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ABSTRACT 

 

In efforts to find renewable and sustainable alternatives to gasoline in transportation vehicles, 

scientists have been studying the design and use of fuel cells. In a fuel cell, a fuel undergoes a 

reaction that generates electricity, and that electricity can power a vehicle. One possible solution 

is the ethanol fuel cell where ethanol can be converted into electricity by using nanoparticle (NP) 

electrocatalysts. A few issues in ethanol fuel cells include: having a catalyst with less Pt in it as Pt 

is costly and nonrenewable, having a catalyst with a low onset potential to improve efficiency, and 

having a catalyst that is selective to the full oxidation of ethanol, which also improves efficiency. 

In my research, I have synthesized, purified, and characterized PtNiCu NPs for the use of studying 

the ethanol electrooxidation reaction (EOR) in ethanol fuel cells. To better understand the 

mechanism of the reaction, I have studied the products generated from the reaction to determine if 

full vs. partial oxidation is preferred by using an in-situ electrochemical nuclear magnetic 

resonance (NMR) technique that I helped develop. I also investigated part of the mechanism of the 

reaction using in-situ electrochemical infrared (IR) to better understand how Ni improves the EOR 

reaction. I also investigated part of the mechanism of EOR for a collaborator’s catalyst using in-

situ electrochemical IR. The last part of my dissertation also highlights some of my contributions 

to advancing the scientific community beyond lab research through science communication, 

leadership, and advocacy. 
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Chapter I: Understanding the Background, Techniques, and Major Problems of the 

Ethanol Electrooxidation Reaction 

“Enjoy this outstanding opportunity to share your science […]. These opportunities don’t come 

around all the time - it is actually something to cherish - and actively enjoy.”  

—Dr. Timothy H. Warren, Rosenberg Professor and Chairperson, Michigan State University 

 

1.1 Introduction 

Greetings Reader, 

My PhD journey is a colorful adventure filled with wondrous discoveries, crazy experiments, awe-

filled stories, incredible attempts, massive mistakes / failures, extraordinary highs and lows, 

beautiful friendships, and powerful moments of growth. I could not even imagine that any of that 

would happen when I walked on campus in August 2014 as a first year. Now here I am in my 

seventh year, in the middle of a pandemic and a plague of cicadas in this sweltering hot summer 

in 2021, wrapping up my PhD journey and documenting my contributions to science in this 

dissertation. Contributions to the scientific community are predominantly seen as peer reviewed 

lab research. In chapters II -V, I have documented my contributions to science through the research 

I have done in laboratory. This chapter, chapter I, serves as an introduction to the field and projects 

covered in chapters II-V. Chapters VI and VII have documented contributions that go beyond the 

laboratory but are important for the scientific community – science communication, leadership, 

and advocacy. My last chapter, Chapter VIII, focuses on my growth and reflections as a scientist. 

My research projects are very wide in scope and what connects them all together is that they are 

used to study and investigate a single reaction – the ethanol oxidation reaction using 

electrochemistry as a possible energy source for transportation fuels. May you find whatever you 

are looking for in these pages – knowledge, inspiration, humor, wisdom, comfort, or something to 

look at on a lazy Sunday morning. Now onwards to chemistry and adventure! 
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Energy plays a critical role for the economic, social, and political needs of society. Currently, fossil 

fuels and coal are used as primary sources of energy. The scientific community has been working 

on ways of generating and storing renewable energy to overcome the issues of finite fossil fuels 

and the environmentally harmful products and emissions that come from them.1-5 This makes the 

need to develop clean renewable energy imperative.3-6 This is especially important as over 80% of 

the world’s energy consumption is through nonrenewable fossil fuels.7 At this time, there are 

various alternatives to energy sources such as batteries and fuel cells.2, 3, 8 One of the most common 

fuel cells investigated is the hydrogen fuel cell where H2 is the fuel and oxidized at the anode and 

O2 is reduced at the cathode.3, 6, 9 The electrons generated from the oxidation reaction would flow 

through a wire as electricity and power a vehicle. There are multiple advantages of hydrogen fuel 

cells in that there is a clean electrocatalysis product (H2O), the system is easier to investigate as 

H2 and O2 are small homonuclear diatomic molecules, and there are robust scientific community 

interests to study this system. There are also multiple drawbacks to this system, such as the 

production of H2 is still environmentally harmful and highly energy consuming through the 

burning of coal and methane.10-13 Hydrogen gas is also hard to store and transport (susceptible to 

leaks, needs to be stored at high pressure, and can be explosive), and has a low volume energy 

density in comparison to gasoline (H2 =0.00296 kWh/L, gasoline=8.76 kWh/L).3, 6 

To help address some of these concerns, other types of fuel cells are also under investigation. One 

of them is the fuel cell using ethanol as fuel. Ethanol has many advantageous properties, such as 

high energy density (6.32 kWh/L),14 nontoxic at room temperature and pressure, easy to store and 

transport, abundant in biomass, and renewable in nature’s carbon cycle.14 These are distinct 

advantages over gasoline, as well as a few advantages over hydrogen fuel, where H2 storage and 
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large scale distribution for automobile refueling are still economically and technologically 

challenging.  

The ethanol oxidation reaction (EOR) occurs through different paths and can give different types 

of products, such as acetic acid, acetaldehyde, and carbon dioxide.2, 15-19 There have also been 

reports of small amounts of methane, formic acid, ethylene glycol, ethane, and ethyl acetate being 

generated in the reaction.19 In the field, there are two major pathways of the reaction: C1, which 

refers to full oxidation of ethanol to CO2, generating the full 12 electrons from the reaction and 

C2, the incomplete oxidation of ethanol to acetaldehyde (2 electrons) and acetic acid (4 electrons). 

The primary problem in the field is that this reaction over common electrocatalysts such as 

platinum (Pt) favors the partial over the complete oxidation with the maximum amount of electrons 

being generated (Figure 1.1). The incomplete oxidation of ethanol can happen due to blockage of 

the electrode surface from catalytic poisons, rate determining step of adsorbing ethanol to the 

surface, or the rate determining step of the C-C bond in ethanol not being cleaved. 

In the path to better understand what favors full oxidation, or the CO2 product, much research has 

done into the mechanistic understanding of this reaction. At this time, an experimental mechanism 

of this reaction is still not fully elaborate. However, different variables have been investigated and 

trends have been noted in what favors C-C bond cleavage, removal of catalytic poisons such as 

CO, and CO2 production. There is also strong evidence that water also plays an important role in  

oxidizing ethanol. Mechanisms are still being proposed and disputed. Another major issue in the 

field is having accurate analytical techniques to experimentally identify and quantify intermediates 

and products. These techniques are also in development and as they develop, so does the 

understanding of the EOR mechanism. 
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Figure 1.1. The two major pathways of the ethanol electrooxidation reaction on a surface. 

C1 is complete oxidation and C2 is incomplete oxidation.  

 

  



 5 

1.2 Current Mechanistic Insights into EOR 

One of the major impediments to commercialize direct ethanol fuel cells is that the EOR occurring 

at the anode does not completely oxidize ethanol to CO2.
14, 20-22 Even with the best available 

catalysts, experimental data from various research groups suggest that ethanol partially oxidizes 

to several intermediates, primarily acetaldehyde and acetic acid.4-6, 23 This causes two major 

concerns. First, partial oxidation results in less electrons and energy generated from the fuel cell 

system and second, acetic acid as well as some other intermediates, will poison the catalyst surface 

until eventually terminating the catalyst’s activity. The full oxidation of ethanol would ideally 

result in CO2 being produced. The two major pathways, C1 which leads to CO2, and C2, which 

leads to the production of acetic acid have been investigated in different Pt and Pd catalytic 

systems.3, 14, 18, 20, 21, 24-44 

Studying this reaction and experimentally determining what helps favor C1 pathway is one of the 

leading questions in the field of EOR catalysis.2, 31, 45-49 From initial inspection one may note that 

the CO2 molecule has one carbon and can conclude that producing CO2 can only occur if there is 

cleavage of the C-C bond in ethanol. Research is ongoing to determine what the rate determining 

step is.38, 47, 50, 51 Different studies suggest that it can be (1) cleavage of the C-C bond,14, 20, 31, 38, 52-

54 (2) OH adsorption on the catalytic surface near ethanol,51, 55, 56 (3) adsorption of ethanol (for 

mostly non-Pt or Pd systems),57 or (4) β-carbon (CH3) activation.2, 3, 31, 54 The role of water in the 

reaction is still debated if it is only to produce OHads or if H2O itself may be part of the 

mechanism.58-60  

Various intermediates and products have been observed using different experimental techniques 

as well as from computational studies.33, 49, 61-65 It should be noted that the pathway can be 

influenced by temperature, pH, electrolyte, catalyst (alloys and structure), and applied potential. 
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Effect of temperature and pH on EOR mechanism 

Different variables have been investigated such as temperature of the reaction, pH of electrolyte, 

and various types of catalysts.36, 66-72 In different studies, it has been consistently observed that the 

C1 pathway to CO2 is preferred at higher temperatures.73, 74 In some studies, the temperature of 

the reaction was changed and the amount of CO2 produced was measured by the CO2 current 

efficiency through differential electrochemical mass spectrometry (DEMS).27, 33, 62, 69 It can be seen 

in Figure 1.2 that as temperature is increased from 60 to 100 ᵒC that the more CO2 is generated on 

a Pt catalyst.69 In that same study, a lower concentration of ethanol also improves the amount of 

CO2 generated.69 In the case of PtRu, higher temperature is preferred for the formation of CO2  and 

a lower onset potential was noted with increasing temperature.27, 33 One proposed reason that the 

CO2 is the preferred product at higher temperature is because the higher temperature provides more 

kinetic energy for the reaction to overcome the activation energy barrier of the reaction.27, 33  

Changing the electrolyte and pH concentration has also been seen to influence the reaction 

pathway.17, 71, 75 In one study looking at the pH effect, a Pt catalyst in an acidic condition (pH < 4) 

or in an alkaline condition (pH>11) will undergo the C1 and C2 pathways as seen in both (Figure 

1.3) respectively.38, 71 It should also be noted that the kinetic rate of the reaction is typically faster 

in alkaline over acidic conditions.71  
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Figure 1.2: DEMS study of Pt catalyst in 0.5 M H2SO4 with different concentrations of 

ethanol (0.01 M or 0.1M). The y-axis is CO2 current efficiency, which uses the 44 m/z 

measurement from mass spectrometry as 44 m/z corresponds to CO2
+. Figure is taken without 

permission.69 
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In acidic conditions, it can be noted that the first step is α-carbon dehydrogenation and the α-carbon 

binds to the catalytic surface. After this step it can react with a OH nearby (provided from the  

electrolyte) and react to form ethyl-1,2-diol or acetic acid (C2 pathway).14, 71 Ethanol can also have 

the C-C bond cleaved and neighboring OH will oxidize each carbon to form CO2 and leave the 

electrolyte solution or form carbonate ions in solution (C1 pathway). In basic conditions, the 

mechanism of EOR has been proposed in different ways. One route is for the O-H bond in ethanol 

to cleave and the ethoxy group bonds to the surface through the oxygen. After this step, an OHads 

(from solution) can oxidize the α-carbon and lead to the formation of acetate (C2 pathway).25 

Another route can be that the α-carbon in the ethoxy can have a sigma interaction with the Pt 

surface, a temporary two bonded complex can form and then the C-C bond can cleave and be 

oxidized to form two CO groups on the surface (Figure 1.3).38 Those CO groups can then be 

further oxidized to CO2 (C1 pathway). A third route can be similar to the C1 pathway in acidic 

conditions in which the C-C bond is first cleaved and then the two groups (CHx and CO) are 

oxidized with OHads on the surface  (from solution) to form CO2 (or CO3
2- ions).76 A key difference 

between acidic and alkaline conditions can be seen in the first step where in acidic conditions, it 

is the α-carbon that is activated first (C–H activation), and in alkaline conditions, the O-H in 

ethanol cleaves first (O–H activation). The rate determining step for each type of reaction is still 

not known.14, 20, 77 Different research suggests that it is the C-C bond cleavage in ethanol,14, 32, 38, 

52-54 the initial step of ethanol reacting to the surface (often in non-Pt or Pd catalysts),57 or the 

adsorption of OH neighboring an ethanol/ethoxy species on the surface.51, 55, 56 A better 

understanding what the rate determining step is and how to lower its activation energy will help 

advance the field of EOR. 
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Figure 1.3: The EOR mechanism proposed in literature to the C1 and C2 pathways (a) in 

acidic conditions14, 71 and (b) in basic conditions.38, 56 
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Figure 1.4 Different pathways proposed in literature. Mechanism redrawn from various 

studies.38, 53, 56, 71, 76 
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The overall mechanism of the reaction is also still widely debated. In alkaline conditions, Koper 

et. al. report that oxygen in ethanol will bind to the surface first.38 Christensen et. al. suggest a 

different pathway as seen in Figure 1.4 where both α and β carbons dehydrogenate and bind to the 

surface.56 The complex will have an intermediate with a pi interaction that will lead to the cleavage 

of the C-C bond to form CO and CHx groups that can be further oxidized to CO2.
56  

In other study, the O-H bond in ethanol is cleaved and ethanol binds to the surface through the 

oxygen first, then the α carbon is oxidized by a nearby OH to an acetyl group. Instead of the acetyl 

group leaving the surface as an acetate, the β carbon undergoes dehydrogenation and binds to the 

surface.53 This acetyl complex can react and the C-C bond cleaves to make CO and CHx and both 

can be further oxidized to CO2 with the presence of OHads nearby.53 In this proposed mechanism, 

OH is critical for C-C bond cleavage to occur. Another possibility is that the acetyl group can 

react, form CO and CH3 and the CH3 group can abstract a hydrogen adsorbed onto a platinum site 

in a β-hydride elimination and form CH4. The role of OH is typically believed to only oxidize each 

carbon but not actually facilitate C-C bond cleavage but this study suggests that the role of OH is 

not fully known. What is known is that changing the amount of OH, through pH, influences the 

rate of the reaction as well as the product distribution so learning OH’s role may be key to better 

optimizing EOR.1, 38, 78-80  

While discussing the possible mechanisms of EOR, it should be noted that there are very limited 

studies studying EOR in alkaline conditions because the formation of carbonates (from CO2) can 

affect spectroscopic measurements. In some studies it was observed that the current efficiency for 

CO2 from EOR is much higher in alkaline media (55%) than acidic media (<2%) at 0.8 V vs. 

RHE.81 The qualitative trend for higher current efficiency in alkaline media was observed in 

another study as well.82 Their work also provided evidence that CO2 was formed from adsorbed 
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ethanol on the catalyst surface (vs. bulk) and that increasing the concentration of ethanol decreased 

the efficiency of producing CO2. One possible explanation for this is that a nearby bulk ethanol 

molecule may react with an intermediate to form a stable product that leaves the surface vs. the 

reactive species fully oxidizing to CO2 and then leaving the catalyst surface. 

Effect of potential and catalytic structure 

The effects of potential are unique in that changing the potential changes both the catalyst surface 

as well as the reactivity behavior of ethanol. At high potential (>0.7 V vs. RHE) on a Pt-based 

catalyst, the surface is predominantly oxidized. This makes it harder for the adsorption of ethanol 

on the surface and in turn, decrease current efficiency from EOR. In most environments, acetate 

(C2 pathway product) is observed at higher potentials and increased concentrations of CO2 (C1 

pathway product) is observed at lower potentials.38, 43, 45, 83, 84  

In addition to changing the potential, changing the catalytic structure can influence the reactivity 

of EOR. In a study looking at PtPdCu nanoparticle catalysts, the shape of the nanoparticle was 

changed in synthetic conditions using KI.85 The change in shapes influenced what faces would 

dominant on the surface, where the reaction is happening. The nanodendrite structure had the 

highest current density for EOR in comparison to other structures studies – spheres, dimers, and 

nanoassemblies.85 The rational given was that the increased surface area can better oxidize 

acetaldehyde (2 e-) to acetic acid (4 e-) or CO2 (12 e-). It should be noted that in this study, no 

spectroscopic data was provided to support this theory, but from cyclic voltammetry data, there is 

a higher current density observed in nanodendrites than other structures, indicating structure 

affects EOR. Similar study was done with PtNi and it was found that sinuous nanowires resulted 

in the highest current density and lowest onset potential in comparison to PtNi ultrafine nanowires 

or ultrashort nanorods (Figure 1.5).86 This study focused more on the synthesis and 
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characterization of these nanomaterials (and not in great detail why sinuous nanowires have the 

best performance) but one reason why the sinuous nanowires may have the highest current density 

can be due to the increased surface area as well as multiple facets on the surface due to the 

nanowires being very curved and twisted vs. straight. This can help remove oxidized species faster 

through cycling and improve EOR vs. irreversible buildup of oxides on the surface.  

