need for additional heat and pressure sources.

e Consumption of chemicals can be limited to water by recycling of the

supporting electrolytes.

o If the energy required for this conversion is supplied from renewable energy

sources the carbon footprint of the method is almost zero.

e The modularity of the electrochemical cells allows very easy scale-up [3].

ECR cell mainly consists of two electrodes and an electrolyte. The CO2 gas is bubbled
to the electrolyte and a suitable potential required for CO. reduction is supplied
through a DC power supply. At the anode, water splits and produces the H* ions and
oxygen gas. On the cathode, CO- gas is reduced to the other chemicals via electron
and proton transfer [20]. Anodic and cathodic compartments of the cell are separated

with a PEM membrane for the protection of the reaction products from oxidation.

2.1 Thermodynamics and Kinetics of Electrochemical CO2 Reduction

Various types of value-added chemicals such as formic acid, carbon monoxide,
ethanol, methanol, etc. can be produced by the electrochemical CO; reduction process
via different reaction pathways including 2-, 67, 8", 12" electron transfers [21]. The half-
cell reactions and their standard redox potentials ECR products listed in Table 2.1. As
can be followed by Table 2.1, the formation potentials of different reduction products
are very close to each other. As a result, various products may form under the same
applied potential [22]. However, these reactions are kinetically slow and require
considerable overpotentials for reaching reasonable reaction rates because CO: is a

very stable, linear bonded molecule [23]. Thus, cathodic reduction potentials required



to obtain the products are more cathodic than the equilibrium potentials indicated in
Table 2.1.

According to the most accepted mechanism for ECR, the rate-determining step is the
initial activation of CO. by a single-electron transfer that has a standard electrode
potential of -1.90 V vs. SHE. Therefore, the hydrogen evolution reaction takes place
along with the ECR, because it initiates at potential far below -1.90 V vs. SHE [12].
Thermodynamic calculations show us that it is possible to produce several ECR
products and hydrogen during the cathodic reduction of CO on a conductive surface.
Thus, if we want to produce specifically an ECR product such as CO, HCOOH, or
CH>, we have to understand the kinetics of this process so that we can selectively
produce the required product by decreasing the activation barrier of the related

reaction. In the next section, the kinetics of catalytic ECR will be outlined.

Table 2.1 : The half-cell reactions and their standard redox potentials versus
standard hydrogen electrode under standard conditions of ECR products at pH =7
[12].

Reduction Process E® (vs SHE, V)

COyq + €& ="COO -1.90

COyg) + 2H" + 2e'= HCOOHy) -0.61

COz(g) + H20() + 26" = HCOO (3q) + OH" -0.43
CO2() + 2H" + 26" = CO(g) +H20q) -0.53
CO2(g) + H20q) + 26" = CO(g) + 20H" -0.52
COgz() + 4H" + 46" = CH20() + H20q) -0.07
COz(g) + 3H20() + 4e" = HCHO() + 40H- -0.89
COy(g) + 6H" + 66" = CH30H(I) + H20¢) -0.38
COx(g) + 5H20¢) + 66" = CH30OH() + 60H" -0.81
COy(g) + 8H" + 8e™ = CHa(g) + 2H20() -0.24
CO2(g) + 6H20() + 8e™ = CHy(g) + 80H" -0.25
2COz(g) + 8H20() + 12e™ = CoHgy(g) + 120H" -0.34
2C0y() + 12H" + 12e" = CH2CHy(g) + 4H20¢)y +0.06
2C0y(g) + 12H" + 12e” = CH3CH>OHg) + 3H.0¢) +0.08

2.2 The Mechanism for Electrochemical CO2 Reduction

The most commonly accepted ECR mechanism in an agueous medium that involves
heterogeneous catalysts can be summarized as [24]:

(1) chemical adsorption of the COx- to the active sites of the catalyst surface

(2) formation of the CO> radical anion by one-electron transfer



(3) formation of the product via several electrons and/or proton transfer
(4) desorption of the product from the catalyst surface and diffusion to the electrolyte.

As the ECR is proceeding via multiple electron and proton transfers it is hard to control

the product distribution.

The schematic of the commonly accepted complex reaction mechanism is presented
in Figure 2.1 [4]. The first and the RDS of the ECR is common for all of the reaction
pathways; the activation of CO> via one-electron transfer. After that, the binding
energy between the *CO>~ intermediate and the surface of the electrocatalyst is the
determining factor for the selectivity of the products. If *CO>" intermediate bonds to
the surface via an oxygen atom, the hydrogenation of C atom and one-electron transfer
results in HCOO* formation that is then reduced to HCOO', and if it bonds to the
surface via the carbon atom, protonation of O atom and one-electron transfer favors
the formation of the *COOH intermediate which can be reduced to *CO and released
from the surface by a further reduction to CO. Only on the Cu metal, the *CO
intermediate can produce CH4 and other hydrocarbons depending on the applied

potential [4].

It should be noted that in Figure 2.1 all ECR reactions begin with the initial electron
transfer to CO». This reaction requires -1.9 V vs. SHE in neutral solutions as is stated
in Table 2.1. However, in most of the ECR experiments in the literature, and in this
study is done at a potential lower than -1.9 V vs. SHE [7,25,26].

In conclusion, since it is not possible to have the initial electron transfer reaction to
CO2 without supplying sufficient thermodynamically energy in other words potential,
the mechanism involving the electron transfer reaction to COz is not valid. Thus, in

this study proposed mechanisms alternative to this one is compiled.

The pathway that the ECR proceeds show a strong dependence on the metal used as a
catalyst. The product distribution resulting from the ECR reaction on the certain
catalyst is indicated by the term of selectivity and the selectivity in the ECR shows the
ratio of a specific product in all products produced during the reaction according to the

given charge.
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Figure 2.1 : One of the reaction mechanisms for electrochemical CO2 reduction in
aqueous electrolytes based on density functional theory calculations [4].

Faradaic efficiency of a single product is the measure of the selectivity, and it can be

calculated as in equation (1.1):

zXnXF
FE% = T X 100 (2.1)

where z is the required number of e for reduction to the specific product, n is the

number of moles for the product, F is the Faraday constant, Q is the total charge [19].

The differentiation of the product selectivity on the different metals during ECR can
be explained by the Sabatier principle. There are several factors that affect the
selectivity, however, when the experimental conditions are the same the binding
energy of the catalyst to the key intermediates leading to a certain product determines
the final product. This relation between the adsorption strength and the catalytic
activity is known as the Sabatier principle. It indicates that the intermediate should
bond to the catalyst surface with intermediate strength because if it bonds too weak, it
cannot bind and react and if it bonds too strong it cannot be desorbed. The binding
energy between the catalyst surface and the intermediate is closely related to the
structure and defects on the surface. The volcano types of plots are used to indicate
optimal catalytic activity [27]. As designated in Figure 2.2 the maximum catalytic

activity is at the top of the volcano curve [28].
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Figure 2.2 : Volcano curve according to Sabatier Principle describes the rate of
reaction and adsorption strength relation.

In the theoretical study of Feaster et al., the highest catalytically active metals for
formate and CO formation is investigated [8]. Accordingly, the volcano plots are given

in Figure 2.3 that designate the optimal binding energy with *OCHO intermediate,

leading to formate production, is found for Sn, and the optimal binding energy with

COOH*, leading to carbon monoxide formation, is found for Au.
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Figure 2.3 : Volcano curves giving the relationship between a) HCOOH partial
current density and *OCHO binding energy, and b) CO partial current density and
*COOH binding energy.
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Hori et al., classified the metal catalysts in four groups according to their selectivity
for various products in Table 2.2. The first group consists of Pb, Hg, Tl, In, Sn, and Bi
that selectively produce formate from CO., additional by-products are a small amount
of H2 and CO. Pb, Hg, TI, and In have the highest, and Sn, Cd, and Bi have relatively
lower faradaic efficiency for formate. The second group involves Au, Ag, Zn, Pd, and
Ga, and the main product of ECR on them is CO. In addition, HER has a considerable
faradaic efficiency on these metals as a side reaction. Especially, Ga has 79% faradaic
efficiency for Ha that makes it an unsuitable catalyst for CO production. In the third
group, there is only Cu and that is the only metal catalyst that able to produce Co+
products and methane. The metal catalysts of the fourth group are Ni, Fe, Pt, Ti. They
are hardly selective to ECR, the highest faradaic efficiency on them is for HER [29].

