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Abstract

The pressing issue of global climate change has been found to be attributed to the
increasing concentration of greenhouse gases in the atmosphere, especially carbon dioxide. One
mitigation idea to close the carbon loop is to utilize redox reactions and photocatalysis to reduce
carbon dioxide to a useable fuel source, like methane or methanol. This thesis will study the
possibility of using calcium ferrite as the semiconductor to perform photocatalytic reduction of
carbon dioxide with the assistance of a microbial fuel cell, which will help minimize the energy
required from sunlight photons. A calcium ferrite thin film was produced through the sol-gel
synthesis method. This production method must be completed in a nitrogen glove box, so a
compact, low-cost dip-coating machine was built with a linear actuator and Arduino
microcontroller. Once the cell was produced, x-ray diffraction and scanning electron microscopy
were used to characterize the crystalline structure of the film. Additionally, a potentiostat was
used to test the cell’s potential, which determines its ability to reduce carbon dioxide and other
test molecules. In conclusion of this study, the benefits and limitations of this synthesis method
will be discussed, along with the feasibility of using calcium ferrite as the semiconductor for
microbially assisted photocatalytic reduction of carbon dioxide.
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Introduction

Global natural carbon dioxide, CO2, fluctuation for the last 800,000 years has been found
to be between 180-300 ppm, but there has been a gradual increase in atmospheric CO>
concentrations since the industrial revolution (Habisreutinger et al., 2013). This has led to CO>
levels that often exceed this range in recent decades, while still continuing to increase. The
phenomena of the greenhouse effect and climate change can be greatly attributed to this increase
in carbon dioxide concentrations, therefore there is a high demand for technology to either
minimize new CO emissions or remove existing CO from the atmosphere. The difficulty
however is to manage those goals without compromising the high quality of life and
industrialization that the world has become accustomed to. One proposed solution is to utilize
redox reactions to reduce CO> and other organics to usable carbon fuels like methane (CHa) or
methanal (CH3OH) (Huang et al., 2020). Theoretically, carbon dioxide could be reduced in this
way through very high-energy light hitting the surface of certain materials that are exposed to the
atmosphere. Unfortunately, the most feasible light source for this of course is sunlight, which for
the majority lacks light energy at these high levels. To overcome this obstacle, a microbial fuel
cell could be coupled with the photocatalytic cell, to supply electrons that are already at a high
enough energy level to utilize the sunlight energy to reduce CO». The major advantages of large-
scale systems like this would be that the fuels produced could be used without much alteration to
current natural gas infrastructure, it creates a closed carbon loop, and provides a strategy to store
“solar energy” (Habisreutinger et al., 2013). Figure 1 shows that in the near term it is more
profitable for specialty chemical products, but there is likely profitability in some carbon fuels as
products as there are more fossil fuel taxes and better technology (Bertheussen et al., 2019). This
paper will provide details on the reduction of COz by photocatalysis when paired with a
microbial fuel cell, and a review of a low-cost method testing a potential semi-conductor
material for the photocatalytic cell, calcium ferrite.



-formic acid
2500 - O 1 GtCiyr propanol
O 30 mtcryr

. O 1 MtC/yr ethanol
! 2000 ocC acetaldehyde
4U-r o (_2 N y. .
% ethylene
3 1500 - A2 (pure) methanol
& -
@ 1000 - \ T
5 $5UN=
= captured -7

soo{ 02 .= L S20MWRL e

.—.e.‘:.".f.'.'........,............
n? co (Syngas). C (coal) methane (NG)

A" T T T T T T T
U|0 2.5 5.0 7.5 0.0 12.5 15.0 17.5 20.0
Energy content / MWh tC~!

Figure 1: Market price of possible CO reduction products as a function of energy content based
on a CO; capture cost of $200/tC. Those above the $50 and $20 per MWh lines are more
profitable than the average and minimum cost of energy currently produced by solar power,
respectively. (Bertheussen et al., 2019)

Background

The goal of photocatalytic reduction of CO: is to convert it to a usable fuel source, like
methane or methanol (Habisreutinger et al., 2013). This process begins with the absorption of
sunlight, mainly visible light, and adsorption of a molecule, in this case CO>, by a semiconductor
surface. A diagram of this general process is shown in Figure 2. Semiconductors are
differentiated by their bandgap, which is the difference in potential between the valence band
(VB) and the conduction band (CB). If the photons absorbed from the light are at higher energy
levels than the bandgap energy, they excite the electrons from the valence band to the conduction
band. This creates holes in the valence band where the electrons were before, and they are
considered virtually positively charged (Huang et al., 2020). The charge carriers, electrons and
holes, may transfer to the adsorbed acceptor molecules which would initiate the reduction or
oxidation reactions.