Effect of alloys (Pt and Pd) 

Various Pt-based and Pd-based alloyed nanomaterials have been made to study EOR.25, 27, 43, 44, 66, 

87-100 Alloying can be done for a number of reasons but the true role of alloying is not well-

understood. Alloying other species to Pt or Pd can help lower the cost of the catalyst, improve 

durability by changing how the surface oxidizes, make the surface more oxophilic to attract OH 

species, make the surface easier to oxidize carbon-species like CO, that can sometimes act as a 

poison, or the incorporation of other materials can influence the shape of the nanomaterial to 

synthesize a desired structure or facet on the surface to enhance EOR.  

In my research, I look at alloying Pt with Ni and Cu, so a little more on Ni and Cu will be expanded. 

Both copper and nickel are earth abundant metals with relatively low toxicity and these are 

desirable characteristics in nanomaterials. Pt alloys with copper have been studied and there is no 

spectroscopic data at this time other than what is reported in my thesis in chapters 3 and 4. In terms 

of cyclic voltammetry data, alloying copper to Pt as well as using different types of nanostructures 

containing Cu increases the current density of EOR.101-106 In addition to what is observed 

electrochemically, another reason why Cu is chosen is due to its history of acting as a catalyst to 

activate C-H bonds in various organic reactions.107-109 Ni has been studied in great detail and there 

are multiple theories about what its role can be. In terms of electrochemistry, like Cu, the addition  
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Figure 1.5 CV curves of Pt3Ni sinuous nanowires (SNWs), ultrafine nanowires (UNWs), and 

ultrashort nanorods (UNRs) in 1 M KOH and 1 M ethanol.86 
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of nickel improves current density for EOR and CO2 efficiency.26, 32, 74, 79, 84, 90, 110-116 There is also 

evidence that Ni can improve durability (by lowering CO poisoning) and reaction kinetics.26, 79, 113 

Ni has also been reported in various catalytic systems to activate or cleave C-C bonds and that also 

provided support as to why I alloyed Ni in my nanoparticle catalysts for EOR.117-119 

1.3 Measuring and Identifying Intermediates and Products in EOR 

The ethanol electrooxidation reaction is a particularly challenging electrochemical system because 

there are 12 electrons in every ethanol molecule being fully oxidized. Even in simpler systems like 

the oxygen reduction reaction with 4 electrons in a homonuclear diatomic gas, the mechanism of 

that reaction is debated and very sensitive to catalyst parameters.120-123  In addition to EOR being 

a complex electrochemical system, it is also difficult to take spectroscopic or spectrometric 

measurements to study intermediates and products experimentally. Part of my PhD studies 

involves using in-situ spectroelectrochemistry to better understand the mechanism of EOR, so a 

short highlight of a few spectroelectrochemical techniques is shared below. In my research, I have 

used in-situ electrochemical nuclear magnetic resonance (NMR) (chapter III) and in-situ 

electrochemical infrared (IR) (chapter IV and V). I have also included surface enhanced Raman 

spectroscopy (SERS) and differential electrochemical mass spectrometry (DEMS) to get a holistic 

perspective on major tools that can be used to study EOR. 

In-situ electrochemical NMR 

NMR is a nondestructive spectroscopic technique that allows measuring nuclear spins of different 

isotopes. Each nuclear spin in a sample has a specific chemical environment around it and 

differences in those environments can be measured with NMR. In terms of reaction processes, 

NMR is limited by the nuclear spin dynamics of T1 (spin-lattice relaxation) and T2 (spin-spin 

relaxation). If a reaction’s timescale is longer than the T1 of the samples measured in NMR, then 
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NMR can measure various intermediates and products. Coupling NMR with electrochemistry 

(EC), i.e., in-situ EC-NMR, can provide more information of intermediates and products whose 

life time is longer than T1.
16, 64, 65, 124-127 Most species formed that can be observed in NMR are in 

solution phase and if the T1 is fast enough, species on the surface of the electrode that is in the 

NMR detection region could be observed. An example of using in-situ electrochemical NMR to 

study EOR is shown in Figure 1.6. 

In-situ electrochemical IR 

IR is a nondestructive spectroscopic technique that allows measuring molecular vibrations of 

different parts of a species that result in a dipole moment. In relationship to EOR, a number of IR 

peaks are experimentally tabulated to connect IR peaks to different intermediates and products.17, 

128-130 one kind of in-situ EC-IR is attenuated total reflectance - surface enhanced infrared 

absorption spectroscopy (ATR-SEIRAS). This is a surface sensitive technique where one uses a 

silicon prism and coat it with a metal film (typically Au, ~50 nm). Infrared light can pass through 

the prism and get totally internally reflected at the Au and air interface. At this Au and air interface, 

evanescent waves will excite surface plasmons. This causes an increased electric field on the 

surface / interface and that enhances measurements of adsorbed molecules on the surface. This has 

applications in various fields and in electrochemistry and helps one measure intermediates and 

products as a function of potential in real time.18, 63, 130, 131 An example of using ATR-SEIRAS to 

study EOR is shown in Figure 1.7.63 



 17 

 

Figure 1.6: An in-situ EC-NMR measurement of EOR. The solution is 0.5 M KOH with 0.5 M 

ethanol with Pt/C as the catalyst. The potential was held at 1.3 V over 100 hr. The x-axis is the 

chemical shift from NMR in ppm. The y-axis is the time elapsed as the reaction is in progress. The 

z-axis is the intensity of the NMR peaks. Using both electrochemical and NMR data, one can learn 

the preferred product distribution of this reaction and that can reveal mechanism information. 

Figure was taken without permission.64  
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Figure 1.7: An in-situ EC-IR (SEIRAS) measurement of EOR. The solution is 0.1 M NaOH 

with 1 M ethanol with a Rh catalyst. (a) In black is the forward scan of the CV during SEIRAS 

and the colored lines are the IR band intensities associated with different species. COB is bridge 

bonded CO and COL is linearly bonded CO to the Rh catalyst. (b) is the apparent selectivity of the 

reaction at different potentials. The integrations of CO (linear and bridged), CO2 and CO3
2- 

contribute to the C1 pathway and the integrations of CH3COO- contribute to the C2 pathway. (c) 

This is the open circuit potential vs. time curve for ethanol on the Rh surface. (d) is the 

corresponding SEIRAS spectra for the reaction. The x-axis is the IR spectrum and the y-axis is 

over time. The z-axis would be the intensity of the IR peaks. The information working together 

can reveal reaction pathway selectivity. Figures are taken without permission.63   
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In-situ electrochemical Raman 

While Raman spectroscopy was not used in my investigations, it is important to mention it as a 

technique used to study electrochemical reactions, including EOR. In-situ electrochemical Raman 

or more specifically, surface enhanced Raman spectroscopy (SERS) is a technique that brings 

electrochemistry and Raman spectroscopy together. Raman spectroscopy is when a laser irradiates 

a sample and causes inelastic scattering. Raman measures vibrations as a result of a scattering of 

light and from the change in polarizability of the species. As a technique, it is nondestructive and 

can be harder to measure in electrochemical systems than IR. To enhance measuring Raman peaks, 

a metal film (typically Au, 50 nm) is coated on an electrode. Like SEIRAS, this will help excite 

surface plasmons and enhance measurements of adsorbed molecules on the surface.132, 133 As 

Raman measures light scattered, different kinds of species information can be discerned from 

SERS (vs. SEIRAS) as potential is applied in real-time. An example of using SERS to study EOR 

is shown in Figure 1.8.  

In-situ electrochemical mass spectrometry 

Mass spectrometry (MS) is a destructive spectrometric technique that allows measuring mass to 

charge (m/z) fragments from a parent molecule. From these charged species / fragments, one can 

identify intermediates and products present during a reaction. As this technique is destructive and 

requires a flow through a column to be ionized and measured with a MS detector, a flow cell has 

to be used. With timing of the potential applied and the sample being passed through to the MS, 

in-situ EC-MS, or differential electrochemical mass spectrometry (DEMS) can be used to study 

EOR. An example of using DEMS to study EOR is shown in Figure 1.9.  
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Figure 1.8: An in-situ EC-Raman (SERS) measurement of EOR. The solution is 0.1 M HClO4 

with 0.5 M ethanol on a AuPt electrode. (a) SER spectra of EOR in order of decreasing potential 

from top to bottom. The right-hand side figures have the integrated Raman intensities for bands 

associated with (b) CHx fragments and (c) the CO fragment resulting from EOR as a function of 

potential. The change in Raman intensity over potential reveals the relationship of reaction 

pathway to applied potential. Figures are taken without permission.45 
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Figure 1.9: An in-situ EC-MS (DEMS) measurement of EOR. The solution is 0.5 M H2SO4 

with 0.1 M ethanol on a PtRu/C catalyst. (a) the CV recorded, (b) the MS-CV for the peak m/z = 

22 (corresponding to CO2
++), (c) the MS-CV for the peak m/z =29 (corresponding to CHO+ in 

acetaldehyde), and (d) the MS-CV for the peak m/z = 15 (corresponding to CH3
+ in acetaldehyde). 

(c) and (d) should match as they are two parts of the same molecule. Having the various MS-CV 

of different fragments reveals what products are preferred as a function of potential. Figure is taken 

without permission.33 
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1.4 How My Research Fits into the Larger Picture of EOR 

I have shared some of the background of the ethanol electrooxidation broadly, some of the 

problems that still exist in the field, what research has been done so far to address these issues, and 

experimental ways to problem solve these issues. From the literature, there is a lot of ground for 

exploration in studying the ethanol electrooxidation reaction. In chapter II-V, I look at exploring 

a different issue around EOR in different ways during my doctoral studies. 

Ψ Chapter II: Synthesizing and characterizing PtNiCu nanoparticles as strong catalyst 

candidate for EOR 

Ψ Chapter III: Building and using in-situ electrochemical NMR to better understand the 

mechanism of EOR on PtNiCu 

Ψ Chapter IV: Using in-situ electrochemical IR to better understand the mechanism of EOR 

on PtNi and PtNiCu 

Ψ Chapter V: Using in-situ electrochemical IR to better understand the mechanism of EOR 

on CoPtAu/C 

Outside of this research, I have also made progress and advancements in the scientific community 

through my engagement in science communication, leadership, and advocacy. While this work is 

not scholarly research and peer reviewed, they are vital to the progress of science, and they are 

highlighted in chapters VI and VII.  

Ψ Chapter VI: Contributions to the scientific community through science communication  

Ψ Chapter VII: Contributions to the scientific community through leadership and advocacy  

I also have one last chapter on my growth and reflections as a scientist throughout my doctoral 

studies. A scientist graduates from Georgetown University, not a research project and I believe 

scientists should grow and reflect on their work to continue being better scientists in the future. If 
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I want to see that be a practice among all scientists going through PhD programs, then I must 

model the change I wish to see and that is highlighted in chapter VIII. 

Ψ Chapter VIII: Growth and reflections 
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Chapter II: Synthesizing a Catalyst for the Ethanol Electrooxidation Reaction – PtNiCu 

“You are unstoppable.” 

—Dr. Jasper Nijdam, GNuLab Lab Manager, Georgetown University  

 

2.1 Introduction* 

Synthesis of bi- and trimetallic nanoparticles (NPs) has been of great interest in the applications 

of electrocatalysis due to their physical and chemical properties that can be better tuned for 

optimizing catalytic performance.2-14 Moreover, combining cheap non-noble metals with 

expensive noble metals, such as Pt and Pd that are still the prevailing working elements of catalysis, 

can have the advantage of lowering the overall cost of catalysts and maintain strong catalytic 

activity.9, 10, 15-19 It is also important to synthesize smaller Pt-containing NPs as this increases the 

surface area by mass for which reactions can occur. This helps utilize more Pt atoms on the surface 

of the NP vs in the bulk center where those Pt atoms are inaccessible to participate in catalytic 

reactions.20-24 With this, controlling growth, structure, size, and composition of bi- or trimetallic 

NPs is of broad interest to the community. At the same time, synthesizing homogeneous 

multielement NPs with these controls is still a challenging task.25-38 We report a simple surfactant-

free one-pot synthesis of 2-5 nm homogeneous trimetallic PtNiCu NPs that uses glycine as an 

effective size control agent. The latter adds a new synthetic functionality to glycine that has been 

used for shape and composition control of NPs in aqueous environments.11, 15, 35-37 Our synthesized 

PtNiCu NPs are not only among the smallest trimetallic NPs ever synthesized to date but also 

 
* The work shared in this chapter was published in Langmuir.1 ACS Publications allow papers 

published in their journals (including Langmuir) to be reproduced in theses. Co-authors Carter P. 

Cohen, Esther E. Iyanobor, and Daniel Zager were undergraduate research mentees that worked 

with me to synthesize various PtNiCu nanoparticle catalysts and assisted in UV-vis experiments. 

Kaitlyn Frankenfield performed some syntheses for the pH studies. Rongfeng Zheng assisted in 

electrochemical characterization and performed the DFT calculations in this work. 
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among the most active electrocatalysts for ethanol electro-oxidation reaction (EOR) in alkaline 

electrolyte.39-45 

EOR is of particular interest of study to the community as ethanol is cheap and renewable and has 

a high current density.28, 46 In alkaline conditions, the reaction kinetics is faster than in acidic media 

for many alloyed catalysts.47 Alkaline conditions are also favorable for alloyed catalysts to avoid 

potential transition metal leaching in acidic electrochemical environments.48 

2.2 Synthesis and Purification 

All reagents were purchased from Sigma-Aldrich in trace metal grade without further purification. 

The commercial Pt black catalyst was purchased from Fuel Cell Store. 0.383 mmol of 

H2PtCl6·6H2O, 0.0556 mmol of NiCl2, and 0.271 mmol of CuCl2·2H2O were obtained. The 

reducing agents used were dimethyl formamide (DMF) and formaldehyde that were added to the 

precursor salts in a 2:1 (v/v) mixture with a total volume of 42.00 mL. The solution was sonicated 

for at least 30 min or until all of the precursor salts were completely dissolved. Then, 7.00 mL of 

the bulk precursor solution was transferred to six separate 15 mL thick-walled high-pressure glass 

tubes with a stir bar in each tube. The desired amount of glycine was added to each tube, and the 

mixture was sonicated until all of the glycine dissolved (0.5-1 hr). The original precursor solution 

has a characteristic yellow color, and the addition of glycine leads to a deeper green color, 

indicating that some of the original chlorides coordinated to the metals were being displaced by 

glycine in its zwitterion form. An aluminum disk customized of cylindrical holes to house the glass 

tubes was preheated to 160 °C on a heat and stir plate and kept at that temperature for 1 hr to ensure 

uniform heating throughout the aluminum disk. The high-pressure tubes were put into the 

cylindrical holes of the aluminum disk under stirring conditions. Samples were heated for 24 hr 

and then removed afterward to cool to room temperature for 10 minutes. NPs formed on the bottom 
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of the glass tube were collected. Samples were then washed with 1:1 (v/v) of ethanol/acetone, 

sonicated for 15 minutes, centrifuged at 5000 rpm for 20 minutes, and the liquid layer was 

decanted. This process of cleaning was done at least 5 times to remove unreacted reagents and any 

side products. In terms of the solvent system, DMF and formaldehyde (2:1 v/v) mixture was chosen 

as the optimal system as glycine is not soluble in pure DMF or in DMF and water (2:1 v/v), which 

does not give control of size of the NPs with glycine because the glycine concentration cannot be 

adjusted. There has been previous research in synthesizing Pt-based NPs in DMF or in aqueous 

formaldehyde solvents without glycine, but with our protocol, we have effectively made smaller 

NPs, which is desirable in increasing the surface area per unit mass in electrocatalytic 

applications.49-51 The concentration range of glycine was kept between 0 and 0.14 M as there are 

issues of solubility near 0.25 M and higher. The pH of the system is 5−6 depending on the 

concentration of glycine. Experiments were also done with 0.14 M glycine at pH = 1 and 10 to see 

the effect of changing the protonation of glycine. Under a pH of 1, the color of the precursor 

mixture was yellow, indicating that chlorides were coordinated to the metal center and an 

inhomogeneous mixture of NPs formed. At pH = 10, the mixture changed to a black color almost 

instantaneously with gas formation, indicating that NP formation was already starting without 

heating. This loses a degree of control on the synthesis as part of the NP formation happened at 

room temperature and while it was heated. There was also an observation of an inhomogeneous 

mixture of NPs formed at pH = 10. From these control experiments, we determined that keeping 

the pH of the original mixture (pH = 5−6), where glycine is a zwitterion, and in DMF and 

formaldehyde (2:1 v/v) is the optimal condition for synthesizing homogeneous and ultrasmall NPs. 
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2.3 Characterization 

The size and morphology of the NPs were determined by a Philips EM400 transmission electron 

microscope (TEM) at 120 kV. The samples were prepared by sonicating a mixture of acetone and 

the NPs to create a suspension and drop-casting the NPs on a TEM grid. The solvent was allowed 

to evaporate before TEM measurements. Phase information of the samples was determined using 

powder X-ray diffraction (PXRD) patterns from a Rigaku Ultima IV diffractometer (Cu Kα λ = 

1.542 Å; 2θ = 30-100°). Metal ratios in the NPs were determined by an inductively coupled 

plasma-mass spectrometer (ICP-MS) with an Agilent 7800 ICP-MS in 5% HNO3 solutions. For 

ultraviolet-visible (UV-vis) spectroscopy studies, an Agilent 8453 UV-vis spectrometer was used. 