When the adsorption strengths of the electrodes are identical other parameters may
also affect the ECR selectivity. These parameters are the type and pH of the electrolyte,
applied potential, temperature, and pressure.

In the literature, aqueous and non-aqueous electrolytes are used for ECR. Since in the
scope of this thesis aqueous electrolytes are used, studies conducted in the aqueous

electrolytes are mentioned in the literature review.

First of all, the bulk and local pH (on the electrode surface) have a significant influence
on selectivity. The pH of the electrolyte may change the equilibrium potentials
according to the Nernst equation. In Figure 2.4, the Pourbaix diagram of carbonate-
H20 is given. This diagram designates that in the acidic environment, competing HER
occurred at less cathodic potentials. On the other hand, it should be noted that as the
pH of the electrolyte increases, COz solubility decreases that results in the decrement
of the faradaic efficiency of the total ECR products. Thus, an optimization of the pH
of the electrolyte is required to get the highest ECR efficiency [30].
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Table 2.2 : Faradaic Efficiencies of the various metal electrodes given in 0.1 M KHCOs at 18.5+0.5°C and pH=7 [29].

Faradaic Efficiency, %

Potential vs. SHE  Current Density

Electrode vV mA cm?2

CHy CoHs  CoHsOH CHs;CH>CH.OH CO  HCOoO H,  Total
Pb -1.63 5.0 00 00 0.0 0.0 0.0 97.4 50 1024
Hg -1.51 0.5 00 00 0.0 0.0 0.0 99.5 0.0 995
Tl -1.60 5.0 00 00 0.0 0.0 0.0 95.1 6.2 101.3
In -1.55 5.0 00 00 0.0 0.0 2.1 94.9 33 1003
Sn -1.48 5.0 00 00 0.0 0.0 7.1 88.4 46 100.1
Cd -1.63 5.0 1.3 0.0 0.0 0.0 13.9 78.4 94 103.0
Bi -1.56 1.2 - - - - - 77 - -
Au -1.14 5.0 0.0 00 0.0 0.0 87.1 0.7 10.2  98.0
Ag -1.37 5.0 0.0 00 0.0 0.0 81.5 0.8 124 946
Zn -1.54 5.0 0.0 00 0.0 0.0 79.4 6.1 99 954
Pd -1.20 5.0 29 00 0.0 0.0 28.3 2.8 26.2 60.2
Ga -1.24 5.0 00 0.0 0.0 0.0 23.2 0.0 79.0 102.0
Cu -1.44 5.0 33.3 255 5.7 3.0 1.3 9.4 20.5 1035
Ni -1.48 5.0 1.8 0.1 0.0 0.0 0.0 1.4 889 924
Fe -0.91 5.0 00 00 0.0 0.0 0.0 0.0 948 9438
Pt -1.07 5.0 0.0 00 0.0 0.0 0.0 0.1 95.7 9538
Ti -1.60 5.0 00 0.0 0.0 0.0 tr. 0.0 99.7  99.7
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Figure 2.4 : Overlapped pourbaix diagrams of H20 and Carbonates [30].

Both HER and ECR led to a local increase of pH because of the consumption of H+
and the production of OH"ions. Since both of these reactions take place at the catalyst
surface, the local pH close to the catalyst surface is higher than the bulk pH of the
electrolyte. As the variation of the local pH has an impact on the equilibrium potentials,
local pH should also be considered during ECR experiments. Although the buffering
effect of the bicarbonate, retards this effect to some extent, even in the case of a flat
foil electrode in the 0.1 M KHCO3, a massive difference in the pH of the bulk and near
the surface electrolyte is observed. Especially for the copper electrodes, local pH
notably influences the selectivity [31]. Koper et al. showed that there are two different
pathways on the copper surface to form hydrocarbons. The first one depends on the
pH and results in methane and ethylene formation. The second one does not depend
on the pH, and it forms ethylene [32,33]. The selectivity of ethylene and ethanol rises
with the increasing pH to the expense of efficiency because the concentration of free
CO. decreases by the transformation to the bicarbonate in the aqueous solution.

The other significant parameter affecting the ECR selectivity is applied potential.
There are many studies on the effect of the potential on the ECR selectivity on different
catalysts. Qin et al., produced a three-dimensional catalyst by depositing a porous layer
of tin on Cu foil by electrodeposition, to investigate the faradaic efficiencies of
different products at the -1.0 V, -1.1 V, -1.2 V and -1.3 V vs. RHE. As a result of this
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study, they found that -1.2 V vs. RHE gives the highest faradaic efficiency towards
formate as 92% [34]. In another study Meyer et al., obtained the maximum faradaic

efficiency (82.6%)for formate on nanostructured tin catalysts at -1.8V vs. SCE [35].

The effects of temperature and pressure on ECR is also investigated in several studies.
Hashiba et al., have done a study on Cu catalysts at various temperatures and pressures
to investigate their effect on the selectivity of ECR. Firstly, they have done an ECR
experiment at 25°C at 1.3, 4, and 9 atm. They have found that the HER is suppressed
and CHys selectivity increased with the increasing pressure at high current densities.
Secondly, they have done an ECR experiment at 1.3 atm at 10°C, 25°C, and 40°C. The
maximum faradaic efficiency for CHs was 37% at 40°C and 71% at 10°C. Thus, the

decrease in the temperature increased the faradaic efficiency towards CH4 [36].

It should be noted that all variations in the selectivity of ECR depending on these
parameters can be different for another catalyst. Thus, in every other research the
electrolyte, pH, potential, temperature, and pressure should be optimized by
considering the catalyst.
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3. ELECTROCHEMICAL CO2 REDUCTION ON TIN ELECTRODES

It is a fact that there are many products that can be produced by electrochemical CO>
reduction. Among these, formic acid is one of the most desired ones because of its
high economic value and numerous application areas. Formic acid is used as a
preservative in agriculture, leather production, rubber production, fuel for fuel cells,
and hydrogen storage material [37]. Hg, Pb, Sn, Ir, Bi, are the known electrocatalysts
that are selective for formate [29]. Sn stands out among these metals since it is not
toxic and low-cost. In addition, it has high selectivity towards formate and high

catalytic activity.