Reductior) cocatalyst
A \ o,

-15 .

i CB o > Solar fuels
= HCOOH/CO, -0.61V
2 .05 S =C0/CO, 053V
- hv S HCHO/CO,  -0.48V
I 00 H,0H/CO, -0.38V
v H,/CO, -0.24V
2 o0s
s ..1 ... —>H,0/0, +0.82V
8 10
t VB
915 Q\_/V - .=02
o
& 20 74‘0

2
25

Oxidation cocatalyst
(PH=7)

Figure 2: The general mechanism for photocatalytic reduction of CO2 (Huang et al., 2020).

Reduction of a molecule would be easiest if only one electron is needed to facilitate the
reduction, however CO> has a low electron affinity because of its symmetrical shape and closed-
shell electron configuration, so it is very difficult to do a single electron reduction. Instead, the
most plausible reductions use 2-8 electrons (Habisreutinger et al., 2013) depending on the
desired product. More specifically, it requires 127 kcal/mol to break the carbon oxygen double
bond of CO;, leading to a relatively large potential of -1.9 V vs. NHE at pH 7 to reduce CO. with
only one electron (Huang et al., 2020). This is avoided by using proton-assisted multi-electron
processes which have potentials within more common ranges for semiconductors. In the past,
this has mainly been done through thermal hydrogenation of CO>, but electrochemical processes
would be favored because it combines multiple steps into a single electrochemical process. This
means that it can produce desired products more easily than the comparable thermal processes
could, and even more importantly for scalability, it can often run at or near room temperature and
pressure (Bertheussen et al., 2019).
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Equations 1-7 show possible redox reactions, and their potentials, associated with the
photocatalytic reduction of CO (Huang et al., 2020).

For the photocatalytic reduction of CO», the semiconductor chosen should balance
between being in the visible light range, which is fairly narrow, but the bandgap also needs to be
large enough to cover the range of the reduction and oxidation potentials. Equations 1-7 show the
associated potentials for various reduction pathways, revealing that all except the single electron
process are less than the absolute value of -0.53 V (Habisreutinger et al., 2013). Furthermore, the
semiconductor must actually have a higher voltage than the given potential for the desired redox
reaction because of losses due to electrode overpotentials, resistivity, and charge transport
(Tablero et al., 2017).

The semiconductor of interest in this paper is calcium ferrite, CaFe2O4, which has an
orthorhombic structure, shown in Figure 3. Calcium ferrite has a conduction band of -0.6 V and a
bandgap of 1.9 V. It is notable that this bandgap is equal to the potential for the reduction of CO>
through the single electron process, and therefore it would not be feasible. However, this
bandgap is significantly larger than the potentials for the multi-electron reductions of CO., so
those reactions are feasible. Other advantages include that it has a high absorptivity of visible
light, is made of abundant elements, and can be prepared at low cost (Chen et al., 2017). One
downside of CaFe204 is that the valence band is approximately the same as the potential for the
oxidation of water, so that reaction may not be possible as a couple for the reduction of CO-
(Matsumoto et al., 1994).
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Figure 3: The structure of a unit cell of CaFe;04 (Tablero et al., 2017).

To minimize the amount of energy needed to be supplied by sunlight for the
photocatalytic reduction, the calcium ferrite cell will be coupled with a microbial fuel cell.
Simply, there is an anode and cathode chamber, separated by a proton exchange membrane
(PEM) (Adhami et al., 2015). In this system, the anode which performs oxidation, would be the
side including microbes which can oxidize organic matter. This can be referred to overall as a
bioanode-photocathode system, shown in Figure 4. The difference of potential between the two
chambers moves bio-generated electrons to the valence band of the cathode, where they can then
receive energy from sunlight photons (EI-Gohary et al., 2022). The key feature of combining
these systems becomes apparent here, since these transferred electrons will be at a higher energy
than the ones coming from the cathode alone would be. This means that hopefully the sunlight
can provide enough energy to boost them to the valence band, where they can perform reductions
at higher potentials, like as needed for the reduction of CO..

e- I_
High-energy Conduction
electrons Band Solar Fuel
olar Fue
| oxiation e'l Reduction
Organic — [Valence Band Carbon
Matter e- Dioxide
Bioanode Photocathode