The spectra were blanked with a background solution of DMF/CH2O (2:1 v/v). Electrochemical 

(EC) experiments were carried out in a conventional three-electrode cell using a CHI 760C 

potentiostat. Catalyst solutions of 2 mg/mL were prepared in water, sonicated until fully dissolved, 

and then 4 μL was drop-casted onto glassy carbon electrodes. Glassy carbon, Pt mesh, and Hg/HgO 

(0.10 M NaOH) were used as working, counter, and reference electrodes, respectively. All 

potentials reported are references to reversible hydrogen electrode (RHE). All cyclic 

voltammograms (CVs) were recorded in Ar-saturated 0.10 M NaOH at 50 mV/s. 

Density functional theory (DFT) calculations were done in Gaussian 16 by Rongfeng Zheng.52 The 

structures of DMF, formaldehyde, and glycine were optimized using B3LYP/6-311G. 

2.4 Results and Discussion 

Four sets of PtNiCu NPs were synthesized with increasing concentration of glycine: 0 M, 0.039 

M, 0.095 M, and 0.14 M. The size distribution histograms can be seen in Figure 2.1.  
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Figure 2.1: PtNiCu nanoparticles synthesized with various amounts of glycine under 

identical conditions. Glycine amounts in syntheses are (a) 0 M, (b) 0.039 M, (c) 0.095 M, and (d) 

0.14 M. With increasing glycine concentration, we observe that a smaller nanoparticle size formed. 

The insets are the corresponding representative TEM thumbnail images (see Figure S1 of the 

Supporting Information (SI) for full-scale images). Average nanoparticle sizes are reported, and 

TEM scale bars are all 20 nm. Two hundred and ten nanoparticles were counted for each 

representative histogram. 
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The NP size decreased from 5.5 to 2.3 nm as the glycine concentration increased and samples were 

rather homogeneous as evidenced by standard deviations of less than 13%. However, as mentioned 

above, the solubility of glycine became an issue if its concentration increased further, which led to 

producing inhomogeneous NPs. The atomic ratios of Pt/Ni/ Cu of these samples as measured by 

ICP-MS are, respectively, 1:0.02:018, 1:0.02:0.15, 1:0.01:0.20, and 1:0.02:0.23, which indicate a 

measurable gradual increase of the Cu content. The PXRD patterns of the samples presented in 

Figure 2.2 confirm the formation of alloy NPs, with a dominant presence of Pt in all four samples. 

The gradual shift of the diffraction peaks to larger angle is also consistent with the gradual increase 

of the Cu content because the smaller atomic size of the latter led to smaller lattice constants and 

thus larger diffraction angles. 

What is remarkable is that the synthetic procedure we developed is essentially a surfactant-free 

synthesis of very small homogeneous trimetallic PtNiCu NPs: homogeneous 5.5 nm trimetallic 

NPs could be synthesized in a simple solvent system by just mixing DMF with formaldehyde in a 

2:1 v/v ratio, even without the presence of glycine (Figure 2.1). As mentioned above, neat DMF 

acted as both solvent and reductant to synthesize Pt-based NPs,49 but the NP size obtained there 

was about as twice larger as ours. When formaldehyde was used as a reductant, 

poly(vinylpyrrolidone) (PVP) and other small ions had to be added for size and shape control.50 In 

our synthesis, both DMF and formaldehyde were used. Other than that, about 20% of water was 

introduced when 30% formaldehyde was used to prepare the solvent; no surfactant or any other 

small ions were added. While formaldehyde was used to achieve a better control of the amount of 

glycine added for the NP size control (vide infra), it could still act as a reductant. In other words, 

adding formaldehyde would not change the solvent’s reduction kinetics too much.  
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Figure 2.2: PXRD of different PtNiCu samples with increasing amounts (indicated by the 

numerical values in the figure) of glycine (bottom to top). The right shift in peaks supports the 

samples having higher Ni and Cu contents with increasing glycine concentration. 
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This is because of the fact that according to DFT calculations (Table 2.1), the highest occupied 

molecular orbital (HOMO) of formaldehyde is only about 30 meV lower than that of DMF, which 

is equivalent to a thermal energy of 350 K. On the other hand, we observed that the presence of 

water would make the reduction of metal ion Mn+ easier and faster than in DMF, likely through 

the following reaction in which water is a reactant: 

n(CH3)2NCHO + nH2O + 2Mn+ → n(CH3)2NCOOH + 2nH+ + 2M0 

A faster reduction kinetics is expected to lead to the formation of more nucleation centers for NP 

growth and therefore smaller NPs, as observed. A similar reaction could be envisioned for 

formaldehyde that would lead to the production of formic acid. As the functional group −CHO in 

both DMF and formaldehyde only generates weak adsorption on metal surfaces,53 they would 

unlikely be good NP stabilizers and responsible for the formation of NPs as small as 5 nm. On the 

other hand, based on what has long been observed that both formate and citrate can form stable 

bidentate adsorption on metal surfaces through their two oxygens of the carboxylic group,54, 55 it 

is therefore reasonable to expect that (CH3)2NCOOH (and HCOOH), the predicted reaction 

product(s) of the metal ion reduction process, would do the same and serve as a good NP stabilizer 

in our synthesis. Moreover, since it is generated stoichiometrically in the same reaction as M0 , it 

would interact with the surface of growing NPs as homogeneously as one can imagine throughout 

the reaction medium and therefore lead to the formation of highly homogeneous NPs, as observed 

as well. 
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Table 2.1: Calculated HOMO and Lowest Unoccupied Molecular Orbital (LUMO) Values. 

 CH2O DMF Glycine 

LUMO (eV) -0.0627 +0.1138 -0.01932 

HOMO (eV) -0.2765 -0.2484 -0.2483 

ΔE (eV) +0.2138 +0.3622 +0.2290 
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The size control effect by glycine as seen in Figure 2.1 can be rationalized as follows: First, 

according to Table 2.1, glycine has the same HOMO energy as DMF, indicating that glycine has 

very similar reduction propensity as DMF, so the addition of glycine would not alter the overall 

reduction power of the reaction medium. Second, it was reported that glycine can form stable (up 

to 360 K) molecular adsorption on metal surfaces,56 so it can also act as an NP stabilizer in the 

same way as (CH3)2NCOOH does. As there was no other viable NP stabilizer other than 

(CH3)2NCOOH or glycine, the fact that the NP size decreased as the amount of added glycine 

increased would imply that glycine can exercise stronger interaction with NP surfaces than 

(CH3)2NCOOH. Consequently, stronger NP stabilizer leads to smaller NPs. Additionally, it was 

also observed, as shown by the shift in metal precursors’ UV−vis peaks in Figure 2.3, that the 

added glycine of different concentrations interacted strongly with Cu2+ but only weakly with Ni2+, 

while almost no effect was observed on the Pt4+ precursor. This suggests that the dissolved glycine 

likely replaced, at least partially, the original solvation shell of Cu2+. Such a nearest-next-

neighboring proximity would enable a more efficient reduction of Cu2+ if glycine could also act as 

a reductant under the reaction condition as suggested in the above discussion.  

  



 40 

 

 

Figure 2.3: Collection of UV−vis spectra: (a) 2 mM H2PtCl6·6H2O, (b) 100 mM NiCl2, and 

(c) 100 mM CuCl2·2H2O in DMF/CH2O (2:1 v/v), with increasing concentration of glycine: 

0 M (black), 0.06 M (red), and 0.10 M (blue), respectively. We can see that the UV−vis peak 

for Cu2+ blue-shifts significantly, the UV−vis peak of Ni2+ shifts slightly, and the UV−vis peak of 

Pt4+ decreases but does not shift. 
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This is also consistent with the observation that the amount of Cu in the trimetallic NPs increased 

as more glycine was added. These four synthesized samples were subject to EC CV 

characterization in 0.10 M NaOH electrolyte and to EOR tests. Figure 2.4 shows characteristic 

pristine CVs (a) and EOR CVs (b) for a representative PtNiCu sample (red) vs Pt black (blue), and 

the comparison of the onset potential region for EOR for the four PtNiCu NP samples against Pt 

black (c). The CV pattern of the trimetallic PtNiCu alloy NPs is clearly different from that of pure 

Pt black (see Figure 2.5 for the respective mass-normalized CVs of all samples).  

This indicates that the surface of the former was very different from that of the latter. We see a 

suppression of the hydrogen adsorption/desorption peaks at low potential, indicating that there is 

less Pt and presence of alloying of other elements in the PtNiCu NPs. More interesting, however, 

is that some of the synthesized trimetallic samples, e.g., PtNiCu (1:0.02:0.15) (red) and PtNiCu 

(1:0.01:0.20) (blue), showed substantially higher EOR activity as demonstrated by a much higher 

mass current at lower potentials (Figure 2.4b) and a much lower onset potential (∼150 mV, Figure 

2.4c) than the pure Pt black did for EOR in alkaline electrolyte. 
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Figure 2.4: (a) CV of PtNiCu NP (blue) vs Pt black (black) in 0.10 M NaOH, (b) EOR (0.5 M 

ethanol, 0.1 M NaOH) CV of PtNiCu (blue) vs Pt black (black), and (c) comparison of the 

onset potential of various PtNiCu samples vs Pt black. For clarity, only the forward scans are 

shown. 
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Figure 2.5: (a) CV in 0.10 M NaOH, (b) EOR CV in 0.10 M NaOH and 0.5 M EtOH, and (c) 

onset potential region of the EOR CV in 0.10 M NaOH and 0.50 M EtOH, forward scan only. 

All samples are normalized by mass of Pt. 
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2.5 Conclusions 

We have demonstrated a novel yet straightforward surfactant-free one-pot synthesis of 

homogeneous ultrasmall trimetallic PtNiCu NPs, in which glycine can act as an effective size 

control agent to create PtNiCu NPs in the range of 2−5 nm in a DMF/formaldehyde solvent system. 

The synthetic importance of water present in the latter solvent system in facilitating metal 

reduction that led to the formation of the ∼5 nm starting NPs is revealed. The use of glycine helps 

stabilize the formation of ultrasmall NPs with a good level of tunability. The use of glycine in an 

organic system to control size and morphology has the potential to be applied in other metal or 

alloyed nanoparticle syntheses. Our synthetic method being a one-pot synthesis makes it easier to 

produce nanoparticles with less post-reaction workup. The combination of DMF and formaldehyde 

helps in the solubility of glycine and formation of smaller NPs in comparison to glycine in aqueous 

systems. The PtNiCu NPs that were synthesized from this procedure also show much higher 

electrocatalytic activity in EOR in alkaline electrolyte compared to commercial Pt black. There is 

also potential for this PtNiCu NP catalyst to be used in other systems such as methanol oxidation 

and oxygen reduction reactions. Moving forward, we want to further optimize this method to adjust 

the size further and control the metal ratio more to lead to even better catalysts. 

2.6 Reflections and Growth 

Synthesizing tri-metal nanoparticles is a very sensitive and fragile process. In other experiments 

not highlighted in this chapter, I looked at changing stir bars, tubes (same make and model but 

different ones in the lab) and sometimes those slight changes can impact the metal ratio of the 

nanoparticles that form. An area of growth for this project in the future is to have a stronger control 

of the metal ratio (Pt:Ni:Cu) of the nanoparticle that forms. Nanoparticle synthesis is also very 

sensitive to cleanliness of reagents, containers, and vessels used. The high pressure tubes had to 
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be cleaned with aqua regia, milli Q water, piranha solution, and then boiled in milli Q water (to 

removed residual sulfates from the piranha solution) to fully clean them between syntheses. I have 

learned that whatever my definition of clean was before graduate school, it was not enough. A 

speck of dust is like a mountain to a nanoparticle so being clean and careful in nanoparticle 

syntheses is extremely important.  

This project is also my first project where I was the lead author and wrote my first paper completely 

from scratch. I have learned that making clean and clear figures is truly a powerful skill and taking 

the time to make those figures in some ways matters more than editing sentences in the manuscript. 

I also learned a lot about writing and that sometimes, less is more. Experimental details are 

important but a lot of papers I read tend to be long and I purposefully wanted my first-author paper 

to be easy to read, short, and straight to the point. This project shaped me as a scientist in terms of 

designing and doing research investigations, but it also shaped me as a writer and scientific 

storyteller. I want to grow in how I communicate my science. It is beautiful to have a project that 

has multiple dimensions… and also helped me grow in multiple dimensions. 

This project also has deeply human elements for me. While I learned many scientific skills – 

technical and nontechnical – I also learned a lot about the human spirit. This project truly could 

not have gone to completion and publication if I were not determined to see it through. I had met 

with my PI, committee members, chair of the department, and the director of graduate studies 

multiple times for guidance and ideas of how to make progress on this project and see it all the 

way to publication. I had to repeatedly follow up and follow through such that it took 509 days to 

receive feedback on my first draft of this work and it took 697 days from the first day I wrote a 

draft to the day it was accepted by Langmuir. The last stretch of this project happened in the covid-

19 pandemic when I had to respond to reviewers and for various reasons, I was not getting the 
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support I needed so I reached outside of my network at Georgetown and got guidance from Dr. 

César Alejandro Urbina-Blanco, postdoctoral scientist at Ghent University, Dr. Michelle Muzzio, 

editor at iScience, and Dr. Stuart Cantrill, chief editor of Nature Chemistry. I am proud of the 

accomplishments I have made in the scientific discoveries and writing of this work, but I am even 

more proud that I had the determination, perseverance, and self-advocacy to see this work get 

published. This chapter is evidence of the skills I have obtained and demonstrated as a scientist as 

well as a fraction of the power of my spirit. In the words of Eminem from his song, Lose Yourself, 

“Success is my only motherfuckin’ option, failure’s not.” 

Working on this project taught me many things but if I had to pick a takeaway lesson, it is this: 

Nontechnical skills are just as important as technical skills as a scientist. A person can design 

and carry out lab experiments but that does not mean a project goes to completion and 

publication. The ability to get help from others, communicate one’s findings, and problem solve 

to see the project to completion is just as important as the experiments that are done. These qualities 

are not exclusive of each other and all of them work together to shape a great scientist. 
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Chapter III: Studying the Ethanol Electrooxidation Reaction with PtNiCu and PtRu Using 

High-Resolution In-Situ Electrochemical NMR   

“If you can’t buy it, build it. And with whatever is lying around.”  

—Dr. Eric Sorte, Scientist at Sandia National Laboratory 

 

3.1 Introduction* 

Electrochemical reaction mechanisms can be probed by using various spectroscopic and 

spectrometric techniques. Nuclear magnetic resonance (NMR) is often an underutilized technique 

in studying in-situ electrochemical reactions because of issues in: (1) having conducting metal 

electrodes in the NMR detection region, (2) presence of conducting electrolyte, (3) reaction time 

scale is often faster than NMR timescale, and (4) issues of instrument sensitivity (compared to 

infrared (IR) and mass spectrometry (MS)). All these issues impact signal to noise ratio or ability 

to detect NMR peaks in the electrochemical reaction. 

Several designs have been developed to overcome some of these issues in in-situ electrochemical 

NMR.2-5 A lot of these designs require expertise to create a new probe design or to significantly 

modify a commercially available NMR probe.6-12 There is a need to have an in-situ electrochemical 

design that is simple, easy to use, and can measure electrochemical species.13 I was part of a project 

to both develop an electrochemical NMR (EC-NMR) system that allows for high-resolution in-

situ measurements without the need to create special equipment or modify a NMR probe and use 

this technique to study the ethanol electrooxidation reaction (EOR).1 The design can be set up 

easily and inexpensively. The EC-NMR design was used to study EOR with commercial PtRu and 

my PtNiCu electrocatalysts. 