Lv et al., used commercial Sn electrode (99% purity) in ECR in CO; saturated 0.1 M
KHCOs at -1.8 V vs. Ag/AgCl, and at the beginning of the experiments measured a
FEHcoo-% above 91%. However, the efficiency dropped to 41.7% at the end of the 40
hours. They explained the reason for this decay by the oxidation of the formate at the
anode compartment because he did not use a membrane to separate the anode and
cathode compartments [38]. Morimoto and co-workers used Sn-coated Cu electrodes
with different stoichiometric ratios in ECR experiments. Their results showed that the
highest FEncoo- (89.5%) is obtained for CussSnss coated Cu electrode and FE
decreased with increasing Cu content. However, according to them, FEHcoo-% on bulk
Sn electrode was only 63% [39]. Relying on these results they claimed about the
synergy of the joint presence of Cu and Sn on ECR. In another similar study, Zhao et.
al., investigated the effect of deposition current density of Sn on Cu on FEHcoo0-% and
the deposition with 5, 10, 15, and 20 mA/cm? current densities resulted in the FEncoo-
% of 64.80, 68.70, 91.70, and 71.1 respectively [40]. Kanan and co-workers have
found a FEHcoo- of 19% at -0.7 V vs. RHE in NaHCO:s3 electrolyte [7]. Chen et al.,
have done a study to increase the surface area of the electrode. They have produced
Sn nanocones on Cu foil and Cu foam by electrodeposition. As a result of the ECR on
these two electrodes at the same potential and electrolyte, the Sn nanocones deposited
on Cu foil had 88%, and the Sn nanocones deposited on Cu foam had 90.4% faradaic

efficiency towards formate [26].
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In conclusion, there are many studies about Sn electrocatalysts, and their faradaic
efficiency varies between 10 to 90%, so the faradaic efficiency for formate extremely
dependent on the catalyst structure, and experimental conditions. In the next chapter,
the ECR mechanism and effective factors on Sn electrodes will be outlined and
discussed [24].

It is obvious that, understanding the reaction mechanism is vital to design a highly
efficient catalyst. However, ECR is a very complicated reaction as it involves lots of
intermediates, possible active sites, and reaction steps. Prior to the investigation of
mechanistic studies, it should be noted that tin has two oxidation states as Sn (I1) and
Sn (1V), and it forms a native oxide in the air [41]. Since there is no consensus in the
literature about the ECR mechanism on Sn electrodes, various reaction mechanisms
proposed are summarized in this section. The most accepted mechanism given in

Section 2.2 has a serious flaw that will be explained later.

As can be seen in Figure 3.1, tin oxide is reduced to metallic tin below -1.2 V vs.
Ag/AgCIL. Since ECR requires more cathodic potential than the thermodynamic
reduction potential of tin oxide, it is expected that the tin oxide is also reduced to the
metallic tin during the ECR [42].
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Figure 3.1 : Pourbaix diagram of Sn and its hydrous oxides [42].
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Thus, mechanistic studies are focused on whether the oxide layer or the metallic tin is
the active site for the ECR. To clarify this point, Kanan et al., investigated the effect
of the tin oxide layer on the ECR activity by comparing the FE% towards formate on
acid-etched Sn and untreated Sn foils. The results show that acid-etched Sn has only
0.03% faradaic efficiency for formic acid. They noted that, as the Sn surface rapidly
grows oxide on it, the small part of the current efficiency towards ECR caused by
formed SnOx prior to the electrolysis. They suggested that the oxide layer on the tin
surface stabilize the CO2~ and favor the COz reduction, however on metallic tin only
HER takes place [7].

In addition, Zhang et. al. stated that the oxide layer on the surface of tin is crucial for
ECR. They obtain 43% and 84% faradaic efficiency for formate on the etched and
untreated Sn surface respectively. Also, they annealed the surface to increase the oxide

thickness and it slightly reduces the faradaic efficiency towards formate [25].

Dutta et. al. conducted an operando Raman study to get a better understanding of ECR
on the tin surface. They used SnO nanoparticles on a gas diffusion electrode and
showed that the oxide is completely removed from the surface after reaching to -1.4 V
vs. Ag/AQCI in the 9.7 pH electrolyte, even though the thermodynamic reduction
potential is -1.2 V vs. Ag/AgCI . This result indicated that the reduction of tin oxide is
kinetically hindered to some extent. Moreover, Dutta and co-workers showed that
when the Sn'' is present on the surface the highest faradaic efficiency towards formate
is obtained, however when the surface is completely reduced to metallic Sn at very
cathodic potentials the FE reduces dramatically indicating the FE of ECR is highly
dependent of the oxidation state of the tin. Additionally, when they apply a potential
more positive than -1.4 V vs Ag/AgCl, the tin oxide is initially reduced but not
completely. After that initial reduction a metastable oxide on the surface still exists

and does not disappear with the continuing polarization.

For a better understanding of the kinetics of ECR Tafel plots are used in many studies.
According to Won’s work, the Tafel slopes of Sn foil, Sn dendrite, and heat-treated Sn
are 134, 145, and 141 mVdec™ respectively, indicating that the rate-determining step
for ECR toward formate formation is initial electron transfer to CO2 [43]. However, in
Kanan’s study, the Tafel slopes for HCOOH and CO production on Sn foil with native
oxide are 67 and 77 mVdec? respectively which is close to 59 mVdec?t. The

mechanism proposed for this slope is the chemical rate-determining step after a
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reversible one-electron transfer to CO» to form CO". The mentioned chemical rate-
determining step might be protonation of CO>~ or migration to an alternative site on
the electrode surface [7]. This result is inconsistent with the initial one-electron
transfer to CO; as a rate-determining step that is suggested in Won’s work. Won et al.
claimed a Tafel slope of 137 mVdec™? determined on Sn nanoparticles on the gas
diffusion electrode is consistent with the theory of initial one-electron transfer to the

CO: as the rate-determining step [43].

Other than the claims about initial electron transfer to CO; as a rate-determining step
and chemical rate-determining step after a reversible one-electron transfer, Feaster et
al. proposed a pathway including proton-coupled electron transfer (PCET). They
investigated the key intermediates for HCOO™ and CO production on tin electrodes.
As a result of the DFT calculations, they suggest that while *OCHO is the key
intermediate for formate production, *COOH is the key intermediate for CO. On
contrary to the recent studies that suggest the RDS is the initial one-electron transfer
to CO2to form COz, they claimed that the mechanism runs through the first PCET on
the oxygen and this leads to the formation of COOH* or carbon that leads to the
formation of *OCHO intermediate. Then, the subsequent electrochemical step results
in the formation of *CO and *HCOOQOH formation, respectively. Finally, these are
desorbed from the surface and form CO and HCOO" [8].

Although the positive role of tin oxide on catalytical activity has been observed in
several studies, the number of studies devoted to the explanations for this improvement
is limited. In the study of Cui etal., it is noted that the reduction of the SnO layer can
result in the formation of oxygen vacancy on the SnO/Sn(112). The computational
study they have conducted on the one oxygen vacancy surface indicated that CO> can
adsorb on the oxygen vacant surface via an O atom. Then, the CO; dissociates and
forms CO and O. Oxygen fills the oxygen vacancy site and the surface is recovered
via the shortening of the O-Sn bond. Simultaneously with this reaction, H20O in the
electrolyte dissociates to two hydroxyl groups by binding of the one O atom to the
oxygen vacant site of the Sn surface. The other hydrogen bonds to the next Sn atom.
Afterward, it moves to the next O atom on the surface to form a hydroxyl group. CO>
prefers to react with these hydroxyls and form bicarbonate. Subsequently, bicarbonate
is expected to reduce to HCOO* or COOH*, but the formation of HCOO* is