Figure 4: Bioanode-Photocathode system for reduction of COs.
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Although this system is being designed for the reduction of CO>, there are many reasons
which make it difficult to test that reduction specifically through the development process.
Carbon dioxide would have to be supplied to saturate the system, while oxygen would have to be
removed. Additionally, carbon dioxide and carbonate compounds are naturally present in all
aqueous solutions, so it is difficult to quantify and maintain a desired concentration.
Furthermore, CO: is a reactant and a buffer in CO2/bicarbonate system, which means if the redox
reactions begin changing the pH on the cathode surface, the concentrations of CO> can begin
being depleted as a buffer instead of as a reactant. The presence of oxygen in the system is also
specifically harmful in testing this system because there is iron present in the stainless steel and
film, meaning it can possibly lead to the oxidation of iron. This combined all leads to electrodes
becoming less active and selective over time because of reaction intermediates that deposit on
the surface and restructuring of the surface because of reaction conditions (Bertheussen et al.,
2019). To avoid these issues and produce more reliable results as the film and cell is optimized,
an organic molecule, methyl violgen (MV), was used instead in electrochemical testing as a
probe for CO». The structure and expected cyclic voltammetry testing results of the MV ions are
shown in Figure 5. The reduction of MV?* to MV* is a reasonable testing probe because it peaks
at -0.78 V (Chen et al., 2019), which is within the range of most desired CO. reduction
potentials.

Di-cation (MV2*) Radical cation (MV*") Neutral (MV?)

45000 4
40000 4
35000

30000 4
] 25000 4
20000 4
15000 4
10000

5000 4

Figure 5: a) Structure of di-cation, radical cation, and neutral states of MV b) Expected cyclic
voltammetry measurements of MV redox reactions ¢) Expected uv-vis absorption spectra of MV
(Chen et al., 2019).

Additionally, reduction of methyl viologen occurs sequentially and reversibly from 2+ to + to
neutral, and all states are thermodynamically stable which allows for consistent testing data.
Lastly, during the radical cation, MV" state it changes the surface of the electrode to an intense
dark blue/purple color which makes it easy to observe (Chen et al., 2019), as can be seen in
Figure 6.
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Figure 6: Left) MV in di-cation state, where working electrode slide is natural color Right) MV
in radical cation state, showing intense blue/purple color on working electrode slide.

Methods
Dip-coating Robot

A small-size, low-cost dip-coating robot was built to perform the dip-coating at a
specified speed. An Actuonix L12-R micro linear servo was utilized at a stroke length of 100
mm, gear ratio of 100:1, and voltage of 6V. It was controlled through an Arduino microcontroller
and HC-05 Bluetooth module, as shown in Figure 7. A program was written in C++ to receive a
1 from PUTTY, a terminal emulator on a computer, to initiate the dip-coating and is shared in the
dip-coating robot section of the Appendix.
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Figure 7: Wiring and set-up of dip-coating robot.

Calcium Ferrite Film Synthesis

A CaFe>04 precursor solution was prepared in a 50 mL beaker through classical sol-gel
synthesis. 661 mg of Ca(NOz)2'4H-0, 1,742 mg of Fe(NO3)3-9H,0, and 979 mg of block-
copolymer poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) were dissolved
in 37 mL of ethanol and 13 mL of 2-methoxyethanol through ultrasonic treatment for 15
minutes. After ultrasonic treatment was complete, 10 mL of the solution was transferred to a 10
mL vial, and it was placed into a humidity-controlled glove box, at 10-15%, under the dip-
coating machine. A 0.5 in x 1.5 in stainless steel slide was attached to the robot and was dip-
coated with the calcium ferrite solution at a speed of 8 mm/s. The slide was left in place to allow
it to dry in the chamber for 3 minutes. Next, the slide was immediately heated on a hotplate at
130°C within the glovebox for 1 hour. It was then transferred to a location with a muffle furnace,
which was pre-heated to 130°C which the slide was then transferred into. The slide was heated at
130°C for 2 more hours, and then remained in the furnace as the temperature was increased to
300°C at a rate of 0.5°C/min. Lastly, the furnace was heated from 300°C to 700°C over one
hour. The slide was heated in the furnace for 1 hour at 700°C and then was allowed to cool
naturally.