 
* The work shared in this chapter was published in Electrocatalysis.1 Electrocatalysis allows 

papers published in their journal to be reproduced in theses. The work presented in this chapter 

was done by myself unless explicitly noted. Other experiments were done by Dr. Eric Sorte.  
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3.2 Interdigitated Electrochemical Design for NMR 

Our EC-NMR system uses interdigitated gold electrodes (IGEs) that are rolled up into a standard 

NMR tube (5 mm or 10 mm diameter). The electrodes are made by obtaining a polyimide film (ex: 

1.2 x 17 cm), cleaning it with nitric acid : water (1:1 v/v) for 30 minutes, and then in piranha 

solution (H2SO4 : H2O2 4:1, v/v) for 30 minutes. There were at least 3 washed of deionized water 

in between steps. After cleaning the polyimide strips, a mask was applied in the shape of the 

desired interdigitated pattern, as seen in Figure 3.1. The mask used in our research was 1 mm wide 

double sided tape. The masked polyimide strips were then deposited with gold using high-vacuum 

magnetron plasma deposition. The desired thickness to have both good signal to noise ratio and 

conductivity was found to be ~50 nm. For homogenous catalysis, all one would have to do is 

remove the mask and directly roll up and insert the IGE into a NMR tube. For heterogenous 

catalysis (my work), a catalyst is dropcasted to one of the gold electrode sides. The side with the 

catalyst is the anode (where oxidation occurs) and the other electrically isolated gold electrode 

would be the cathode. The mask would be removed after the catalyst is dropcasted to ensure the 

anode and cathode are electrically isolated from each other. A thin piece of copper tape with a lead 

on one end are attached to the top of each gold electrode. This would be rolled up and inserted into 

a standard 5 mm NMR tube, with the leads on the copper tape sticking out of the tube (Figure 

3.1). 

The electrolyte solution can be gently pipetted into the NMR tube. A long thin Ag/AgCl electrode 

is then inserted as the reference electrode with extra Teflon tape on the top wrapped around it to 

act as a small cap to help prevent evaporation of electrolyte. 
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Figure 3.1: (a) Schematic of the IGE EC-NMR setup. This cell can work in a 5 mm or 10 mm 

NMR tube. (A) 200 -H inductors as radio frequency filters (to reduce noise), (B) and (C) leads 

connecting to the CE and WE of the IGE respectively, (D) Cu tape, (E) CE interdigitated electrode, 

(F) WE interdigitated electrode, (G) electrolyte level in the NMR tube, (H) drop-casted catalyst on 

the WE electrode, and (I) the NMR detection region / coil.  

(b) Before and after depositing gold on a polyimide film with an interdigitated mask pattern 

applied.  

 

 



 55 

An additional optional component of the cell was constructed by Dr. Eric Sorte and Mr. Leon Der, 

due to available resources and equipment. A top cover for the NMR tube was made such that it 

would fit into the NMR tube mount. This is not required for the EC-NMR design to work, but it 

can assist in relieving mechanical strain of the electrochemical cables connecting from an outside 

potentiostat to the NMR setup inside the magnet. It facilitates loading and unloading the NMR 

setup in the magnet easily. The cover used in our lab was constructed of Delrin and shaped to fit 

the wide-bore 300 MHz NMR magnet we use (Figure 3.2). Holes were made on top to connect 

coaxial cables from a potentiostat to the electrode leads in the NMR tube. An aluminum rod was 

attached on top of the cap to make it easier to insert and remove the sample without tugging on the 

electrochemical coaxial cables. Radio frequency filters were attached at the end of the cables at 

the connection to the potentiostat to isolate high frequency noise from the potentiostat to the NMR 

electronics. 

3.3 NMR Performance Assessment 

The in-situ EC-NMR design was assessed and evaluated by examining different variables: (1) 

electrolyte concentration, (2) comparing the system with and without the electrodes present, and 

(3) examining the effect of gold thickness on the electrode against quality factor. The 

characterization experiments can be seen in Figure 3.3. In Figure 3.3 (a), done by Dr. Eric Sorte, 

the relative quality factor was calculated from the acid proton in perchloric acid with different 

concentrations of perchloric acid.1 Based on the results, 0.01 M was used in later experiments to 

both be sensitive towards NMR detection as well as be conductive for electrochemical 

experiments. In Figure 3.3 (b), the signal amplitude was measured both with and without the 

electrodes present and plotted as a nutation curve against the pulse width applied. A small drop in 

amplitude was noted with the presence of IGE. In Figure 3.3 (c), the gold electrodes were tested 
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Figure 3.2: (a) Schematic an optional cap cover to relieve EC cable strain and make loading 

and unloading the NMR sample easier. (A) electrochemical cables from the potentiostat (WE, 

CE, and RE), (B) aluminum support rod for loading and unloading the sample from the magnet, 

(C) inductors mounted in series with the electrochemical lines, (D) Teflon cap, (E) gold slot 

connectors, (F) gold pin connectors, (G) modified NMR cap, and (H) commercial NMR tube 

support. (b) A real photo of the cap for comparison to the schematic.   
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by varying the amount of gold thickness. Both Eric and I made gold electrodes for that figure. As 

more gold was deposited, the electrical resistance was reduced, leading to better EC performance 

but that also led to a decrease in quality factor for NMR measurements. To balance the need for 

both good electrochemical and NMR performance, a deposition of 50 nm thickness was chosen. 

3.4 Using IGE EC-NMR to Study EOR 

In-situ electrochemical 13C NMR measurements  of EOR on commercial PtRu (1:1) black and 

synthesized PtNiCu (1:1:2) were carried out in 1 mL of 0.01 M HClO4 and 2 M 13C-labeled ethanol 

(CH3
13CH2OH). This was prepared in D2O for deuterium locking in NMR. The potential was heled 

at +0.6 V vs. Ag/AgCl. 13C NMR spectra were recorded in 30 minute intervals over 30 hours.  

In Figure 3.4 (a), the final in-situ 13C NMR spectrum for EOR on PtCu and PtNiCu can be seen. 

The difference in product distribution of acetaldehyde (207 ppm) and PtRu (177 ppm) can be 

observed between PtRu and PtNiCu. This kind of data can provide insights on how tuning metals 

in bi- and tri- metallic electrocatalysts can affect product distributions. This can help in future 

catalyst designs to optimize EOR performance.  

3.5 Conclusions 

Our lab has designed a method to use high-resolution in-situ NMR spectroscopy to investigate 

electrocatalysis of EOR without compromising resolution and minimizing loss of sensitivity. With 

IGEs, one can do electrochemical NMR experiments without the need to modify a probe or build 

a unique NMR cell. This technique has the potential to be used broadly in other electrocatalytic 

reactions, electrosynthesis, and homogenous / heterogenous electrochemical reactions. 

We can observe the reaction profile of EOR in-situ with 13C NMR. We can also observe the 

difference in product distribution if we change the catalyst from PtRu (1:1) to PtNiCu (1:1:2). This 

can help in future designs of catalysts to favor a specific product distribution and in quantifying  



 58 

 

Figure 3.3: (a) Quality factor of the probe as a function of the HClO4 concentration. (b) 

Nutation curves in 0.01 M HClO4 with and without IGEs present. (c) The relationship of the 

thickness of gold on the electrodes to electrical resistance and quality factor of the probe.  

 

 

 

 

 

 

 

 



 59 

 

Figure 3.4: (a) Final spectra of 13C NMR of EOR with PtNiCu (1:1:2) and PtRu (1:1) 

catalysts. (b) The reaction profile over time for EOR on a PtNiCu (1:1:2) catalyst. 

 

 

 

 

 

 

 

 

 

  



 60 

products formed. Moving into the future, the design can be improved by separating the counter 

electrode compartment from the NMR detection region (to separate any possible reaction 

happening on the counter electrode from the working electrode) and improving acquisition time to 

measure short-lived intermediates.  

3.6 Reflections and Growth 

In my undergraduate career, I learned about NMR for identifying organic molecules, specifically 

with 1H and 13C NMR. In my time at Georgetown University, I had the chance to investigate 13 

different nuclei both for my research and to assist colleagues in different labs with their own NMR 

investigations. Working on this project for electrochemical NMR made me rethink how to study 

science differently. In my mind, electrochemistry and spectroscopy are two completely different 

worlds and in this project, those worlds converged. I used to think about NMR as only used to 

identify simple organic molecules sitting in a tube and now I see NMR as something incredibly 

dynamic – there can be literal electrodes in the tube, moving liquids and gases, changing and 

transforming molecules, and collection of NMR spectra as these processes are happening. I had to 

learn how to build circuits and electrodes with my bare hands. I also learned to cut glass NMR 

tubes, solder my own electrodes, and measure conductivity, resistance, and noise of my system. I 

read physics and chemistry articles to understand this project. That taught me that the nature of 

research is moving into a direction that is more interdisciplinary.  

If something started to not work, I had to figure out my own solutions – without Google Scholar 

or Reddit – as these experiments have never been created or done before. That could involve Teflon 

tape, re-shimming the magnet, or grounding the system with aluminum foil. It takes incredible 

courage and vulnerability to jump into a problem and try your own solutions out for the first time. 
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This was also the first project that taught me that courage and vulnerability are part of being a great 

scientist. It is one thing to have a creative imagination and it is another to try it out in the lab. 

If I had to boil down this entire chapter into one takeaway lesson, it is this: 

There are very few actual limitations in science. Everything else is a condition and a 

condition can be manipulated.   
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Chapter IV: Studying the role of Ni in the Ethanol Electrooxidation Reaction with Pt, PtNi, 

and PtNiCu Using In-Situ Electrochemical IR 

 

ُ َو نِْعَم اْلَوِكيلُ .“   ”َحْسبُنَا َّللاه

—Surah Al-Imran, Ayah 173 [1:173], The Quran 

 

4.1 Introduction 

The mechanism of the ethanol oxidation reaction (EOR), specifically the rate determining step for 

the full oxidation of ethanol to CO2, is highly debated.1-10 Depending on the catalyst and system, 

the rate determining step can be ethanol binding to the surface (mostly non-Pt and Pd systems),11 

the oxidation of the C-H bond in the β-carbon of ethanol,1, 12-14 OH adsorption on the catalytic 

surface near ethanol,15-17 or the cleavage of the C-C bond in ethanol.2, 3, 9, 14, 18-20 Most catalyst 

systems focus on the cleavage of the C-C bond as the most important step to get to the CO2 product. 

There are various catalysts studied based on shape, size, alloy, and morphology to better 

understand what facilitates oxidation of ethanol to CO2 (full oxidation or C1 pathway) or to 

CH3COOH / CH3COH (partial oxidation or C2 pathway).21-28 Figure 4.1 illustrates the two major 

pathways for EOR.10, 17 An element that has been alloyed in many Pt-based EOR catalysts is Ni.5, 

27, 29-39 Many studies support that Ni enhances EOR activity and promotes oxidation of ethanol to 

CO2 (full oxidation) vs. pure Pt or other kinds of alloyed Pt-catalysts that may have a higher 

production of acetic acid or acetaldehyde (partial oxidation products). The role of Ni in assisting 

EOR is believed to be related to its oxophilic nature: Ni can facilitate the formation of OH radicals 

on the catalyst surface near an ethanol oxidation species on a Pt (or Pd) site.18, 33, 38 Those OH 

radicals can combine with ethanol oxidation species to oxidize the species further. Figure 4.2 

shows an EOR pathway for a PdNiP catalyst, highlighting the role of Ni.5 It should be noted that 

for majority of the studies that discuss the role of Ni in EOR, there is no spectroscopic evidence to 
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directly support the claim of OH on a Ni oxidizing an ethanol species on another site.5 It is from 

the product distribution that majority of the studies are drawing their conclusion of what the role 

of Ni is in EOR. Ni can further help catalyst performance by lowering the effects of catalyst 

poisoning and lowering the onset potential of the reaction.38, 40 A proposed reason as to how Ni 

lowers catalytic poisoning is that as an oxophilic element, OH groups are more attracted to Ni sites 

and those OH groups can further oxidize carbon-based poisonous species into products that can 

leave the surface.38 Lowering catalyst poisoning increases the stability of the catalyst over time 

and having a lower onset potential for a reaction improves the efficiency of the catalyst.  

While many sources indicate the role of Ni is to bring OH to the surface, my research in this project 

provides the first experimental evidence that Ni is directly participating in C-C bond cleavage in 

Pt-based electrocatalysts. The experimental evidence is from using an in-situ 

spectroelectrochemical technique known as surface enhanced infrared absorption spectroscopy 

(SEIRAS). Electrochemical reaction mechanisms can be probed by using various spectroscopic 

and spectrometric techniques. Infrared (IR) is a powerful type of spectroscopy that can reveal 

information of intermediates and products on the catalyst surface. An in-situ IR technique used in 

the Tong lab is SEIRAS. In-situ electrochemical IR has advantages over in-situ electrochemical 

NMR (chapter 3) in that it is more (1) sensitive to species forming, (2) can measure species at a 

faster time scale, (3) and can measure species on the surface (NMR cannot do this well as 

relaxation times are very fast for many surface species) and species close to the surface. While 

mentioning some of the advantages, it is important to also highlight some of the limitations: (1) it 

is less quantitatively accurate than NMR because peak intensities are sensitive to both the quantity 

of the species and to the gold film made for that specific experiment, which influences peak 

enhancement, (2) the system is very sensitive to slight changes of the catalyst surface, which can  
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Figure 4.1: The two major pathways for EOR. (a) A proposed full oxidation pathway (C1) and 

(b) a proposed partial oxidation pathway (C2). Recreated and modified without permission.10, 17 
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Figure 4.2: A proposed pathway of EOR (C2) on a PdNiP catalyst. Recreated and modified 

without permission.5 
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happen over hours of doing experiments, (3) and the need for a lot of catalyst sample (+0.150 mg 

vs. 0.008 mg for regular cyclic voltammetry). All these issues impact IR peak detection and signal 

to noise in studying electrochemical reactions. This technique is used to better study the 

mechanism of the ethanol electrooxidation reaction (EOR), specifically the role of Ni in PtNi and 

PtNiCu. 

4.2 Experimental Parameters 

Catalysts used were store-bought from the Fuel Cell Store except for PtNiCu NPs I have 

synthesized. Synthesis, purification, and characterization of those NPs can be found in Chapter 

2.25 Same characterization techniques were used for the store-bought catalysts to characterize and 

verify the catalysts we actually used in the experiments. Electrochemical (EC) experiments were 

done both in the SEIRAS and regular potentiostat setup to note any differences in experimental 

parameters or CV behavior. For EC experiments done outside of SEIRAS, they were carried out 

in a three-electrode cell using a CHI 760C potentiostat. Catalyst solutions of 2 mg/mL were 

prepared in water, sonicated until fully dissolved, and then 4 μL was drop-casted onto glassy 

carbon electrodes. Glassy carbon, Pt mesh, and Hg/HgO (0.100 M NaOH, from CH Instruments) 

were used as working, counter, and reference electrodes, respectively. All potentials reported are 

references to reversible hydrogen electrode (RHE). All cyclic voltammograms (CVs) were 

recorded in Ar-saturated 0.10 M NaOH at 50 mV/s. For EOR, 0.50 M ethanol (EtOH, absolute 

ethanol ≥ 99.5% purity from Sigma Aldrich) in 0.10 M NaOH was used. 

The electrolyte for all IR experiments was also 0.10 M NaOH. It should be noted that if new 0.10 

M NaOH was made, then the reference electrode was recalibrated and referenced to that solution 

to increase accuracy of comparing between experiments. The reference electrode used was 

Hg/HgO in 0.10 M NaOH (from the same stock solution of 0.10 M NaOH used in the experiment). 



 68 

The counter electrode was Pt mesh. The working electrode was a prism that was well polished 

using 5, 1, and 0.3 micron sized polishing powder. The prism was thoroughly rinsed and sonicated 

between polishings. After the last polish, the prism was washed repeatedly and sonicated for hours 

to remove any residual polishing powder. If there was trace powder on the prism, that will affect 

making a robust gold film on it, which is necessary for electrochemical experiments. After 

polishing the prism, the prism was immersed in 5% weight NH4F solution for several minutes to 

etch the surface and make it hydrophobic. While this is happening, a 60 °C water bath is prepared 

with a holder shaped to hold the prism. The prism is placed into the holder in the water bath with 

the etched side up, and the surface exposed to air. A 1.5 mL aqueous plating solution containing 3 

M HF, 0.015 M NaAuCl4•2H2O, 0.15 M NaSO3, 0.05 M NaS2O3•5H2O, and 0.5 M NH4Cl was 

quickly dropped onto the Si prism surface. After 1.5-2 minutes, the prism surface is coated with 

gold and a strong gold color can be observed. This procedure was adapted from Osawa et. al.41 

The prism is removed from the water bath and rinsed thoroughly with milli-Q water for 2 minutes 

to ensure a durable film was made. The prism would be dried using a N2 jet. A solution of the 

desired catalyst is prepared in water : isopropanol (4:1 v/v) and sonicated. For Pt containing 

catalysts, 150 g was deposited onto the prism using a pipette to create as homogenous and circular 

a drop that can be made. For Ni/C and NiCu/C, approximately 300 g was deposited. The reason 

for this difference is that Ni and NiCu are less electrochemically active than Pt and to get noticeable 

EC activity, more catalyst was dropcasted. It should be noted that by increasing the amount of 

catalyst on the prism, that also affects the signal to noise of the IR collected as more light is 

absorbed by the catalyst (so less IR waves collected at the detector). Extra catalyst can also 

decrease the amplitude of the evanescent wave that enhances the IR spectra so it is a delicate 

balance in predicting how much catalyst should be dropcasted onto a prism to optimize peak 
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signals observed. Once prisms were dropcasted, they were stored in new and unused 50 mL conical 

tubes. It is important to not leave them exposed in air for multiple hours / overnight as that can 

contaminate the surface and affect IR data collected. 