thermodynamically more favorable [44]. Likewise, Wang and co-workers suggested
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that oxygen vacancies and hydroxyls have a significant effect on catalytic activity
towards ECR [6]. As stated earlier, Tafel slopes indicated that the rate-determining
step is initial electron transfer to CO> to form CO2~ in the Won’s work. They claimed
that oxygen abundant surface of tin plays a key role in stabilization of the CO>~ and
other intermediates that also enable formate production [43]. The in- situ ATR-IR
study of Bocarsly et al. showed that the ECR runs through the surface bounded tin
carbonate species which are present under ECR potentials, and relatively alkaline
environments [9]. This intermediate is consistent with the model proposed in Cui's
work [44]. Moreover, tin carbonate species disappear when the oxide layer removed
from the tin surface which supports the oxide dependence of ECR to formate. The
reduction of tin oxide studies showed that the complete reduction to metallic tin occurs
at more negative potentials than thermodynamic values. Also, cyclic voltammetry
results showed that the reduction of oxide is reversible under ECR conditions. Since
the oxide presence is significant for the ECR, they propose an external bias to reoxidize
the reduced tin surface. They introduced a mechanism in which the SnO2 must be
reduced to Sn'' oxyhydroxides first and then CO; reacts with the Sn'' oxyhydroxide
species and creates tin carbonate species bounded to the surface, and finally, tin-
carbonate receives two electrons and proton to form formate which desorbs rapidly
from the surface [9]. In Kanan's work [7], the Tafel slope of 74 mVdec™? is ascribed to
a reversible one-electron transfer followed by a chemical step, but Bocarsly et al.
stated that it can be interpreted as two-electron transfer following the chemical step
like in their work [9]. In summary, the proposed mechanism with a chemical step
followed by two-electron transfer in Bocarsly’s work [9] is inconsistent with the initial
electron transfer to the CO; and formation of CO2~in Won’s work [43], but consistent
with the Tafel slope stated by Kanan [7]. Recently, Damas et al. conducted
computational research that suggests another mechanism. Accordingly, CO: is
adsorbed to the hydroxyls formed on the tin surface from the O atoms. As a result of
the chemical reaction of CO. with OH", tin carbonate species are formed. Afterward,
the tin carbonate species are reduced to formate via PCET. As a result of this process,
remaining tin — oxygen on the surface is protonated and healed by the formation of
hydroxylated tin [5]. Damas’s work agrees with the other studies indicating the
chemical reaction takes place between the hydroxylated tin surface and CO- followed
by electron transfer or PCET [8,9,44].
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4, EXPERIMENTAL METHODS

In this work, the investigation of the ECR mechanism and changes in the oxide layer
of the tin under various polarization and pH conditons are aimed. At first, a reliable
setup was built up to obtain reproducible results. Afterward, in order to understand the
relationship between the ECR and the tin oxide layer on the catalyst surface, the
cathodic polarization studies have been conducted on tin electrodes in different
electrolytes for understanding the kinetics of the competing ECR, HER and tin oxide
reduction reactions. To characterize the changes in these reaction rates and the surface
of the oxide layer on the tin, the oxide peaks and the slopes of the polarization curves
were considered. Additionally, two hours of ECR has done to inspect the changes on

the formate production rate depending on time.

4.1 Experimental Setup

The ECR experiments were realized in a custom-made H type cell, which consists of
two compartments separated with a membrane (Figure 4.2). Pure tin rods were hot-
pressed at 110°C, under a uniaxial pressure of 400 kN, and converted into plates. They
were used as a working electrode; platinized titanium mesh electrode was used as
counter electrode and Ag/AgCl electrode was used as the reference electrode. Nafion
117 membrane was used as a proton exchange membrane sourced from Sigma-
Aldrich™ and it was placed between the two parts of the H type cell to prevent the re-
oxidation of the products formed in the working electrode compartment. The working
electrode compartment had 4 inlets for the working electrode, reference electrode, pH
meter, CO. gas, and one gas outlet. The working electrodes were mechanically
polished with silicon carbide paper down to 2500 grit and cleaned in an ultrasonic bath
with acetone for 15 minutes. The masking of the tin plates was done with Tesa® 4120
tape. The tin plates with a thickness of 1 mm are masked by covering all of the backside
and bottom and upper part of the front side to have 4 cm? and 2 cm? areas. The

schematic of the masking is given in Figure 4.1.
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Figure 4.1 : The masking of the pure tin electrodes.

Since we did not see any significant changes due to the annealing with different times
and temperatures we did not perform annealing on the tin surfaces to obtain equal
conditions before the electrolysis. The H type cell was cleaned ultrasonically for 15

minutes with ultra-pure water before each electrolysis experiment.
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Figure 4.2 : Scheme of the experimental setup for ECR.
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4.2 Electrochemical Methods

GAMRY Reference 3000 Potentiostat was used for all electrochemical measurements.
The electrochemical measurements were conducted in ambient pressure and
temperature.  The electrochemical techniques used in this work are cyclic
voltammetry, potentiodynamic cathodic polarization, and potentiostatic electrolysis.
All potentials in this study are given with respect to Ag/AgCI electrode.

4.2.1 Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique in which the potential is
scanned between two potentials forward and backward completing a cycle, and
cathodic and anodic peaks give the redox reactions [45]. In this study, CV
measurement was done to determine the oxidation and reduction potentials of the tin
electrode and to distinguish the CO> reduction and HER potentials. CV measurements
were done in H type cell at 200 mV/s and 400 mV/s scan rates, both in Ar saturated
(pH=8.5) and CO; saturated 0.1 M KHCOs (pH=6.8) and electrolyte. 4 cm? tin was
used as a working electrode and platinized titanium electrode as the counter electrode.
The potentials window was selected between 0.2 V vs. Ag/AgCIl and -1.8 V vs.
Ag/AgCI.

4.2.2 Potentiostatic electrolysis

In this study, the constant potential of -1.8 V was applied to the working electrode in
CO. saturated 0.1 M KHCO3 with pH 6.8. Time-dependent ECR experiments were
done for 2 hours, and a 1 ml sample was taken from catholyte for every ten minutes
and analyzed with lon Chromatography. After the experiments, the charge was
calculated from the area under the current — time curve for the faradaic efficiency

calculations.

4.2.3 Cathodic polarization

The tin electrodes were cathodically polarized in different electrolytes for
understanding the contribution of the tin oxides on cathodic polarization behavior. The
electrolytes used in the polarization study are Ar saturated 0.1 M KHCO3 with pH 8.5,
CO; saturated 0.1 M KHCO3 with pH 6.8, and H2SO4 added 0.1 M KOH with pH 6.8.
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Two sets of experiments were designed for each electrolyte, in the first one, the
electrodes were polarized from open circuit potential to -2 V vs Ag/AgCl then the
polarization is turned off and the potential of the electrode switched back to open
circuit. After waiting at open circuit potential for 10 sec. cathodic polarization is
initiated again. This cycle was continued until the stabilization of the cathodic
polarization behavior. The scan rate used in these experiments was 5 mV/sec.

In the second set of experiments, the pure tin electrodes were reduced
electrochemically prior to the polarizations to have a better understanding about the
real experimental conditions that cannot be obtained when polarizing the electrodes
with the scan rate of 5 mV/sec, since there might be not enough time to have a complete
reduction of tin oxide that occurs during the long-time electrolysis experiments. Thus,
firstly -1.8 V vs. Ag/AgCl was applied to the working electrode for 15 minutes aiming
to reduce the pre-existing tin oxide layer, and then the electrode is polarized from -1
V vs. Ag/AgQCI to -2 V vs. Ag/AgCI. Using a scan rate of 5mv/sec. After reaching 2
V, the potential of the electrode is switched to -1 V (without scanning) and then
polarized to 2 V by scanning. This procedure is continued until obtaining a stable

cathodic polarization curve.

4.3 Product Analysis

lon Chromatography is a technique that separates the ionic species consists of different
columns. At first, the ions are separated by passing through the ion exchange resin-
containing column, then identified by their retention time according to their
conductivity. [46] In this work, only the liquid products formed because of ECR is
analyzed with lon chromatography. The model of IC used in this study was 930
Compact IC Flex by Metrohm AG equipped with Metrosep A supp 17 — 250/4.0
column. IC was calibrated to detect formate, acetate, and citrate. The samples taken

from the catholyte were diluted with ultrapure water with a ratio of 1:100.
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S. RESULTS AND DISCUSSION

5.1 Reliable Setup

The literature review in Section 3 showed the strong dependency of the faradaic
efficiency on the experimental setup. Thus, for this study, the first step was the
preparation of the reliable setup that gives consistent and reproducible results. At the
beginning of the study, the experimental conditions are equalized for each experiment.
These conditions were the position of the reference electrode, temperature
stabilization, stabilization of the distance between the counter and working electrode,
anode area, and adjustment of the position of the working electrode with respect to the

membrane.