Characterization

The crystalline structure of the calcium ferrite thin film was characterized by scanning
electron microscopy (SEM) and x-ray diffraction (XRD). Electrochemical properties were tested
through cyclic voltammetry with a potentiostat. 10 mL of the desired solution for that trial was
first purged with Nitrogen for 15 minutes to remove any oxygen in the solution. Then the slide



was set in the solution as the working electrode, facing the reference electrode and counter
electrode. The reference electrode used was stored in 4 M KCI and has a potential of
approximately 0.2 V vs. SHE. A platinum spiral wire was used as the counter electrode. The
combinations of working electrodes and solutions are diagramed in Figures 8-9. Each of these
combinations was tested from 0 to -1 V at a sensitivity of 0.0003.

0.1 M
KC]
Solution
Dark
(o] 1) Blank in 0.1
Blank » M KCl Solution
- Dark
Calcium 2) Sample in
Ferite > 0.1 M KCl
(Sample) o Solution - Dark

Figure 8: Trial conditions for 0.1 M KCI solution cyclic voltammetry.

Full Solution:
2.5 mM My +
0.1 M KC|
Dirk Light 3) Blank in Full
Blank > Solution - Dark
4) Blank in Full
Solution - Light
Calcium 5)Sample in Ful
Ferite » Solution - Dark
(Sample) o o 6) Sample in Full

Solution - Light

Figure 9: Trial conditions for full solution cyclic voltammetry.

Results
The first characterization method to verify the structure of the film was SEM. A blank
slide was viewed and then analyzed in comparison to two slides with calcium ferrite films on
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them. Firstly, the surface of the slides was viewed at different levels of magnification. Images
were collected for each slide at a magnification of approximately 1000x. Since stainless steel
already has a complex mix of elements, its surface structure is also significant, and therefore it is
difficult to distinguish any major differences from the coated area images.

WD:9.9

Area 1 eat

MEETEEE  \ag:1017  WD: 10

WD: 10

-

Figure 10: SEM image of Above) blank slide Left) D1 slide with CaFe2O4 film Right) D3 slide
with CaFe204 film.

Mag:1047

Although the surfaces are not visually different in a clear way, the images can be
analyzed for the presence of individual elements. As mentioned above, stainless steel includes a
variety of elements on its own, including iron, so it is expected that the presence of iron alone
through analysis does not reveal much about the presence of the calcium ferrite film. All samples
found the weight proportion of Fe in the sample to be about 60%. The notable element to find
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would be calcium, however this was only found in one of the film samples, and at a weight of
only 0.8%. This likely means that the presence of calcium on the other film sample was too small
of a proportion to report in comparison to the array of other elements present, or it could possibly
not be present at all.

Following the discovery of the presence of calcium and iron in the film, XRD was then
used to determine if it was present in the correct crystalline structure. According to Kirchhberg et
al., notable peaks for CaFe.O4 should be present at approximately, 33°, 35°, 41°, 43°, 50°, and
62°. The notable peaks found on the stainless steel slides through XRD were at 44°, 51°, and
75°. These peaks were consistent on the blank and calcium ferrite slides at similar intensities for
all angles, as can be seen in Figure 11. According to XRD analysis of stainless steel substrates
under different heating conditions by Cao et al., the peaks at approximately 50.5° and 75° are
due to the stainless steel substrate. Furthermore, Cao et al. concluded that a peak around 45° is a
result of tetragonal zirconia, which becomes stronger and sharper as temperature increases (Cao
et al., 2001). Considering that the peaks through XRD testing were consistent between the blank
and sample slide, and all notable peaks correspond with those that the literature deems are
characteristic of stainless steel, it is unlikely that the calcium and iron have correctly formed a
phase-pure, porous calcium ferrite thin film.

10000 10000
S 8000 3 8000
© ©
< 6000 = 6000
= =
2 4000 ] 2 4000 1l
g g
£ 2000 / £ 2000 /
0 0
0 20 40 60 80 100 0 20 40 60 80 100
2 Theta (°) 2 Theta (°)

Figure 11: XRD results for Left) A blank stainless steel slide Right) A stainless steel slide with a
CaFe204 film.

Although structure characterization reveals the presence of iron and calcium, it also
points to either a lack of or minimal formation of calcium ferrite. Since the elements are present,
photochemical testing was still conducted to find effects of the film on the reduction of MV?*.
First, cyclic voltammetry was conducted on a blank and sample slide in a KCI only solution to
determine their curves based on only charging and uncharging the electrodes. There should not
be any characteristic redox peaks within these trials since the MV2* ions are not present. A
vertical line at -0.78 V, the expected potential at which MV?* is reduced to MV* was place on
each graph to clarify where the reduction peak is expected to maximize. Figure 12 shows that
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neither the blank nor the sample slide, have any peak or unique behavior at this potential when
there is no presence of MV2* ions. Interestingly, the calcium ferrite slide has a wider base range
of current across this voltage range.