For CO stripping experiments on the regular potentiostat setup, 0.0 V or -0.1 V vs. RHE was held 

for 1500 s with CO being bubbled for 600 s followed by Ar being bubbled for 900 s and then two 

cycles of CV (0-1.4 V or -0.1-1.4 V) were acquired. This was done to characterize the surface for 

active sites. 0.0 V was held for Pt based catalysts and -0.1 V was held for Ni/C as CO stripping 

would only occur on Ni if the potential was held that low. Experiments were also done at -0.2 V 

vs. RHE but this was also in the region of the water oxidation reaction, and it was very difficult to 

get stable and reproducible CO stripping data at such a low potential.  

For CO stripping experiments done in the SEIRAS setup, the settings were the same except the 

time scale for the low potential was different. The total time held at 0.0 or -0.1 V vs. RHE was 900 

s, with 300 s of CO being bubbled and 600 s of Ar being bubbled. It was experimentally noted that 

if one held the potential longer than 1000 s straight, this would lead to damage on the catalyst / 

gold film and this would be observed in the CV. The chronoamperogram would also show a 

significant change in current measured, indicating there is some damage to the surface so it is very 

important in the SEIRAS setup to do this part of the experiment in under 1000 s. Two cycles of 

CV would be done with IR being collected throughout. 

The acquisition of IR data for SEIRAS experiments were done on an Agilent Cary 670 Fourier 

Transform IR spectrometer equipped with a N2(l) cooled mercury-cadmium-telluride (MCT) 

detector. The spectral resolution for experiments were 4 cm-1. The obtained spectra shown are 

reported in absorbance, which is defined as -log(I/I0) where I and I0 are the single-beam spectral 

intensities at the measuring potential and reference potential respectively. A custom-made EC-IR 
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cell with a triangular prism and optical reflection accessory (to accommodate the incident angle of 

≥ 600 for total attenuation reflection) was used for in-situ measurements. The electrolyte was 0.10 

M NaOH and in EOR experiments, concentrated ethanol was added to the electrolyte so it would 

remain at 0.10 M NaOH and have 0.50 M EtOH. Ar gas was bubbled throughout acquisition. 

The setup for the SEIRAS experiments done in this project is shown in Figure 4.3. 

4.3 Results and Discussion 

Before understanding the mechanism of EOR on PtNiCu, experiments were done on Pt black, 

PtNi/C, Ni/C, PtCu/C, and NiCu/C to better identify if a specific activity is happening on Pt, Ni, 

or Cu sites. In all the background experiments of doing CV-IR in 0.100 M NaOH, only two peaks 

were observed for water (~3280 and 1650 cm-1 corresponding to water asymmetric stretching and 

wagging respectively). Depending on the prism used, there could be a defect observed at 1200 cm-

1 for the Si-O stretch on silicon oxide. A sample background experiment of CV-IR for Pt black in 

0.100 M NaOH is shown in Figure 4.4. The IR data in pure electrolyte (0.100 M NaOH) is nearly 

identical for all catalysts so only Pt black is shown in this dissertation. IR peak assignments were 

either found experimentally or from previously reported peak tables in literature.6, 19, 42-45 

After CV-IR data is taken, CO stripping experiments were done to identify active sites on the 

catalyst as well as identify peak locations for CO on the different catalyst surfaces. This is   
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Figure 4.3: The setup of SEIRAS with both a schematic and a lab picture. (a) a schematic of 

the setup for SEIRAS including the prism, electrodes, and IR beam path. (b) a real life picture of 

the SEIRAS setup in the lab with each part labeled.   
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important to know because in EOR, CO is an intermediate that supports that ethanol is undergoing 

the C1 or full oxidation pathway. If we have experimentally determined peak locations for CO on 

the surface, that can help us determine where and how full oxidation of ethanol is occurring. Some 

of the information is available in literature, but because the system is sensitive and our lab has a 

unique setup, I experimentally determined the peak locations for CO on various surfaces. Sample 

CO stripping data for Pt black is shown in Figure 4.5. A table of experimentally determined CO 

peak locations is provided in Table 4.1. It should be noted that no Cu-CO peak was observed on 

PtCu/C or NiCu/C at 0.0 V or -0.1 V. I attempted to do the experiment at -0.2 V but the system 

was unstable to obtain a reliable measurement. 

The first EOR experiment done was on the pure Au film only to isolate if the gold film can 

contribute to EOR separately from the catalyst. This is important to know because if the setup of 

the experiments is affecting the measurement, we want to separate those factors from the catalyst. 

For the Au film, no EOR was observed in the IR but a very small current increase from the 

electrolyte was noted in the CV measurement (Figure 4.6). That indicates that Au film does 

oxidize ethanol, but the contribution of it is so small that no intermediate or product is observed in 

the IR. This will not affect interpretation of the IR when adding a catalyst into the system. It should 

also be noted from Table 4.1 that CO bonded onto an Au bridge site is at the same wavenumber 

as CO bonded onto a Ni bridge site so if CO is observed on a Ni containing catalyst, it is most 

likely on a Ni site and not an Au site because on pure Au film, CO is not observed in EOR. This 

helps distinguish active sites during EOR. Similar studies have been done involving a gold film 

for EOR in in-situ electrochemical Raman spectroscopy and it was found in their work that the Au 

film did not interfere with those measurements8 so that provides support that it most likely will not 

affect IR measurements in SEIRAS.  
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Figure 4.4: SEIRAS data for Pt black in 0.10 M NaOH. On the top left is the CV acquired for 

Pt black in the SEIRAS setup. This matches a CV of platinum black in a regular 3 electrode setup, 

except the peaks observed at 1.3 V and 1.15 V correspond to the oxidation and reduction of Au 

(which is the gold film on the silicon prism). The table on the left has a list of peaks and 

corresponding IR assignment for easy reference. The IR plot on the right can be read from bottom 

to the top, where each curve is an IR spectrum at a potential. Each curve represents a Δ0.1 V 

difference and one full cycle is depicted. The IR spectra are normalized to 0.0 V.  
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Figure 4.5: SEIRAS data for CO stripping on Pt black in 0.10 M NaOH. On the top left is the 

CV acquired for CO stripping on Pt black in the SEIRAS setup. The first cycle is in red and peaks 

for CO stripping can be observed. The second cycle in black is to verify the original catalyst CV 

is regenerated and that the surface is intact. This matches a CV of platinum black in a regular 3 

electrode setup. The table on the left has a list of peaks and corresponding IR assignment for easy 

reference. The IR plot on the right can be read from top to the bottom, where each curve is an IR 

spectrum at a potential. Each curve represents a Δ0.1 V difference and two full cycles are depicted 

to the corresponding two cycles for CO stripping. There is residual CO observed when in ideal CO 

stripping experiments, the CO is fully removed on the second cycle. The IR spectra are normalized 

to 1.4 V.  
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Table 4.1: Experimentally determined peak assignments of CO on various surface sites in 

0.100 M NaOH using CO stripping experiments. 

IR Peak Assignment Wavenumber (cm-1) 

Pure CO 2145 

Pt-CO linear 2040 

Au-CO bridge 1950 

Ni-CO linear 1950 

Ni-CO bridge 1850 

Pt-CO bridge 1810 

Peak assignments were also compared against literature for confirmation.6, 43-45 Pure CO is also 

listed to distinguish from bound CO on different surfaces. It should also be noted that the peak 

location can shift slightly due to the potential applied so wavenumbers reported are approximate 

locations. Peaks are listed in descending wavenumber order. 
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EOR experiments were done on Pt, PtNi/C, PtCu/C, Ni/C and NiCu/C in 0.10 M NaOH and 0.50 

M EtOH before looking at the synthesized PtNiCu samples. On Pt black (Figure 4.7), two peaks 

were observed at 1550 and 1410 cm-1 corresponding to the formation of acetic acid and possible 

acetaldehyde. These are partial oxidation products, indicating that Pt black dominantly facilitates 

the C2 pathway. On PtNi/C, the same two peaks are observed as well as two peaks (2040 and 1980 

cm-1) which correspond to CO linearly bound to a Pt site and a Ni site respectively (Figure 4.8). 

This is evidence that both Pt and Ni are directly involved with C-C bond cleavage, one of the 

debated rate determining steps of the EOR mechanism for full oxidation. On PtCu/C, the peaks at 

1450 cm-1 and 1200 cm-1 for acetic acid are observed but no CO peak (Figure 4.9). The current 

density for PtCu is greater than Pt black in a regular 3 cell potentiostat setup, which means that Cu 

when alloyed to Pt enhances EOR activity, just not in the full oxidation pathway. (In SEIRAS, it 

is difficult to compare current densities directly because each gold film made for the experiment 

is unique and contributes to current observed as well as resistance in the setup can contribute to 

observed current.) This suggests that Cu may help activate C-H bonds (vs. the C-C bond). No EOR 

peaks were observed on Ni/C and NiCu/C, indicating that the transition metals alone are not good 

catalysts for the reaction. 

On synthesized PtNiCu catalysts, a peak at 1410 cm-1 is observed, corresponding to the OCO 

stretch in acetate, a C2 product. A strong peak for CO is observed at 2040 cm-1 with a small bump 

at 1980 cm-1 in the PtNiCu (1:0.1:0.4) sample (Figure 4.10). If another sample with more Ni is 

studied, PtNiCu (1:0.2:0.3), then two peaks are observed with the 1980 cm-1 peak being more 

intense (Figure 4.11). The 1980 cm-1 peak corresponds to CO linearly bond to Ni, which means 

that as more Ni is present on the catalyst surface, we observe more CO formed from ethanol being 

oxidized.  
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Figure 4.6: SEIRAS data for Au film in 0.10 M NaOH and 0.50 M EtOH. On the top left is 

the CV acquired for Au film in the SEIRAS setup. The table on the left has a list of peaks and 

corresponding IR assignment for easy reference. The IR plot on the right can be read from bottom 

to the top, where each curve is an IR spectrum at a potential. Each curve represents a Δ0.1 V 

difference and one full cycle is depicted. The IR spectra are normalized to 0.0 V.  
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Figure 4.7: SEIRAS data for Pt black in 0.10 M NaOH and 0.50 M EtOH. On the top left is 

the CV acquired for Pt black in the SEIRAS setup. The table on the left has a list of peaks and 

corresponding IR assignment for easy reference. The IR plot on the right can be read from bottom 

to the top, where each curve is an IR spectrum at a potential. Each curve represents a Δ0.1 V 

difference and one full cycle is depicted. The IR spectra are normalized to 0.0 V.  
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Figure 4.8: SEIRAS data for PtNi/C in 0.10 M NaOH and 0.50 M EtOH. On the top left is the 

CV acquired for PtNi/C in the SEIRAS setup. The table on the left has a list of peaks and 

corresponding IR assignment for easy reference. The IR plot on the right can be read from top to 

the bottom, where each curve is an IR spectrum at a potential. Each curve represents a Δ0.1 V 

difference and one full cycle is depicted. The IR spectra are normalized to 0.0 V.  
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Figure 4.9: SEIRAS data for PtCu/C in 0.10 M NaOH and 0.50 M EtOH. On the top left is 

the CV acquired for PtCu/C in the SEIRAS setup. The table on the left has a list of peaks and 

corresponding IR assignment for easy reference. The IR plot on the right can be read from bottom 

to the top, where each curve is an IR spectrum at a potential. Each curve represents a Δ0.1 V 

difference and one full cycle is depicted. The IR spectra are normalized to 0.0 V.  
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This is the first investigation done in EOR to have experimental evidence that Ni directly 

participates in C-C bond cleavage as CO is observed on a Ni site. There is no other source of 

carbon in the system (water, NaOH) so we know that the CO is coming from ethanol. This provides 

a different perspective of what is happening during the reaction as a number of studies suggests 

that the role of Ni is to attract OH radicals to the surface to oxidize ethanol on a nearby Pt or Pd 

site. This work shows that ethanol is also oxidizing directly on a Ni site.  

It should be noted that EOR was studied on Ni/C nanoparticles and there was very little to no 

activity. This means Ni alone does not oxidize ethanol well. A possible explanation for this is that 

ethanol initially reacts on a Pt site and then on a nearby Ni site which facilitates C-C bond cleavage 

and that is how we observe a CO on a Pt site and a CO on a Ni site. A possible mechanism to 

propose the intermediates observed can be seen in Figure 4.12.  

In Figure 4.12, it is proposed that ethanol first reacts on a Pt site through the carbon and then on 

a Ni site through the carbon. To provide more support to this theory, a future experiment proposed 

is to do the same EOR reaction in SEIRAS using CH3
13CH2OH labeled ethanol and look for 

isotopic effects in the IR spectra. If the CO-Pt linear peak is shifted, that supports the mechanism in 

Figure 4.12. If the CO-Ni linear peak is shifted, that would suggest that Ni would be involved in the 

first step of EOR for ethanol to bind to a surface, which would be exciting new information to 

learn about for this reaction. If both peaks move, that suggests that the mechanism is independent 

of metal surface identity and that some other property of the catalyst is responsible for this change 

in behavior. If there is no shift in any peak, then I would advise to check the manufacturer if 

CH3
13CH2OH labeled ethanol was truly purchased. In any outcome of the isotopically labeled 

experiment, a new piece of information of the EOR mechanism would be experimentally  
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Figure 4.10: SEIRAS data for PtNiCu (1:0.1:0.4) in 0.10 M NaOH and 0.50 M EtOH. On the 

top left is the CV acquired for PtNiCu (1:0.1:0.4) in the SEIRAS setup. The table on the left has a 

list of peaks and corresponding IR assignment for easy reference. The IR plot on the right can be 

read from top to bottom, where each curve is an IR spectrum at a potential. Each curve represents 

a Δ0.1 V difference and one full cycle is depicted. The IR spectra are normalized to 0.0 V.  
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Figure 4.11: SEIRAS data for PtNiCu (1:0.2:0.3) in 0.10 M NaOH and 0.50 M EtOH. On the 

top left is the CV acquired for PtNiCu (1:0.2:0.3) in the SEIRAS setup. The table on the left has a 

list of peaks and corresponding IR assignment for easy reference. The IR plot on the right can be 

read from top to bottom, where each curve is an IR spectrum at a potential. Each curve represents 

a Δ0.1 V difference and one full cycle is depicted. The IR spectra are normalized to 0.0 V.  
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Figure 4.12: A proposed pathway of EOR to full oxidation (C1) on PtNi or PtNiCu catalyst, 

focusing on the Pt and Ni sites. Red arrows are for electrons going into the electrode (oxidation). 

Blue OH- are for picking up H+ from ethanol as ethanol undergoes oxidation. Magenta OH- oxidize 

a carbon on ethanol to CO2. The right most illustration of the mechanism is repeated on the next 

line on the far left to make it easier to read. This mechanism is the first to propose CO2 forming 

electrochemically on a Pt site and a Ni site.  
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determined and that would benefit the entire EOR community in future catalyst design and 

understanding of how to better optimize this reaction to full oxidation. 

4.4 Conclusions 

This work has demonstrated a way to study part of the EOR mechanism. This is the first 

investigation to report that Ni is directly involved with C-C bond cleavage with experimental 

evidence of CO linearly bond to Ni being formed during EOR. This work also proposes the first 

mechanism to incorporate how Ni can be directly involved with the full oxidation mechanism of 

EOR. From a science communication perspective, this project also has the first proposed 

mechanism of the full oxidation pathway that is fully mass and charge balanced. While the 

mechanism may not be perfect and can be subject to critique, at this time, there is no published 

mechanism for the full oxidation of ethanol to CO2 that is mass and charge balanced. It is important 

to introduce mass and charge balanced mechanisms so we can start thinking of electrochemical 

processes fully from start to finish and account for the behavior of every atom and electron. This 

work also has a table of CO peaks in alkaline conditions that currently does not exist in literature 

and that would be beneficial for others studying EOR in alkaline conditions as peaks shift in 

various electrolyte conditions and there are not many peak assignments in literature this reaction 

in basic conditions. This work also provides insight into the role of Ni and Cu in PtNiCu – Ni is 

involved in C-C bond cleavage and the C1 pathway. Cu is involved in improving EOR activity, 

but not necessarily through the C1 pathway. This is new information in understanding what the 

roles of these metals are.  