First, the Ag/AgCI reference electrode is positioned to right in front of the working
electrode at a very close distance to minimize the IR drop caused by the solution
resistance. Then, the temperature of the solution is kept in the range of 18-20°C. The
distance of the counter and working electrode was 30 mm for each experiment. Finally,
the working electrode is positioned right across the proton-exchange membrane for an
even distribution of current on the cathode. The anode size was kept constant as 15

cm? in all experiments.

At first, the working electrode area was 4 cm?. As can be seen in Table 5.1, the faradaic
efficiencies towards formate varied from 10 to 65% under these experimental
conditions. Equalizing of the conditions as stated earlier was not enough to obtain

reproducible results.

Table 5.1 : FEncoo-% results of the ECR experiments conducted with 4cm? electrode

area.

I Working : -

Rep!lcatlon Treatment Electrode Area Faradaic Efficiency

Experiment No (cm?) for Formate (%)

1 Mechanical Polishing 4 41

2 Mechanical Polishing 4 16

3 Mechanical Polishing 4 11

4 Mechanical Polishing 4 34

5 Mechanical Polishing 4 65

27



The aforementioned studies indicate that the properties of the oxide layer on the tin
surface are the key parameter that affects the faradaic efficiency towards
formate[5,7,9,25,35]. Hence, the reason for unreproducible results of the experiments
might have been caused by the differences in the oxide layers of tin electrodes. These
differences could originate from the thickness or oxidation state of the oxide. Thus, to
equalize these properties pure tin electrodes were annealed prior to the ECR
experiment. To investigate the effect of annealing 4 sets of experiments are designed

and given in Table 5.2.

Table 5.2 : Faradaic efficiencies for formate of the ECR experiments with different
pretreated and surface area electrodes.

Experiment Treatment Working Electrode  Faradaic Efficiency for

No Area (cm?) Formate (%)
1 150°C 5h Annealing 4 46

2 150°C 5h Annealing 4 65

3 150°C 5h Annealing 4 65

4 180°C 5h Annealing 2 74

5 180°C 5h Annealing 2 79

6 180°C 5h Annealing 2 78

7 200°C 5h Annealing 2 76

8 200°C 5h Annealing 2 80

9 200°C 5h Annealing 2 76

10 Mechanical Polishing 2 75

12 Mechanical Polishing 2 82

13 Mechanical Polishing 4 64

As given in Table 5.2, pure tin samples were annealed at 150, 180, and 200°C for 5

hours.

The first set of the experiment was conducted with the annealed tin foils at 150°C for
5 hours and the working electrode area is determined as 4 cm? However, ECR
experiments for these electrodes although gave higher faradaic efficiency for the
formate, have not resulted in consistent and reproducible faradaic efficiencies. Thus,

the reproducibility of ECR has not been achieved.

Then, the pure tin samples were annealed at 180°C for 5 hours, and the electrode area
was reduced to 2cm? to obtain a similar active area with the proton-exchange
membrane. In addition, the counter electrode to the working electrode ratio is increased
by reducing the working electrode area from 4 cm? to 2 cm?. In the literature, it is

suggested to have a counter electrode area at least 10 times higher than the working

28



electrode area to have uniform current distribution and reduce the uncompensated
resistance [47,48]. In this case, faradaic efficiency towards formate was varied in a
small range of 74-79%, so the results were reproducible. For the third set of
experiments, pure tin electrodes were annealed at 200°C for 5 hours, and the electrode
area was determined as 2 cm? This set of experiments was distinctive for
understanding the effect of annealing temperature because the electrode area was the
same as the previously mentioned 180°C annealed samples. As a result of these
experiments, the faradaic efficiency for formate was varied between 76-80% which

had no significant difference from the 180°C annealed samples with 2cm? area.

Finally, to deeply understand whether the annealing or the electrode was providing the
reproducibility, 2 cm?, and 4 cm? electrodes without a heat-treatment were used for
ECR. The 2 cm? tin electrode without a heat-treatment has resulted with 75% faradaic
efficiency towards formate that was consistent with the other 2cm? electrodes with the
heat-treatment. On the other hand, 4cm? electrodes without a heat-treatment have the
faradaic efficiencies varied in a wide range from 10 to 70%. In conclusion, these
experiments showed that the working electrode area is the key parameter governing
the reproducibility of the experiments. On the contrary, annealing temperature has no
significant effect on the faradaic efficiency towards formate in ECR experiments for

the duration of experiments used in this study.

In conclusion, an optimized setup with replicable faradaic efficiency results was
obtained with a 2 cm? working electrode area. Further experiments were done in this

optimized setup.

5.2 Cyclic Voltammetry

Cyclic voltammetry is applied to the pure tin electrodes to understand the
electrochemical behavior of the electrode in the CO. saturated 0.1 M KHCO3
electrolyte with pH 6.8 and given in Figure 5.1. During the anodic polarization, there
are two peaks belonging to the +2 and +4 oxidation state of tin at -0.657 V and -0.437
V vs. Ag/AgCI respectively. The peak observed at -1.0 V vs Ag/AgCl is indicating
the reduction of the tin oxide to the metallic tin. The reduction peak of the tin electrode
appears as a single peak however is supposed to be two separate peaks belonging to
the reduction of the two oxidation states of pure tin. Delgado et al. explained this as

that the second reduction peak appears when the scan rate is high enough [49].
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Figure 5.1 : Cyclic Voltammetry of the pure tin electrode in CO; saturated 0.1 M
KHCOs with pH 6.8.

During cathodic polarization after the reduction peak of tin oxide, the downward curve
is formed between the -1.26 V and -1.8V vs. Ag/AgCI. In this region, there is a
contribution of both HER and ECR reaction according to Damas et al. [5].

As a result, the tin oxide’s reduction is a reversible reaction. The cyclic voltammetry
curve of tin electrode in CO- saturated 0.1 M KHCO3 electrolyte shows that the oxide
layer of the pure tin electrode is started to be reduced at less negative potentials than
the ECR potentials. Thus, during the ECR process, the tin oxide is also reduced along
with CO2 and H'.

5.3 Time-dependent Formate Production

In the literature, there are numerous studies indicating the importance of the oxide
layer on the tin is essential for obtaining high faradaic efficiencies towards formate
[7,25,50]. However, our findings from the cyclic voltammetry in Figure 5.1 showed
that the tin oxide should start to be reduced prior to the ECR reaction, because the
reduction of tin oxide occurs in -1.0 V vs. Ag/AgCl and the ECR experiments mostly
were done in -1.8 V vs. Ag/AgCI. Thus, based on these, the question raised was how

tin oxide can be the reason for high faradaic efficiencies towards formate while it
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supposed to be reduced before ECR reaction. To answer this question, an experiment
was designed in which the products were analyzed in every ten minutes during 2 hours
ECR in CO; saturated 0.1 M KHCO3z with pH 6.8. In this way, the faradaic efficiency
variation during these time intervals and overall time were investigated. There is no
other study in the literature that investigates the variation of faradaic efficiency by
taking multiple samples during a long-time ECR experiments and relates that to the

oxide dependence of faradaic efficiency for formate.

The time-current density graph of the 2 hours long electrolysis experiment is given in

Figure 5.2. The current density during the ECR experiment remained stable.
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Figure 5.2 : The time — current density graph of 2 hours long ECR experiment at -
1.8 V vs. Ag/AgCl in CO; saturated 0.1 M KHCOs with pH 6.8.