3.00E-03 -0.78

2.00E-03 /

1.00E-03

0.00E+00 ( e

-1.00E-03

Current (A)

-2.00E-03

-3.00E-03
-1 -0.8 -0.6 -0.4 -0.2 0

Potential (V)

Blank Calcium Ferrite

Figure 12: Cyclic voltammetry for trial conditions 1 and 2, a blank and sample slide in KCI only
solution in the dark.

Next, the blank and calcium ferrite slides were measured in the full solution in dark and
light conditions, shown in Figures 13-14. The second of three total cycles was used to represent
each trial condition, and at the potential of interest, -0.78 V, the blank slide in the dark produced
a current of -0.667 mA, while in the light it produced a current of -0.482 mA. This shows a
decrease in the magnitude of the current from dark to light conditions of 27.8%. For the calcium
ferrite slide in dark conditions it produced a current of -0.713 mA at -0.78 V, and -0.589 mA in
light conditions. This corresponds to a 17.4% decrease in magnitude of the current produced at
the potential needed for the reduction of MV2*. However, for both the blank and sample slides,
there was a consistent trend of decreasing magnitude of current as the cycle number increased,
with a maximum at the first dark cycle and minimum at the last light cycle. Since current is
proportional to the reaction rate, something is causing there to be less reduction of MV?* over
time, however it does not seem to be affecting the oxidation rate.
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Current (A)
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Figure 13: Cyclic voltammetry for trial conditions 3 and 4, a blank slide in the full solution in
dark and light conditions.
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e Calcium Ferrite - Light 1 Calcium Ferrite - Light 2 == Calcium Ferrite - Light 3

Figure 14: Cyclic voltammetry for trial conditions 5 and 6, a sample slide in the full solution in
dark and light conditions.

Conclusion
Time constraints did not allow for further trials at this time, but based on the favorable
semiconductor characteristics of calcium ferrite for CO> reduction, it should continue to be
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considered in future research. Other methods for the synthesis of calcium ferrite solution may be
more consistent for producing a significant concentration of calcium ferrite. Additionally, the
Kirchhberg et al. method which was followed used indium tin oxide coated quartz glass slides
which are very expensive, but may allow for a better film deposition than was possible on
stainless steel. It is recommended to continue depositions on stainless steel and other low-cost
substrates to find one most suitable for calcium ferrite films. On a larger scale, it is also
recommended for further research into the actual pathway used for the reduction of carbon
dioxide, because according to Habisreutinger et al. there are currently competing theories. This
would lead to a better understanding of the specifications needed for the redox reactions to
happen efficiently and effectively. Further testing could also be done to improve the efficiency of
the reduction through reducing the bandgap of the semiconductor. Some possible options for this
would be the addition of metal nanoparticles or a dopant.

Appendix
Dip-Coating Robot Program

#include <Servo.h>
Servo myservo; // create servo object to control a servo

int pos = 0; // stores servo position

#include "SoftwareSerial.h"

SoftwareSerial BTSerial(0, 1); //RX, TX

intact=9;

int state = 1;

void setup() {
myservo.attach(9); // attaches servo to pin 9
pinMode(act, OUTPUT);
BTSerial.begin(9600); // baud rate for bluetooth

¥

void loop() {
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if(BTSerial.available()) { // checks if there's incoming data

state = BTSerial.read(); // if there is then read the data and store in state
}
if(state =="'0") {

delay(10);

for (inti=0;i<1;i++){

for (pos = 0; pos <=180; pos += 1) { // goes from 0 to 180 degrees in steps of 1 degree
myservo.write(pos); // tell servo to go to position in variable 'pos'

delay(130); // control speed

state = 2;
}
}
BTSerial.printIn("Extension Complete™);
}
else if(state =="1") {
delay(10);

for(intn=0;n<1;n++){
for (pos = 180; pos >=0; pos -= 1) { // goes from 180 to 0 degrees in steps of 1 degree
myservo.write(pos); // tell servo to go to position in variable 'pos'
delay(130); // control speed
state = 2;
}
}

BTSerial.printIn("Retraction Complete™);
}
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