Moving forward, if any graduate student is reading this broke dissertation and were to pick up this 

project, majority of the work is done. My sincere guidance is this: I would advise to simply rerun 

the experiments done in this dissertation chapter to verify the reproducibility of the results and 



 86 

then do an isotopically labeled experiment on PtNiCu or PtNi to determine what peak(s) shift in 

EOR to get more specific mechanistic data. If working with PtNiCu is difficult (because you would 

have to synthesize, purify, and characterize it before doing any SEIRAS experiments) you can 

literally just do the isotopic study on PtNi and just make the paper about mechanistic insights into 

EOR on PtNi. You can use the conclusions, figures, and mechanisms I have made to propose an 

explanation and you will easily have what I think is a high impact paper for the field. My request 

is that if you do complete this project, that I be listed as a co-first author or second author depending 

on how (or if) the future of the project evolves. If someone is reading this with the serious interest 

of finishing this project, I do advise tenderness and care when doing the experiments – the setup 

is quite fragile and sudden movements or harsh bubbling will damage the catalyst surface or Au 

film, making the data from the experiment not usable. Taking too long to do the experiments also 

damages the prism from the alkaline environment so experiments should be done within a few 

hours (vs. days as other experiments in the Tong lab using SEIRAS in acidic environment can 

handle those conditions for that long). Whether or not this work ever gets fully finished or 

published, I do believe the information from this investigation is very valuable to the scientific 

community and I hope someone studying EOR can see this and know that Ni helps C-C bond 

cleavage and to consider how to best use Ni when designing future EOR catalysts. 

4.5 Reflections and Growth 

The literal translation of the quote at the start of the chapter is, “Sufficient for us is God, and [He 

is] the best Disposer of affairs.” This quote, or excerpt of a verse from the Quran, captures the 

spirit and story of this chapter. This work is truly a product of me growing into an independent 

scientist — I came up with the project idea, experimental design, and adjusted the experimental 

parameters myself when I realized I was not getting the best results.  
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The work from this project brought me to incredible highs – I presented some of this work in 

different conferences that brought me to 3 oceans – the Atlantic, Pacific, and Indian Oceans. (I 

presented at ACS Boston, ACS San Diego, and the International Society of Electrochemistry 

conference in Durban, South Africa.) I also learned to how to fix my setup by myself – I fixed 

broken salt bridges for the IR cell, redownloaded software and did the first successful SEIRAS 

experiment with data during the pandemic, and optimized the CO stripping conditions by my own 

experiments and scientific judgment. From sharing some of the work from this project at ACS 

Boston, it inspired a collaboration that led to a publication and that work is seen in chapter V.  

The work and journey of this project also brought me to incredible lows – I did some of this work 

during the pandemic and under incredible stressful conditions. I was so anxious when doing the 

experiment related to Figure 4.6 that I left lab, vomited in the bathroom, and came back to finish 

acquiring the data that is seen in that figure. I was doing an experiment related to Figure 4.8 on 

January 6th, 2021 when a terrorist attack happened at the Capitol Building in Washington D.C. and 

I got the emergency alert on my phone to go home in time for the curfew while I was in mid-

acquisition for SEIRAS. I saw through the lab window six helicopters go towards the Capitol 

Building / National Mall while CO and Ar gas were being bubbled through my reaction system. I 

also learned that I lost friends due to the pandemic while working in the lab. 

This was also the project where I was given feedback on how after 6 years, I had not done enough 

work for a PhD and also feedback on how I have shown strong skills as an independent and critical 

thinking scientist. It is hard for me to decouple the incredible good from the incredible bad that 

has happened in the journey of investigating this project. So in all the incredible highs and lows, 

God is my witness. God is sufficient for me. And truly, God is handling my affairs in helping me 
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finish graduate school. Chronologically, this is the last project to be done in my PhD, although it 

is chapter 4 of this thesis. 

From the experiences I had during this project, I learned a number of things: 

ψ What people say to you, even if they are other scientists, senior scientists, people you look up 

to, or people who hurt you, does not matter. They do not define you as a scientist. 

ψ People can disagree with your work and findings and that is okay. The science and reasoning 

can be strong on its own and people are allowed to disagree. Science is an ongoing discussion 

with what we observe in the physical universe. 

ψ Reproducibility is a huge issue in using SEIRAS in any system of electrochemistry as the Au 

film made is not exactly the same every time and that can affect peak enhancement and affect 

how results are analyzed and interpreted. I would feel confident making qualitative statements 

but as a scientist, I would question quantitative statements from SEIRAS results in many papers 

that are published. 

ψ Your value or worth as a person is independent of papers, grants, awards, or other accolades. 

They do not add or take away value, yet science academia is set up in a way that there is an 

illusion of self-worth associated with those things. There is only one of you in the entire 

universe and you are invaluable.  

Working on this project taught me many things but if I had to pick a takeaway lesson, it is this: 

Science is a human activity. Taking care of the person is as important as taking care of the 

science. When a scientist feels safe (physically and psychologically), supported, cared, and 

nurtured, their science truly shines and manifests beautifully. And caring for a scientist is to be 

there on their highest days and their lowest days. And while I only have a few more days being a 

scientist at Georgetown, I plan to take that lesson with me for the rest of my life – I want to take 
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care of others on their highest days by supporting them and cheering for them in their 

accomplishments and on their lowest days by supporting and comforting them in a way that best 

helps them. I want to take care of the people around me so their work truly shines and manifests 

beautifully. I want to take care of people to shape a more beautiful and better world. 
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Chapter V: Using CoPtAu Nanoparticles as a Catalyst for the Ethanol Electro-oxidation 

Reaction and Studying the Mechanism Using In-Situ Electrochemical IR 

“All CATalysis is fabulous.” 

—Dr. Michelle Muzzio, Editor, iScience, Cell Press  

 

5.1 Introduction* 

The electrochemical oxidation of a fuel is an important step to convert the chemical energy stored 

in the fuel into electric energy for renewable energy applications.2 The fuel that is studied 

extensively for the energy conversion can be a gaseous hydrogen, or a liquid state formic acid, 

methanol, or ethanol. The liquid fuels can have a higher energy density (1.77 kWhL-1 for formic 

acid, 4.82 kWhL-1 for methanol and 6.34 kWhL-1 for ethanol) than the gaseous hydrogen (0.53 

kWhL-1 at 20 MPa),3 and can be bio-regenerated.4 However, electro-oxidation of the liquid fuel, 

especially ethanol, is much less efficient than what is predicted theoretically owing to the lack of 

efficient electrocatalyst that can catalyze a complete fuel oxidation to CO2 . Pt is the most active 

metal catalyst that has developed for the electro-oxidation reactions, but it does suffer the 

undesired poisoning by carbonaceous species, especially CO, generated in the fuel oxidation 

process. To alleviate this poisoning issue, Pt is usually alloyed with an oxophilic metal (M) to form 

PtM to promote the generation of oxygenated species on the adjacent M for the oxidative removal 

of CO via the bifunctional mechanism.5 PtRu and PtSn are by far the most widely studied catalysts 

for the ethanol oxidation reaction (EOR),6 yet the addition of Ru and Sn benefits only to partial 

oxidation of the fuel. Other PtM alloys, such as those with M being Fe,7 Co,8 Ni,9, 10 and Zn,11, 12 

have also been investigated as catalysts for EOR. However, their catalysis is complicated by 

 
* The work shared in this chapter was published in Angewandte Chemie.1 Wiley allows papers 

published in their journals (including Angewandte Chemie) to be reproduced in theses. The 

experiments shared in this chapter are done by myself unless otherwise noted. 
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uncontrolled leaching of M from PtM13 and by incomplete oxidation, owing to the difficulties in 

breaking the C-C bond.5, 14 Tetragonal L10 -PtM (M = Fe, Co, Ni) is efficient in stabilizing M,15-

19 but it is still subject to CO poisoning. Alloying Au with Pt at the Pt/Au ratio of about 3:2 can 

disrupt CO bonding mode on Pt to alleviate the degree of CO poisoning on Pt,20-24 but still, this 

PtAu catalyst is inferior to the PtRu in performance. 

In a collaboration with the Sun lab at Brown University, we report a ternary CoPtAu NP as a 

catalyst for catalyzing EOR with high activity and stability. In this catalyst structure, Co and Pt 

are alloyed into a L10 -structure, while Au is enriched on the NP surface, forming two atomic 

layers of AuPt ensembles with the Pt/Au ratio at 57:43. The L10-CoPtAu catalyst shows mass 

activities (MA) of 1.55 A/mgPt for EOR in 2 M CH3CH2OH. The catalyst is also stable in EOR 

conditions, showing less than 2% drop in MAs (vs. over 50% drop in MA from the state-of-the-

art PtRu) and no obvious Co/Pt/Au composition changes after 10,000 potential cycles in the 

durability tests. The in-situ surface-enhanced infrared absorption spectroscopy (SEIRAS) study 

indicates that the L10-CoPtAu catalyst can promote C-C bond cleavage and favor non-CO 

pathway, facilitating its catalysis for EOR. 

5.2 EOR Catalyzed by CoPtAu NPs  

The synthesis and characterization of the CoPtAu catalyst was done by Junrui Li from the Sun 

lab.1 Electrochemical performance and durability tests were also performed in the Sun lab and can 

be seen in Figure 5.1.1 Samples were deposited on a glassy carbon working electrode, graphite 

rod counter electrode, and a Ag/AgCl (1.0 M KCl) reference electrode in 0.1 M HClO4.  

Initially from the synthesis, the A1-Co43Pt43Au15 NP are formed and deposited on carbon black. 

In the CV in Figure 5.1a, the PtOx reduction peak (~0.6 V vs. RHE) is present but not the AuOx  

peak (~1.1 V vs. RHE), indicating more Pt is on the surface and Au is in the core. The A1-  
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Figure 5.1: Electrochemical performance of CoPtAu NP catalysts for EOR. (a) CV curves of 

A1-Co43Pt43Au15, L10-Co43Pt52Au5, and L10-Co41Pt44Au15 catalysts in 0.1 M HClO4 after 100 

cycles of activation. (b) CV curves of commercial Pt and commercial PtRu (1:1) catalysts in 0.1 

M HClO4 after 100 cycles of activation. (c) EOR performance of L10-Co41Pt44Au15, commercial 

Pt and commercial PtRu (1:1) in 0.1 M HClO4 and 2 M CH3CH2OH. (d) EOR performance of L10-

Co41Pt44Au15 and commercial PtRu (1:1) at BOL (beginning of life) and EOL (end of life) of 

10,000 cycles durability test. 
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Co43Pt43Au15 NPs  are annealed for 6 hr to convert the A1- structure to a L10-Co43Pt42Au15 NP 

structure. In the latter structure, Au diffuses from the core and alloys with Pt on the surface of the 

catalyst. Evidence to support Pt and Au are on the catalyst surface can also be seen in Figure 5.1a 

as the CVs for the two L10-CoPtAu catalysts have defined PtOx and AuOx peaks.  

These characteristic CVs can be compared to the characteristic CVs of commercial Pt and PtRu 

(1:1) catalysts in Figure 5.1b. The EOR profile for commercial Pt, commercial PtRu (1:1), and 

L10-Co41Pt44Au15 can be seen in Figure 5.1c. The mass activity for L10-Co41Pt44Au15 is 

significantly higher than both commercially available catalysts and it should be noted that L10-

Co41Pt44Au15 has a lower Pt content, making it more cost effective. In Figure 5.1d, long term 

durability testing was done with PtRu (1:1) and L10-Co41Pt44Au15. PtRu suffered a 26.5% drop in 

mass activity over the durability testing whereas L10-Co41Pt44Au15 only showed a 1.6% mass 

activity drop. This is also evidence that L10-Co41Pt44Au15 is a much more durable catalyst than 

commercially available Pt and also makes it cost effective. With these results, Junrui Li contacted 

me and wanted to gain more insights to explain why his L10-Co41Pt44Au15 catalyst performed better 

than commercially available PtRu (1:1). He mailed his samples to me and I did a SERIAS 

investigation.  

5.3 Insight of CoPtAu Catalysis Enhancement for EOR Using SEIRAS  

The setup of the SEIRAS experiments involved making a gold film on a Si prism and dropcasting 

the catalyst onto the prism (150 g) as the working electrode. A graphite rod and Ag/AgCl (1.0 M 

KCl) were used as the counter and reference electrodes respectively. A set of IR spectra were 

collected in 0.1 M HClO4 (Figure 5.2) to verify no species other than water appeared in the 

background before doing the reaction in 0.1 M HClO4 and 0.5 M CH3CH2OH (Figure 5.3).  
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Figure 5.2: Background in-situ SEIRAS spectra recorded in 0.1 M HClO4 from 0-1.2 V / 

RHE.  Each spectrum is in Δ0.1 V increment and one full cycle is depicted. (a) in-situ SEIRAS 

data for commercial PtRu. (b) in-situ SEIRAS data for L10-Co41Pt44Au15.  

 

 

  



 98 

 

Figure 5.3: in-situ SEIRAS spectra recorded in 0.1 M HClO4 and 0.5 M CH3CH2OH for both  

L10-Co41Pt44Au15 and commercial PtRu catalysts.  Each spectrum is in Δ0.1 V increment and 

one full cycle is depicted. (a) in-situ SEIRAS data for L10-Co41Pt44Au15 for a full cycle range of 

0.2 – 1.2 V vs. RHE and normalized to 0.2 V and (b) normalized to 1.2 V. (c) in-situ SEIRAS data 

for commercial PtRu for a full cycle of 0.2 – 1.5 V vs. RHE (c) normalized to 0.2 V and (d) 

normalized to 1.5 V. It should be noted for (c) and (d) that a peak near 1250 cm-1 is due to a prism 

defect and not a product of the reaction. 
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In the respective spectra of L10-Co41Pt44Au15 and PtRu, the peaks in the range 2007-2012 cm-1 

correspond to linearly bonded CO to Pt sites and ~1400 cm-1 is the signature peak for CH3COO- 

(characteristic OCO stretching peak).25, 26 The presence of CO in the reaction infers that EOR is 

going through the C1 pathway where C-C bond cleavage is occurring in ethanol to form CO, which 

can be further oxidized to CO2: 

CH3CH2OH + 3 H2O → 2CO2 + 12H+ + 12e-      (1) 

The presence of acetate indicates EOR is undergoing the C2 pathway of partial oxidation: 

CH3CH2OH + H2O → CH3COOH + 4H+ + 4e-      (2) 

The normalized intensities of CO and CH3COO-
  obtained on L10-Co41Pt44Au15 are plotted and 

compared to PtRu in Figure 5.4a. The IR peak intensity corresponds to the amount of adsorbate, 

the higher intensity of CO in the low potential range (0.2-0.6 V) implies that the C1 pathways 

dominates the reaction. When the potential increases above 0.6 V, CH3COO- peak intensity starts 

to increase and overtake the CO peak beyond 0.7 V. This can indicate that [1] CO oxidation occurs 

rapidly to CO2 and that process is faster than forming CO on the surface,26, 27 resulting in a net 

decreased CO peak intensity and [2] Pt surface is getting oxidized at 0.7 and higher, leading to 

weak adsorption of CH3CH2OH, which is also supported by the decrease in the 1050 cm-1 intensity 

corresponding to ethanol at 0.7 V and higher. This would result in incomplete oxidation of ethanol 

and can explain why CH3COO- is observed. In the backwards scan, we see lower amounts of CO 

forming vs. the forward scan and that can be because the surface is still oxidized at high potentials, 

which would cause less ethanol to bind to the surface and therefore, less CO can form. It is still 

observed in the forward and backward scan that at lower potentials (<0.6 V) the C1 pathways 

dominates (because of the higher CO intensity).  
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In order to compare the selectivity of the C1 pathway over the C2 pathways, the ratio of the CO 

and CH3COO-
 observed on L10-Co41Pt44Au15 and commercial PtRu were plotted in Figure 5.4b. 

Taking the ratio of the peaks also normalizes out any differences of surface plasmon resonance 

enhancement in each SEIRAS experiment. In the forward scan, the C1/C2 product ratio on L10-

Co41Pt44Au15 is approximately 2.3 times of that on commercial PtRu, indicating that L10-

Co41Pt44Au15 is more efficient at oxidizing ethanol through the C1 pathway. Although the C1/C2 

product ratio drops in the backward scan, we can still see that L10-Co41Pt44Au15 for L10-

Co41Pt44Au15 favors the C1 pathway over PtRu.  

5.4 Conclusions 

In this collaboration, we have shown that L10-Co41Pt44Au15 is a strong candidate as an EOR catalyst 

with excellent activity and durability. There is evidence to support the efficiency in this catalyst 

for the C1 pathway (complete oxidation) over the C2 pathway (partial oxidation). Having a catalyst 

with a Co core and PtAu alloyed shell can work synergistically to electrooxidize ethanol by 

promoting both C-H and C-C bond activation, the latter being a critical step in EOR. This has 

opened an exciting new class of EOR catalysts that can be used in liquid ethanol fuel cells for 

potential renewable energy applications. 
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Figure 5.4: (a) Intensities of CO and CH3COO-
  obtained on L10-Co41Pt44Au15 on the forward 

and backward scanning respectively. Peaks are normalized to the weight of Pt loading (mg-1).  