The produced formate amount during the ECR electrolysis is given in Table 5.3. As
can be seen in Table 5.3, the produced formate amount was 2.1965 mg in the first 10
minutes that is considerably high comparing the remaining time intervals. After the
first 10 minutes, the formate production rate decreased and remained stable. This can
be attributed to the effect of tin oxide reduction that decreases the formate production
rate. Since tin oxide is thermodynamically not stable at -1.8 V vs. Ag/AgCl, it is
expected to reduce in this ECR experiment. It can be said that the presence of tin oxide

or the reduction reaction of tin oxide may favor formate production as a result of ECR.
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Table 5.3 : Produced formate amount and passed charge in ten minutes time
intervals during 2 hours long ECR on the pure Sn electrode in CO; saturated 0.1 M
KHCO3 (pH=6.8).

Time Interval Charge Formate amount
(minutes) ©) (9)
0-10 -4.30 0.0021965
10-20 -4.45 0.0005523
20-30 -4.79 0.0006300
30-40 -4.71 0.0006705
40-50 -4.76 0.0006820
50-60 -4.69 0.0006884
60-70 -4.63 0.0007386
70-80 -4.67 0.0007289
80-90 -4.66 0.0007183
90-100 -4.69 0.0007698
100-110 -4.69 0.0007990
110-120 -4.71 0.0007707

5.4 Cathodic Polarization Studies

The polarization study was done in three different electrolytes to understand the
function of COz and its reduction reaction on the oxide layer on pure tin catalysts. To
differ the reaction potentials on the metallic tin surface and tin surface with native
oxide layer two curves are overlaid in Figure 5.3. The first curve belongs to a pure tin
with a native oxide layer in CO; saturated 0.1 M KHCO3 electrolyte with pH 6.8. The
second curve belongs to a metallic tin electrode that is obtained by polarization at -1.8
V vs. Ag/AgCI for 15 minutes in CO> saturated 0.1 M KHCOs electrolyte with pH 6.8

before polarization.
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Figure 5.3 : The overlaid polarization curves of metallic Sn and Sn with a native
oxide layer in CO2 saturated 0.1 M KHCOs electrolyte with pH 6.8.

There are three reduction reactions involved in these electrochemical experiments and
these are, (i) reduction of tin oxide, (ii) ECR, and (iii) HER. Thus, the potentials of all
these reactions were subject of several studies. Cho and co-workers made an oxidation
study of pure tin via electrochemical reduction analysis in borate buffer electrolyte
with pH 8.4 [41]. The reduction potentials of SnO, SnO2 and Sn(OH) in borate buffer
with pH 8.4 are given in Table 5.4.

Since in this study used electrolytes have pH of 6.8, the equilibrium and measured
potentials mentioned in Cho’s work converted for pH 6.8 to ease the comparison, these
are given in Table 5.4. The conversion was done according to RHE because the
measured potential with RHE is independent from the pH. Conversion equation
between the RHE and Ag/AgCl electrode is given in equation (5.1) [51]:

Egug = E ag +0.059 pH + E%, (5.1)
AgCl AgCl

Additionally, the HER potential on the pure Sn is measured as -1.22 V vs. Ag/AgCl,
and the converted potential for pH 6.8 is -1.13 V vs. Ag/AgCI [41].
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Table 5.4 : Equilibrium and measured reduction potentials of tin oxides with
different oxidation states according to Ag/AgCI reference electrode in pH of 8.4, 6.8,

and 8.5 [41].
Potential (V vs. Ag/AgCI) SnO  SnO2 Sn(OH):
Equilibrium Potential in pH 8.4 Borate Buffer -0.7955 -0.8266 -0.8090
Measured Potential in 8.4 pH Borate Buffer -0.972 -1.10 -
Equilibrium Potential in pH 6.8 -0.70  -0.73  -0.7146
Measured Potential in pH 6.8 -0.877 -1.01 -

The equilibrium potentials of the possible ECR reactions are given in Table 5.5 [12].
These potentials are designated on the overlaid polarization curve of metallic Sn and
Sn with native oxide layer curves obtained in CO; saturated 0.1 M KHCO3 electrolyte
in Figure 5.4. To identify the reactions on the polarization curves taken in this study,

to have an idea of the experimental potentials of the reactions described above.

Table 5.5 : The equilibrium potentials vs. Ag/AgCl of possible ECR reactions in
electrolytes having a pH of 6.8 and 8.5 [12].

Equilibrium Equilibrium
Reduction Reaction Potential in Potential in
pH=6.8 pH=8.5
COy(g) + 2H" + 2e* = HCOOHy -0.80 -0.90
COz() + H20() + 27 = HCOO (zq) + OH" -0.62 -0.72
COg(g) + 2H" + 2e" = CO(g) +H20q) -0.72 -0.82
CO2(g) + H20q) + 26" = CO(g) + 20H" -0.71 -0.81

0,4

~——— CO, saturated 0.1 M KHCO, with prior electrolysis at -1.8 V vs. Ag/AgCl for 15 min

0,2 — . . .
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Figure 5.4 : Equilibrium potentials of related ECR reactions [12].
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Feaster et al. [8], in their detailed study determined the potentials and potential ranges
of the possible reactions that may occur during ECR on tin. These are given in Table
5.6 According to their study at the potentials more anodic than -1.04 V vs. Ag/AgCl
the only reaction occurring on the pure tin surface is the reduction of the tin oxide.
Between the -1.04 and -1.19 V vs. Ag/AgCl, in addition to the reduction of tin oxide,
HER and ECR to formate started. In this potential interval, HER is the dominant
reaction. The exact starting potentials of HER and ECR is not stated in the study. CO
is first detected at -1.19 V vs. Ag/AgCI. The reactions between the -1.19 and -1.40 V
vs. Ag/AgCl are SnOx reduction, HER, and ECR to formate and CO. Faradaic
efficiency for CO is maximum at -1.36 V vs. Ag/AgCl as 17%. ECR to formate
becomes the dominant reaction at -1.40 V vs. Ag/AgCl. The maximum faradaic
efficiency towards formate is 70% at -1.60 V vs. Ag/AgCI. At the potentials that are
more cathodic than -1.6 V vs. Ag/AgCl, ECR becomes mass transport limited, and
HER turn into be a dominant reaction again [8]. These potentials are designated on the
overlaid polarization curves obtained in CO2 saturated 0.1 M KHCOs electrolyte of

metallic Sn and Sn with native oxide in Figure 5.5.

Table 5.6 : Detected reactions occurred on the pure tin electrode in 0.1 M KHCO3
electrolyte at varying potentials according to Feaster’s study [8].

Potential Interval

(V vs. Ag/AgCI) Reaction
Above -1.04 Only SnOx reduction
SnOx reduction
-1.04--1.19 HER (dominant)
ECR to HCOO

SnOx reduction
HER (dominant)
ECR to HCOO
ECR to CO (max FE of 17% at -1.36V)
SnOx reduction
HER
ECR to HCOO™ (dominant, max FE of 70% at -1.60V)
ECRto CO

-1.19--1.40

-1.40 —-1.60

Below -1.60 ECR becomes mass transport limiting
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Figure 5.5 : Experimental potentials of related reactions on overlaid curves of
metallic tin and tin with native oxide layer according to Feaster's study [8].

Combination of potentials of the Feaster’s study and our experimental result of the
electrodes with and without oxide layer verified the findings of Feaster. It is clear
from the figure that the only reaction occurring on the tin electrode with the native
oxide layer until the -1.0 V vs. Ag/AgCl is the reduction of the tin oxide layer. This
potential is identified as the reduction of tin oxide in the cyclic voltammetry curve that
is given in Figure 5.1. The current increment at this potential is attributed to the
reduction of tin oxide. After this potential, two polarization curves become very similar
because both surfaces are in reduced form at more cathodic potentials than -1.0 V vs.
Ag/AgCI. After the -1.5 V vs. Ag/AgCl, the slope of both curves increases. This could
be an indication of the suppressed ECR or HER. Feaster et al., designated that at the
potentials more cathodic than the -1.6 V vs. Ag/AgCl ECR reaction becomes mass
transport limited [8]. Hence, the suppressed reaction should be ECR due to the mass

transport limitation.