(b) Ratio of CO / CH3COO- on  L10-Co41Pt44Au15 and commercial PtRu catalysts respectively. 
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5.5 Reflections and Growth 

This collaboration started from a friend I made on twitter, Dr. Michelle Muzzio (@michmuzz) and 

we met at an academic conference where she brought a lab colleague to attend my research talk. 

Through attending my talk, her lab colleague, Dr. Junrui Li, learned about my work and using in-

situ electrochemical IR to better understand reaction mechanisms and that is what started our 

collaboration together. This collaboration taught me many things about science as well as 

interpersonal skills. A lot of brilliant science can start from social media – twitter brought our two 

research labs to cross paths. I also use the same technique to study a different catalyst system and 

I had to learn how to prepare my experimental conditions differently to accommodate his catalyst 

system. It stretched my creativity in experimental design and skills.  

This project also taught me a lot about communication – the Sun lab does not have this technique 

and can only learn about how it works / its limitations through my communication. I used photos, 

video clips, and PowerPoint presentations to best illustrate how to set up and do these experiments. 

Through these kinds of communications, I would also get new questions and perspectives that 

helped me think about research differently and how I communicate science to be clearer and more 

effective. If I had to share a single takeaway from this project that will carry on into my career, it 

is this: 

Social media can help facilitate rich scientific discoveries and you can use the same 

instrument very differently depending on what you are studying, and that is simply beautiful.  
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Chapter VI: Contributing to the Scientific Community Through Science Communication 

“The impact of your science is directly connected to how you communicate it.” 

—Dr. Dorea Reeser, Executive Audience Engagement Editor, C&EN 

 

6.1 Introduction: How Science Communication Helps Advance the Scientific Community* 

Science communication is essential for the progress of both the scientific community as well as 

society more generally. In the research community, science communication helps form new 

collaborations, provides legitimacy for research funding, and conveys the importance of specific 

research discoveries to the broader field. Science communication also helps improve the public’s 

beliefs about science, helps improve public trust in scientific research, provides feedback to 

scientists on what are important research aims and applications of science from the public, and 

distributes knowledge and scientific resources for the public to use.5 A key example of the 

importance of science communication is the topic of vaccines. One study claimed a link between 

vaccination and autism in children,6 and while this work was disproven and ultimately retracted, 

it continues to drive decisions that are harmful to public health, resulting in multiple recent 

outbreaks of measles.7 The ability for scientists to communicate their research to non-scientists 

through science communication is so important that it literally affects people’s lives. 

Science communication also impacts how scientists do research. Science is a human enterprise, 

which means it relies both on the science itself and on the people who do it for its progression. 

When we support and care for the scientists who do this work, we help others feel more included 

and more people will want to engage in science, which leads to expediting the advancement of 

 
* The work shared in this chapter have been published in Chemical and Engineering News1-3 and 

Chemistry World.4 One article was written by Alexandra Taylor3 from Chemical and Engineering 

News after she interviewed me for the piece and I was given permission to reproduce that article 

in my thesis. Both Chemical and Engineering News and Chemistry World allow articles published 

in their magazines to be reproduced in theses. In transparency, this work is not peer reviewed and 

is considered my own personal and professional contributions to the scientific community. 
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science in new and diverse ways. Additionally, science communication helps address inequities or 

injustices in the scientific community that prevent everyone from having equitable access to 

opportunities to pursue science. Some of these inequities and injustices include harassment and 

violence to women, members of the LGBTQ+ community, and racial and ethnic minorities.8 

Marginalized scientists also disproportionately get less funding for research, get less opportunities 

to present their work to invited conferences (which is connected to less opportunities for career 

recognition), and have biases against them for publishing, awards, and career advancement.9  

While systemic injustice and inequity should be addressed simply on principle alone, these 

inequities in the scientific community also impede scientific progress. Some of these barriers 

include: lack of representation and inclusion of scientists from marginalized backgrounds, 

institutionalized racism,10-12 sexism,13, 14 and ableism15 in science academia, and lack of equity in 

opportunities for marginalized scientists as those from well-represented backgrounds often have 

knowledge, access, and mentorship to more scientific opportunities than those from marginalized 

backgrounds.15, 16 Engaging in advocacy through science communication helps to overcome these 

barriers and address the injustices that hold the scientific community back. If some people have 

less opportunities to do science than others, that affects the entire scientific community. Science 

communication helps highlight issues of injustice and inequity and helps address them in various 

ways such as providing resources to marginalized scientists broadly, sharing opportunities and 

providing a platform for the voices of marginalized scientists, and science communication helps 

bring to light systemic injustices in the scientific community and conversations on how to address 

them. Science communication also helps those with privilege become more aware of these issues 

and how they can use their privilege to also remove these barriers. This will lead to positive effects 

in the broader public of making science more inclusive and accessible. In this chapter, I share 
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various science communication pieces that I have either directly authored or was featured in, which 

help the advancement of the scientific community and the larger global society. 

6.2 Science Communication: Making Diversity and Inclusion More Visible 

Science Henna 

The scientific community currently lacks visible representation of different cultures and religions 

among scientists. Chemical and Engineering News (C&EN) is one of the largest chemistry 

magazines in the world that is read by scientists in various disciplines with over 100,000 print 

magazine subscribers. C&EN has a monthly photo competition to highlight chemistry depicted 

through pictures.17 In July 2018, I submitted a photo of science-themed henna designs I applied on 

my hands to celebrate Eid Al-Fitr, a Muslim holiday observed after the month of Ramadan. The 

photo inspired an entire article where I was interviewed to communicate more about the story of 

my science-themed henna.3 The article was written by Alexandra Taylor and is reproduced below: 

 

“Safia Jilani celebrated the end of Ramadan and the beginning of Eid Al-Fitr by painting 

her hands with science-themed henna. The Georgetown University graduate student mixed 

traditional designs with references to chemistry, physics, and math. Jilani says that in her 

cultural tradition, henna symbolizes beauty and celebration, so she wanted to incorporate 

some of the beauty she finds in those subjects. She included equations and schemes that 

have a personal connection for her, including a possible mechanism for the electrooxidation 

of ethanol on a solid surface—the reaction system she studies. “If any of my friends ask 

me to do henna for them, I’ll do my best to draw their request, but I tell them that no matter 

what, I have to incorporate some small scientific concept in the design as my way of 

‘signing’ their hands,” Jilani says.” 
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Henna is often applied as part of both my religious and cultural backgrounds to symbolize beauty 

and celebration. I find beauty in chemistry, physics, and mathematics, so I incorporate them into 

my designs, and I tell stories of science and beauty through them. In Figure 6.1, a possible 

mechanism for the ethanol electrooxidation reaction is depicted, as well as a story of my 

understanding of energy in molecules, to both recognize and celebrate the research that I do. 

This article was featured on C&EN’s website as well as their social media channels. Particularly 

on Facebook, it was liked over 8,000 times, giving context on the reach of sharing my science 

henna. Through social media, it continued a larger discussion on how we depict and discuss 

science. Increasing visibility on diverse ways to share science opens the doors for other 

marginalized scientists to feel more welcome into the scientific community and helps to normalize 

diversity in the scientific landscape. It also shows to the wider public that science can co-exist with 

religious and cultural expression to promote inclusion in a larger sense, especially for a religion 

that is significantly discriminated against in the current global political climate. More broadly, this 

article provided inspiration to new approaches to communicating science, such as storytelling 

through henna and using the human body as a surface to express science.  

In the spirit of my dissertation being a documentation of my contributions to science over the 

course of my PhD, I share another science henna design I created for Eid Al-Fitr in 2020 (Figure 

6.2) On my left hand I have depicted science from 5 completed research projects and 3 incomplete 

research projects as well as my journey during the pandemic from my left thumb to my right pinky 

finger. My right hand depicted 6 science communication articles I have written / been part of, 

working with 8 research mentees, and 3 powerful lessons I learned from my classes (as a student 

and TA). Across both hands I have symbols of 34 friends and mentors who have shaped me in my 

science journey, and it was particularly a personal and intimate choice because at this point in the 
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pandemic, I had not seen anyone in over 2 months. It was both a way to celebrate their 

contributions to my science and hold them close to me on my hands. Henna celebrates beauty and 

joy and I find beauty and joy in my family, friends, learning, teaching, science, growth, and 

transformation. I look forward to this work inspiring scientists to communicate science through 

the lens of their unique identities in the future. 

Being a Scientist Observing Ramadan in Graduate School 

Sharing my science henna is a way to share my science through an artistic expression from my 

religious and cultural backgrounds. These backgrounds also shape how I interact and grow with 

my science. Yet in my experiences as an early-career scientist, conversations around culture and 

religion are noticeably absent in the scientific community. C&EN has an essay column for which 

graduate students can submit pitches that relate to their experiences. A few of the topics that have 

been covered include: being a researcher, a teaching assistant, a scientist working with disabilities, 

and a discussion on different career paths. Undergraduate scientists also read this column and I 

was asked by two undergraduate scientists who identify from marginalized backgrounds to write 

about being a Muslim scientist. These students felt that the scientific community does not welcome 

these discussions, and if I wrote an essay, it might make it easier for more Muslim scientists, as 

well as scientists of other faiths, to talk about their identities in the scientific community. Writing 

about one’s identity can reinforce our place and belonging in the scientific community. They also 

asserted that such an essay can provide perspective to professors or supervisors on being 

conscientious of Muslim scientists working through Ramadan. 

As an act of science communication and advocacy, I wrote an essay on what it is like to be a 

Muslim graduate student scientist at Georgetown University during Ramadan.2 The essay 

describes what my day looks like; from coming to lab near dawn, working through the day, to 
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Figure 6.1: Science-themed henna art that I have created on my own hands.3 This depicts a 

story of how I learn and explore catalysis, including the ethanol electrooxidation reaction.  
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Figure 6.2: Another science-themed henna art that I have created on my own hands from 

Eid Al-Fitr in 2020.   
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leaving at midday to get ready to break my fast near sunset and performing communal prayers at 

night. I also use Ramadan as a time to reflect and reexamine my Muslim and scientific identities. 

The article I wrote is reproduced below: 

“It is pitch black at 3:30 a.m. and I’m making breakfast. Shortly after, dawn comes and my 

fast starts. I pray Fajr (dawn prayer), pack my backpack, and walk to school. I arrive at the 

lab close to 5:00 a.m. The only sources of light are the sun slowly spilling through the 

window and a glowing string of lights that I’ve placed near my desk for the holiday. It is 

Ramadan, my favorite time of the year. 

 

Ramadan is the 9th month of the Islamic lunar calendar, which runs roughly 10 days shorter 

than the Gregorian calendar. As a result, Ramadan “moves” each year about 10 days back, 

making every Ramadan a unique experience. This year, Ramadan spanned May to June. 

 

As a graduate student, I live apart from my family and work long hours. These factors force 

me to reevaluate my Ramadan experience and how it changes my daily routine. I come to 

the lab near dawn, when I have the most energy. Since I am often alone during these 

morning hours, I must work with safer reagents or review literature. As the day progresses, 

I become more mindful of how I use my physical energy as to preserve my focus. I leave 

early to rest in the afternoon before breaking my fast and attending Taraweeh (Ramadan 

night prayers) at a local Masjid. 

 

Ramadan is a time for renewal. I use it to reexamine my identity as a graduate student and 

scientist. As scientists, we have many ways to approach problems and imagine solutions, 
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as I’ve depicted with lab tape in my photo. During Ramadan, I meditate daily and I 

contemplate how I want to grow as a scientist. I become more aware of how I mentor my 

undergraduate students and help my graduate student colleagues. I think about how I 

contribute to my lab community’s growth and how I can pay forward the kindness I’ve 

received in my training to others. I think of new ways to approach my research projects 

that I haven’t tried previously. Before the month is over, I take a positive action towards 

these reflections and goals. 

 

Being a scientist is part of my identity as a Muslim, and being Muslim helps me reflect and 

grow as a scientist. Ramadan is a time that I get to interweave these parts of my identity 

more closely, in a beautiful and unique way. One of the greetings given during the month 

is, “Ramadan Kareem” (translated: [may you have a] “Generous Ramadan”). Whatever 

your contemplative practice or tradition may be, I wish you a generous holiday/tradition.”2 

This type of science communication promotes advocacy through increasing the visibility of 

Muslim scientists. It is also an act of leadership as very few Muslim scientists discuss their 

identities in public. This article also acts to bring more visibility of diverse scientists and to 

normalize the discussion of these identities as being part of being a scientist and in this case, it is 

that a person can have a religious identity and observe it freely while conducting their research. 

While this is part of my experience of being Muslim, which is being a member of one of the largest 

religions in the world, there are many religious traditions for which there is little awareness or 

accommodation in academia. This article helps broaden the space for other individuals to share 

their stories and discuss their religious traditions with the broader scientific community. When we 
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recognize, respect, and actively include scientists of diverse backgrounds as part of the scientific 

community, we are advancing science itself. 

6.3 Science Communication: Importance of Science Leadership 

Shaping Leaders at the ACS Leadership Institute 

My work in sharing my science henna and experiences of being a Muslim scientist observing 

Ramadan are forms of science communication and advocacy in representation and inclusion of 

people with historically excluded cultural and religious traditions. I also realize that they also 

represent leadership, even though there was not a formal title or name for it. Those articles bring 

forward these topics in the scientific community and lead others to engage in these discussions 

which leads to improving inclusion and diversity in science. 

The American Chemical Society (ACS) is the largest scientific organization in the world with over 

150,000 members in over 150 countries. The ACS hosts an annual Leadership Development 

Institute (LDI) conference that selects approximately 30 early-career scientists to attend to learn 

more about leadership in the scientific landscape. From my research, leadership, advocacy, and 

service work, I was invited to attend this meeting in 2020 and I wrote self-reflections about my 

experiences at the conference. Selected parts of my writings were accepted by C&EN as a pitch to 

share the conference in their magazine. Normally, the event is covered by editors of C&EN, but 

they allowed me as a guest author to write an article both covering the event and to share some of 

the lessons I learned.1 Until this contribution, the conference had not been covered in a full-page 

article in C&EN. My article helped to bring visibility to this conference and highlighted different 

dimensions of scientific leadership for early-career scientists. 

As an early-career graduate student, I used to believe that excellent scientists and scientific 

leadership were focused on publishing the highest impact factor papers or obtaining the most 
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grants and prestigious fellowships. Rather, I have learned that being a scientist involves strong 

skills in innovation, mentorship, communication, collaboration, and advocacy. The article I wrote 

is reproduced below: 

“My socks are soaked, my heart is pounding, and I’m wringing out a drenched hijab while 

standing in a puddle of water. The hotel bathroom sink and I had a mishap and the 

conference is starting in 20 min. I change my clothes and quickly proceed to the conference 

check-in. I don’t recognize a single person, and everyone is wearing lanyards with different 

colored ribbons. I pick up my lanyard, with a green ribbon labeled “Younger Chemist 

Leader.” 

 

I have arrived at the American Chemical Society Leadership Institute. 

 

The Leadership Institute is a unique conference and interactive opportunity where 

volunteers from across the organization come together to develop leadership skills, expand 

our scientific and support networks, and learn more about the structure of ACS. This year’s 

conference took place Jan. 24–26 in Atlanta. Attendees included leaders of ACS technical 

divisions and local sections, members of the board of directors, and students like me. I was 

among the recipients of the Younger Chemists Committee’s Leadership Development 

Award, which provides financial support for graduate student and postdoctorate leaders to 

attend the conference. 

 

I knew that the conference would involve networking and listening to presentations on how 

to be a better leader, but the actual experience was much more than that. I discovered 
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various tools I can use in my community to help influence change, and I made new friends 

who genuinely care about shaping a better scientific community. 

 

After the opening reception, I went to my first session, where we had to break up into 

groups. Our group affectionately took the name “The Spectronuts” because we love 

spectroscopy and we love nuts! Further on in the session, I discovered more about the 

diverse and shared interests of my colleagues, such as photography, running, rock 

climbing, and rap music. In other sessions, I interacted with members of the ACS Board of 

Directors and participated in workshops with other ACS volunteer leaders from across the 

country. 

 

As a graduate student, I thought that being part of the scientific community was primarily 

about the grants and fellowships I can obtain and how many peer-reviewed publications I 

can produce. What I realized is that leadership in the scientific community is more than 

that. It is about mentorship, advocacy, diversity, collaboration, and innovation. The 

conference helped me see how my actions beyond the bench can help foster a richer and 

more inclusive scientific community. 

 

The conference also pushed me to reflect on my relationship with myself. One of the 

activities involved taking a leadership assessment and reflecting on our strengths. For as 

long as I can remember, I have been focusing on improving my weaknesses; the Leadership 

Institute provided a new lens for me to focus on identifying and expanding my strengths. 
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The Leadership Institute taught me about the behaviors of exceptional leaders, new ways 

to foster innovation, patterns in effective communication, and tools to self-evaluate and 

improve the working communities that I am part of. I learned about new ways to collaborate 

with others, build on my strengths, and cultivate creativity in my thinking to generate new 

solutions. 