5.4.1 Polarization curves without prior constant potential electrolysis

At first, the polarization of pure tin electrodes was conducted without prior constant
potential electrolysis. Thus, all of the electrodes used in Section 5.4.1 has a native
oxide layer on them at the beginning of the polarization. The polarizations started with
OCP to -2 V vs. Ag/AgCl with the scan rate of 5 mV/sec. Thus, in the range of these
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potentials, the electrochemical behavior of pure tin electrodes with the native oxide

layer was investigated.

First of all, the polarization of the pure tin electrode was obtained in Ar-saturated 0.1
M KHCOs electrolyte. This polarization curve is given in Figure 5.6. This experiment
was done to understand the behavior of pure tin electrode in 0.1 M KHCO:s in the
absence of CO; gas.

As can be seen in the first cycle the tin oxide reduction peak is at -0.89 V vs. Ag/AgCI
and the peak current passing in that potential is 573 pA. In the first cycle, after the
oxide reduction peak, there is a region between the -0.97 V and -1.29 V vs Ag/AgCl

that there is no current increment even the potential is increased.

After the first cycle, the potential of oxide reduction is reduced to -1.167 V vs.
Ag/AgCl, and the current passing in that potential is reduced to 305.7 pA. This result
indicates that the oxide is began to get reduced after the first cycle but it is not reduced
completely because a plateau of current still existed in the potenatial range of SnOx
reduction. The shape of the CV remained constant after 6" cycle. The remaining

cycles were not given in for the sake of better understandibilty of the Figure 5.6.
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Figure 5.6 : Polarization curves of the pure tin catalyst in Ar saturated 0.1 M
KHCO:s electrolyte with pH 8.5 taken from OCP to -2 V vs. Ag/AgCl.
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As it can be seen from Figure 5.7, the first cycle differs from the first cycle obtained
in the Ar-saturated 0.1 M KHCOa. It is because that the first cycle obtained in CO>
saturated 0.1 M KHCO:s electrolyte does not have the region appeared in the first cycle
of Ar-saturated 0.1 M KHCO3 between -0.97 and -1.29 V vs. Ag/AgCl that the current
stops increasing while the potential increases. In the first cycle, the oxide reduction
peak isat-1.074 V vs. Ag/AgCl and the peak current is 290.9 pA. Unlike Ar-saturated
0.1M KHCO:s electrolyte with pH 8.5, in CO; saturated 0.1M KHCOg, after the first
cycle, the tin oxide peak is significantly decreased and looks like a bump. The oxide

peak has remained stable after the 6" cycle and it was present until the 50" cycle.
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Figure 5.7 : Polarization curves of the pure tin catalyst in CO; saturated 0.1 M
KHCOs electrolyte with pH 6.8 taken from OCP to -2 V vs. Ag/AgCl.

As mentioned before, Ar saturated 0.1 M KHCO3 has 8.5 pH, on the other hand, CO>
saturated 0.1M KHCOs has 6.8 pH. Thus, this difference between the polarization
curves in Ar saturated and COz saturated 0.1 M KHCO3 electrolyte might be due to the
two reasons. These reasons were: (i) pH difference between them or (ii) bubbling CO>
gas to the 0.1 M KHCO3z may support the tin oxide reduction. To understand why the
oxide is reduced more in CO; saturated 0.1 M KHCOs electrolyte another experiment

is designed.
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In the third experiment, H.SO4 added to 0.1 M KOH electrolyte to set its pH to 6.8.
Thereby, the pH of the electrolyte is equalized with the CO, saturated 0.1 M KHCO:s.
If the reason for the higher rate of reduction of tin oxide is that the pH then CO>
saturated 0.1 M KHCO3 and the H2SO4 added 0.1 M KOH electrolyte with pH 6.8

would have given the same result.

In Figure 5.8, the first six cycles of polarization curves of the pure tin electrode are
given. In the first cycle, the oxide reduction peak is at -0.990 V vs. Ag/AgCl, and the
maximum current is 435.6 pA. The first polarization cycle obtained in H.SO4 added
0.1 M KOH with a pH of 6.8 is similar to the first polarization cycle obtained in Ar-
saturated 0.1M KHCO3 electrolyte. The region that the current does not increase with
the increasing potential in Ar-saturated 0.1M KHCOs electrolyte is between -0.97 V
and -1.29 V vs. Ag/AgCl was also present in the first cycle of H.SO4 added 0.1 M
KOH electrolyte with pH 6.8 between the potentials of -1.0 VV and -1.3 V vs. Ag/AgCI.
After the first cycle, the oxide is reduced but a plateau is still preserved in this region.

The oxide reduction peak was stable after the 6 cycle.
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Figure 5.8 : Polarization curves of the pure tin catalyst in H.SO4 added 0.1 M KOH
electrolyte with pH 6.8 taken from OCP to -2 V vs. Ag/AgCI.
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The polarization curve given in Figure 5.8 proves that the reduction of tin oxide after
the first cycle is not related to pH, because the pH of electrolytes used in CO> saturated
0.1 M KHCO:s electrolyte given in Figure 5.7 and H2SO4 added 0.1 M KOH electrolyte
given in Figure 5.8 was the same and 6.8. While the oxide is substantially reduced in
the presence of CO> gas in CO- saturated 0.1 M KHCOs3, when there is no CO- in the
electrolyte oxide is preserved as can be seen in H>SO4 added 0.1 M KOH electrolyte
given in Figure 5.8.

In Figure 5.9, the polarization curves of the first two cycles in three different
electrolytes Ar-saturated 0.1 M KHCO3z with pH 8.5, CO; saturated 0.1 M KHCO3
with pH 6.8, and H2SO4 acid added 0.1 M KOH with pH 6.8 are overlaid.
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0,0 - = H,SO, added 0.1 M KOH Cycle 2
= CO, saturated 0.1 M KHCO, Cycle 1
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Figure 5.9 : The first two cycles of the polarization curves of pure Sn catalysts in Ar
saturated 0.1 M KHCOs3, CO; saturated 0.1 M KHCOs3, and H2SO4 added 0.1 M
KOH.

The similarity of the polarization curves between the Ar-saturated 0.1M KHCO3 and
H2>SO4 added 0.1 M KOH is clear. In fact, the difference between the oxide reduction
peak currents between the first and second cycle is 188 pA for HoSO4 added 0.1 M
KOH and 268 pA for Ar-saturated 0.1 M KHCOs, meaning that the oxide of pure tin
electrolyte is reduced more than the one in H.SO4 added KOH. This could be attributed
to the fact that in addition to CO- in the gas phase, HCOs ions in the electrolyte can
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be reduced [52]. Eventually, the reduction of both of them contributes the tin oxide
reduction. Another point is that the region that HER and ECR became limited
approximately at more cathodic potentials than -1.6 V vs. Ag/AgCl. The slope is
steeper in CO> saturated 0.1 M KHCOg, Ar saturated 0.1M KHCOs3, and H2SO4 added
0.1 M KOH electrolyte respectively. This shows that ECR becomes mass transport
limited more than HER.

5.4.2 Polarization curves with prior constant potential electrolysis

The second polarization study was done after the 15 minutes electrolysis at -1.8 V vs.
Ag/AgCI. Since in the previous polarization study the potentials are scanned with the
scan rate of 5 mV/sec, there might be not enough time for the complete reduction of
the tin oxide layer. To investigate the effects of longer time polarizations these sets of
experiments are designed. Additionally, to prevent the re-oxidation the polarizations
were started from the -1 V vs. Ag/AgCl, not OCP.

First of all, in Figure 5.10 the polarization curve obtained in the Ar saturated 0.1 M
KHCOs electrolyte with prior constant potential electrolysis is given. The oxide
reduction peak was still present and the maximum current was 316.4 pA at-1.29 V vs.
Ag/AgCI. After the first cycle, the following cycle is reduced a little more to the -1.24
V vs. Ag/AgCl and 257.8 pA.

In Figure 5.11, polarization curves of pure tin catalyst in CO2 saturated 0.1 M KHCO3
electrolyte after 15 minutes constant potential electrolysis at -1.8 V vs. Ag/AgCI is
given. It can be seen that the oxide peak completely disappears in the presence of CO>
favors tin oxide reduction. Additionally, the reaction becomes mass transport limited

prominently after the -1.7 V vs. Ag/AgCI.
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Figure 5.10 : Polarization curves of the pure Sn after 15 minutes electrolysis at -1.8
V vs. Ag/AgCl in Ar saturated 0.1 M KHCOgs electrolyte with pH 8.5 from -1 V to -2

V vs. Ag/AgCl.
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Figure 5.11 : Polarization curves of the pure tin catalyst after 15 minutes constant
potential electrolysis at -1.8 V vs. Ag/AgCl in CO; saturated 0.1 M KHCOs3
electrolyte with pH 6.8 from -1 V to -2 V vs. Ag/AgCI.
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The third experiment involved the polarization of pure tin electrode that reduced
beforehand by applying a constant potential of -1.8 V vs. Ag/AgCl for 15 minutes from
-1 V to -2 V vs. Ag/AgCI and given in Figure 5.12. Consistent with the previous
results, the oxide layer on the tin is survived in the polarization curves of the pure tin
catalyst after 15 minutes constant potential electrolysis at -1.8 VV vs. Ag/AgCIl in H2SO4
added 0.1 M KOH electrolyte and it was more similar to Ar saturated 0.1 M KHCO3
electrolyte with pH 8.5. Similar to the polarization experiments without prior constant
potential electrolysis given in Section 5.4.1, the difference between the currents passed
during the tin oxide reduction peak is 18 pA for H2SO4 added 0.1 M KOH and 60 pA
for Ar-saturated 0.1 M KHCO3, which means that the oxide layer on the tin is reduced
more in Ar-saturated 0.1 M KHCO3 than in H.SO4 added KOH. This result designates
the reduction of HCOs™ ions in the electrolyte [52]. Also, the diffusion-controlled
region at potentials more cathodic than -1.6 V vs. Ag/AgCl is less steep in the absence
of COg, due to the elimination of the kinetic limitation of ECR reduction.
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Figure 5.12 : Polarization curves of the pure tin catalyst after 15 minutes constant
potential electrolysis at -1.8 V vs. Ag/AgCl in H2SO4 added 0.1 M KOH electrolyte
with pH 6.8 from -1 V to -2 V vs. Ag/AgCI.

To compare all of the electrolytes, the first two polarization curves in Ar-saturated 0.1
M KHCOg, CO; saturated 0.1 M KHCOg, and H2SO4 added 0.1 M KOH are overlaid

in Figure 5.13. The mass transport limited parts of the curves become steeper as the
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COz reduction reaction amount is higher. From highest the lowest the steepness is
ordered as CO» saturated 0.1 M KHCO3, Ar saturated 0.1 M KHCO3, and H2SO4 added
0.1 M KOH in which there is no CO> reduction reaction.
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Figure 5.13 : The first two cycles of the polarization curves of pure tin catalysts in
Ar saturated 0.1 M KHCO3, CO; saturated 0.1 M KHCOs3, and H2SO4 added 0.1 M
KOH after 15 minutes constant potential electrolysis at -1.8 V vs. Ag/AgCI.

As a result, with these sets of experiments, the effect of the CO- gas, bicarbonate, and
pH on the behavior of pure tin electrode is investigated. The polarization curves
showed that the tin oxide is more prone to be reduced in the presence of CO2 gas
regardless of pH. The other outcome is that the pure tin electrodes in Ar saturated 0.1M
KHCO:3 electrolyte is reduced more than the ones in H.SO4 added 0.1 M KOH
electrolyte. This could be attributed to the fact that the ECR can occur through the
bicarbonate ions in the KHCOs electrolyte [52]. This relation between the reduction of
tin oxide and the ECR reaction can be interpreted as the ECR reaction is proceeding
synergetically with the tin oxide reduction reaction. However, if the ECR reaction is
the reason for the tin oxide reduction or if the tin oxide reduction favors the ECR
reaction is unknown. In another word, the enhanced ECR activity on the tin oxide
rather than the metallic tin might be because of that the tin oxide has the optimal
binding energy with the key intermediates for producing formate, or the reduction

reaction of tin might be helpful for ECR reaction by providing electrons or compounds.
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6. CONCLUSION

In this study, we point out the missing points in the literature about the importance of
the reliable setups used in ECR experiments and a very limited amount of mechanistic

studies on tin electrodes.

According to the reliable setup building studies, the annealed samples at 150, 180, and
200°C for 5 hours showed that the annealing has no significant effect on selectivity for
this setup. On the other hand, by reducing the electrode area from 4 cm? to 2 cm?, the
reproducibility was achieved. Thus, easier charge transfer and more uniform charge
distribution caused by the higher counter electrode to working electrode area ratio and
the more similar sizes of the electrode and membrane, was the key factor governing
the reproducibility.

Secondly, the time-dependent formate production rate is investigated on the tin
electrode. The results showed that the produced formate amount at the first 10 minutes
was almost 4 times higher than the remaining time intervals. As a result, when oxide
layer is present on Sn, the formate production rate is higher because the tin oxide was
reduced at the beginning of the experiment by the applied potential of -1.8 V vs.
Ag/AgCI. The formate production rate is reduced when the tin oxide is reduced after
the first 10 minutes.

The results of polarization studies showed that, the oxide on the tin electrode was
reduced easier in the CO; saturated 0.1 M KHCOs (pH=6.8) compared the Ar
saturated 0.1 M KHCO3 (pH=8.5)and H>SO4 added 0.1 M KOH (pH=6.8). Thus, the
reason for the reduction of tin oxide is not only dependent on the pH, CO. reduction

reaction also contributes to this reaction..

In addition, the tin oxide is reduced with a higher rate in Ar saturated 0.1 M KHCO3
than the H2SO4 added 0.1 M KOH. This result indicated that the reduction of HCO3"

ions in the electrolyte also contributes to the tin oxide reduction.

The slopes of the polarization curves at potentials more cathodic than -1.6 V vs.
Ag/AgCI ascended as follows: H>SO4 added 0.1 M KOH > Ar saturated 0.1 M
KHCOs3, > CO; saturated 0.1 M KHCOs electrolyte. This indicates that after -1.6 V vs.
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Ag/AgCI both of the HER and ECR reactions became kinetically limited. However,
since the steepness is increasing with the increased CO2 and HCO3z™ amount, the ECR
reaction becomes more limited at the potentials more cathodic than the -1.6 V vs.
Ag/AgCl.

In conclusion, this study reveals that there is a strong relationship between the tin oxide
reduction reaction and ECR reaction. The problems identified in this study for the first
time in the literature that the reason for the tin oxide is more prone to reduce while
ECR reaction present, and the faradaic efficiency for formate drops significantly after
the beginning of the ECR experiment due to the reduction of tin oxide. Although some
studies suggest applying a bias to reform oxide on the surface, they did not reveal or
mention anything about the degradation of faradaic efficiency for formate after the
beginning of the experiment [9]. We identify these problems that were not mentioned

in the literature before, and the reasons of them with this study.
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