 

My biggest takeaway from the meeting was this: whatever your imagination is for the 

world, it can be bigger. We cannot expand our boundaries if we do not envision and believe 

in something beyond them. If someone tells you that you can do only “this” or “that” in 

your local scientific community and you believe in something bigger than those 

boundaries, challenge them. This is how things begin to change. If you focus on your 

strengths and give to others around you, your impact may be far greater than you can 

imagine.”1 

Writing about this scientific leadership conference revealed the importance of learning these skills 

and serves to inspire other early career scientists and professors who train early career scientists to 

develop and promote these skills; many scientists will ultimately find themselves working in 

leadership positions.  Also, cultivating these skills and engaging in science communication helps 

build a richer and more inclusive scientific community. Leadership skills such as building 

relationships, using strategic thinking to meet each individual’s needs, executing tasks, and 

building trust can help create an environment where marginalized scientists are successful or if 

there are conflict of inequity, that they can be addressed, and scientists are supported. Well-

represented scientists can learn to create inclusive environments to uplift and empower those in 

minoritized groups and that will help them ascend faster into leadership positions. Marginalized 
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and historically excluded scientists building these skills will also help them in career advancement 

where many leadership positions are disproportionately held by well-represented scientists. This 

will lead to diversity of representation in leadership, which is important to building a richer 

scientific community. 

The article also covered some ACS-LDI conference lessons that are relevant to pushing the 

boundaries of the scientific community. The conference taught me that whatever our imagination 

for what a scientist or the world is, it can be bigger. We can envision change and growth beyond 

our current boundaries by challenging them using our strengths and by collaborating with others 

to work together. Developing leadership skills helps scientists work with others to solve 

unanswered questions, work more efficiently, and discover more new knowledge for the field. By 

extension, leadership skills help scientists working with nonscientists or in various areas such as 

law, policy, government, and communication. When we train scientists to have stronger leadership 

skills, we are helping advance the scientific community in the long term. 

6.4 Science Communication: Creating a Space to Discuss Advocacy 

Learning to Act Ideas into Existence 

Science communication can be a tool to share one’s background with their science, promote 

leadership, and improve advocacy. While it is important that advocacy has strong communication 

– one’s intentions and ideas for change – that alone does not create change. Change happens when 

we can translate these words into actions and move forward from there. We see systemic injustice 

and inequities in science, with marginalized scientists being impacted negatively to a significant 

extent.11, 15, 18-21 During my time at Georgetown University, I have had both inclusive and exclusive 

experiences. For the latter, I had to decide if I wanted to accept things as they are or if I wanted to 

advocate for change. In order to advocate for change, I wrote a piece for Chemistry World, 
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discussing how a graduate student can engage in advocacy to realize positive change in academia 

and the wider scientific community. The article I wrote is reproduced below: 

“It is near the end of the hour and I can hear the ruffling of papers and the zipping of 

backpacks. A door opens and a hint of the outside air wisps inside – class has ended. An 

undergraduate student approaches me and asks about being a PhD student. I pull up a chair 

and a sheet of paper and begin to write down her questions. She is interested in pursuing a 

PhD but is concerned about potentially toxic work environments, institutionalised 

prejudice, and lack of allyship. She proceeds to ask, ‘What is one of the biggest things you 

have learned from graduate school?’ 

 

She nervously twiddles her thumbs and I respond, ‘I learned to reach for things I can’t see. 

I learned to reach for things that aren’t there and help create them.’ 

 

In graduate school, I have had inclusive and respectful interactions, as well as exclusive 

and disrespectful experiences. For the latter, I learned that I can either accept things as they 

are or advocate for change. But while traditional graduate education teaches us to think 

critically and create scholarly products, we are not taught how to effectively shape our 

scientific community. There is no instruction manual on creating paradigm shifts. 

However, after years of advocacy, I have found some ways to make it easier to enact 

change. 

 

Write your idea down. State what outcome you want to see and what actions you believe 

need to be made in order to see it manifest. When I advocated for a new award recognising 
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diversity, equity, inclusion and service that graduate students engage in to shape a better 

university environment, having the idea in writing helped communicate to others what the 

goals were, and what resources were needed to see it through. 

 

Support others through your idea. Your advocacy should help everyone’s educational 

and professional experiences, not just your own. Framing your idea with that in mind 

creates room for feedback from others, and listening and incorporating their ideas can 

enhance your proposal. Showing that you are working for the community may also make 

it more likely that others will help you to act that idea through. 

 

Create respectful relationships. The people you would collaborate with to advocate for 

an idea are the same people you work with in graduate school: students, technicians, 

professors and staff. Fostering professional, kind, and genuine relationships with 

colleagues also makes it easier to ask for help to advocate for an idea, as they will already 

care about you. Building these relationships can be easier than you think – it can be offering 

a cup of tea or coffee, taking few minutes to ask how someone’s day is going, or 

congratulating them on an accomplishment. 

 

Learn from others. A great idea is a great idea, regardless of its source. A career seminar 

program I initiated with a colleague was inspired by a conversation with a career director 

in another department. Because he had more experience, he advised how I could better 

organise and promote these seminars. You can learn from anyone so long as you have the 

courage to approach others and the openness to learn from them. 
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Cultivate a mindset where creativity is valued more than the fear of failure. In my 

experience, many people have great ideas about how to shape a better scientific 

community, but the fear of failure may prevent them from pursuing the ideas into reality. 

Sometimes, an idea might not work out – but failure does not mean that nothing positive 

will come of it. I once applied for a grant to start a seminar series focusing on scientific 

leaders from diverse and minoritised backgrounds. The grant was rejected but other groups 

on campus knew that I applied, and through them I found other sources of funding to carry 

out a smaller version of that proposed seminar series. 

 

You do not need to wait to reach a senior career stage to successfully advocate for change; 

in fact, I have sometimes found that being a graduate student has made it easier to support 

others. Towards the end of my conversation with the undergraduate student, she admitted 

that she does not feel comfortable talking about graduate school or non-class related topics 

with her professors. She was grateful I took time to talk with her, and now we can work 

together to find mentors and more support for her. 

 

I believe conversations like these help us to communicate our ideas, and our collaborations 

help shape our scientific trajectories in research. The same is true for shaping our scientific 

community. We cannot change how others react to our ideas, but we can change how we 

propose them and how we respond to other people’s thoughts. We can choose what kind 

of scientists we want to be. We are not defined by what we receive but by what we give.”4 
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In this science communication article, I encourage the broader scientific community to consider 

how we can share our inclusive ideas for change to lead to gentle and powerful shifts in science 

academia. Writing about these topics in a public scientific platform helps give visibility to this 

work and its importance to science. This can also help early career scientists around the world to 

point at a written article and consider how they want to develop their professional skills as a 

scientist to advocate for inclusion and equity. While we cannot choose how other people act, we 

can choose how we respond. For those who advocate for change, resistance will almost always be 

experienced from those who have a vested interest in maintaining the status quo. However, despite 

what those individuals choose to say or do, we can each choose what kind of scientists and leaders 

we want to be. When scientists chose to incorporate valuing advocacy with their science, we are 

helping shape a more inclusive scientific community, which in turn helps advance the scientific 

community. 

6.5 Reflections and Growth 

Just as each individual has their own strengths and unique life story, there are diverse ways in 

which science communication can be manifested to advance the scientific community. Scientists 

are people and people are moved by powerful stories. While it is important to share stories of 

research investigations, it is also important to share stories that improve the human experience of 

doing science. The articles I have written or been a part of promote improving the human 

experience of doing science, being more inclusive of marginalized and historically excluded 

groups engaging in science, and valuing broader skills in advocacy and leadership to be better 

scientists. 

Science communication also has opened my eyes to looking at science differently. The research I 

do is a collection of small stories with beginnings, middles, and ends. Research stories can be 
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complex, messy, inspirational, and subjective. Learning how to clearly tell stories in science 

communication about human experiences also helps me develop my science communication skills 

in my research. I have learned that nothing in science is truly separate. There is only the 

illusion of separation. Science communication highlights the interconnectedness of the 

experience of investigating science and being part of that community. 

My PhD journey has been rich and diverse in the different research projects I am part of, but I 

must recognize that it is through the advocacy, leadership, and service of those scientists who came 

before me that I can even study for a PhD in chemistry now. I am a Muslim woman of color, and 

historically, the scientific community in the United States has been composed predominantly with 

white male scientists.11, 21 It is from the advocacy of other scientists before me that I can study for 

my PhD in chemistry and put forth my scientific contributions in chapters I-V of this dissertation. 

Engaging in science communication related to advocacy and leadership will help make it easier 

for future marginalized scientists to engage in science and study in higher education such that one 

day they can write dissertations like the one you are reading right now. 
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Chapter VII: Contributing to the Scientific Community Through Leadership and 

Advocacy 

“I never want to live with the regret that I never tried.” 

—Dr. Jen Heemstra, Professor of Chemistry, Emory University 

 

7.1 Introduction: How Leadership and Advocacy Advance the Scientific Community* 

Scientists investigate physical phenomena and seek to answer questions about the physical 

universe. This requires scientists to learn technical skills in standard research techniques and 

scientific problem-solving skills. However, these skills alone are not sufficient for success in 

science. Prioritizing the development of leadership skills will help early-career scientists bridge 

the gap between research and implementation of ideas, increase their job opportunities and 

employability, and help cultivate scientific innovation.3 

Many scientists who obtain a PhD end up in positions of leadership yet PhD programs typically 

do not provide specific training for these roles. Having leadership skills can help scientists in a 

dynamic workforce and can help increase one’s capacity to have a positive impact in society.4 In 

addition to helping a scientist in their workplace, leadership skills can also improve scientist 

training / education in academia. Through leadership skills, a scientist can learn more about 

collaboration, teamwork, communication, and various interpersonal skills. This can provide a 

richer learning experience for students training to be scientists in the context of the broader world 

and their diverse interests such as science policy, consulting, research and development, or patent 

 
* One article shared in this chapter has been published in Chemical and Engineering News1 and 

another article has been co-published in Nature Chemistry, Journal of the American Chemical 

Society, Angewandte Chemie International Edition, Chemical Science, Canadian Journal of 

Chemistry, and Croatica Chemica Acta.2 Chemical and Engineering News allows articles 

published in its magazine to be reproduced in theses. For the sake of transparency, this work has 

not been peer reviewed, but represents my personal and professional contributions to the scientific 

community, either alone or in collaboration with others. 
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law. Incorporating learning leadership skills in a scientist’s training can potentially lead to more 

satisfying careers.5 Leadership skills are thus unique in the ability to help advance the scientific 

community and academia at the same time. 

The scientific community also struggles with issues around diversity, equity, and inclusion (DEI) 

that disproportionately and negatively impact marginalized and historically excluded scientists. 

We see these issues manifest in different ways: marginalized scientists often receive less 

mentorship than their well-represented colleagues and experience more stress, poor mental and 

physical health, and barriers to further career advancements.6-12 Advocating to remove barriers for 

marginalized scientists and valuing DEI are important to the progress of science and should be 

considered a critical component of good leadership. Developing advocacy skills helps scientists 

both to create better science as well as a better world. Through advocacy we can remove systemic 

barriers and have more scientists from diverse backgrounds contribute their rich ideas and talents 

and consequently improve the quality and excellence of science. 

In my PhD journey, I have had the opportunity to learn technical skills by addressing research 

questions in the laboratory as well as nontechnical skills that are essential to becoming a scientist 

who has positive impact both in the research they do and the community that they are part of. Two 

skills that were very important to my PhD journey are leadership and advocacy. With those skills, 

I helped shape a better scientific community at Georgetown University as well as the broader 

global scientific community during my doctoral studies. This is highlighted in the stories I share 

in this chapter. 

Because a dissertation is a record of what contributions a PhD student has made to their scholarly 

field, this chapter provides a summary of my broader contributions to the scientific community. 

While this work does not fall under traditional peer-reviewed research contributions, the work I 
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have done in these areas represents a critical component of being a scientist, making science 

accessible for others, and shifting the value and reward system to make science more inclusive. 

Due to the nature of this work being for the community, this work also is a form and extension of 

science communication as it involves taking action and communicating these stories to inspire and 

impact others. When we read the work that others have done in their local communities, that can 

help inspire us to think about what we can do and how we have the capacity and potential to 

influence change as well. The stories and actions that I share in this chapter ascend in order of 

scope; we can see the positive impact of leadership and advocacy in our individual interactions, 

our local community (Georgetown University), and in the broader scientific community. My goal 

is that this chapter inspires future readers to reevaluate the different ways contributions to the 

scientific community can look like and to consider sharing all their contributions —  both inside 

and outside of the lab —  in their dissertations too.  

7.2 Leadership and Advocacy in Mentorship 

Leadership and advocacy manifest in large projects and initiatives as well as in our daily 

interactions and choices. As a graduate student, I work with others in the research lab as well as 

the classroom as a teaching assistant (TA). One year as a TA, I had a general chemistry student 

from another lab section visit my lab office. They knocked on the door and asked another graduate 

student to speak to me. I was working in the lab and I put my materials down, washed my hands, 

and met the student at a bench outside my lab’s door. The student expressed anxiety and concern 

about their performance in general chemistry and wanted to ask me for help because they had 

heard that, “You will always help a student so long as they ask.” The student and I had a 

conversation about their progress and concerns. In their last exam, they had scored under 50% and 
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they were afraid of dropping the class. I had offered that if the student wanted more support in the 

class, they would be welcome to visit my lab recitation to review the material. 

The student came to my recitation classes as well as my office hours and I learned more about 

them. I assisted them in their study habits as well as helped them build confidence to believe in 

their work. In these interactions I noticed the student was struggling when taking notes or writing 

out their problem solving, and the student was flustered at their own mistakes or gaps in their 

writing. In a private conversation they talked about other struggles related to learning and I advised 

them to visit the Academic Resource Center (ARC) on campus. If they wanted support, I said that 

I would be happy to go with them, and if they do not feel comfortable, they do not have to go at 

all, and we do not have to bring up the topic ever again. With assistance, they went to the ARC 

and learned they should have accommodation in the classroom that significantly helped them in 

their performance in the class. The student met me after scoring less than a 50% on an exam and 

finished the class by scoring over 90% on the final. The student developed problem solving and 

critical thinking skills and learned about learning accommodation they should have to be 

successful at Georgetown. Most importantly, I witnessed them grow as a person – their confidence, 

ability to reach out for help, self-reflection skills, and their capacity to be kind to others and 

themselves. 

Although this is a story of only one student, it shows the power that mentoring and advocacy can 

have in the scientific community. The role of advocacy in science to make science more inclusive 

and create structures and policies to improve equity for all scientists, especially those from 

marginalized backgrounds. Mentoring and supporting this student is an act of advocacy and 

leadership as the student is getting the support, mentorship, and resources they need for their 

success in their general chemistry class. While this chapter mostly highlights advancements in the 
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larger scientific community through advocacy and leadership, I do believe that the most valuable 

contributions I have made are in these individual interactions and by having impact with one 

person at a time. 

7.3 Advancing Academia and the Scientific Community at Georgetown University 

In addition to being a mentor in a research lab and a teacher in the classroom, I have grown as a 

leader and advocate in the Georgetown University community. Leadership and advocacy can also 

have positive impact at a local community level. During my PhD training at Georgetown 

University, there is a focus on learning various technical skills related to wet-lab research but not 

much focus on other professional and career-related skills for scientists. There are inequities in 

opportunities for well-represented and marginalized scientists13-15 and there is a lack of training 

and support in Georgetown’s chemistry program to help students prepare for this inequity and for 

different types of careers.  

In my time as the Vice President of the Graduate Student Organization of Chemistry (GSOC) and 

Treasurer of Georgetown Women in Science and Education (WISE), I have led projects and 

initiatives to improve educational training and resources for scientists at Georgetown as well as in 

advocacy to promote better and equitable policies for a more inclusive community. GSOC is a 

student-led organization run by chemistry PhD students for various academic, social, and 

professional related activities within the chemistry and broader science departments. Georgetown 

WISE is one of the largest science student-led groups at Georgetown that coordinates academic, 

social, and professional related activities, but has a focus on advocacy for gender-related and 

intersectional issues in science academia. Georgetown WISE has members across 10+ departments 

and has engaged in advocacy on an institutional level and in the broader scientific community. 
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With the help of mentors and colleagues in both GSOC and WISE, I initiated a career seminar 

series where scientists from diverse backgrounds and careers share their career path with current 

students at Georgetown and are open to networking and mentorship from students interested in 

their career paths. Speakers start by sharing their career journey for 20-30 minutes and then engage 

in questions and answers from attendees for an hour. Over 3 years, there have been over 300 

students who have attended these seminars and to my knowledge, at least 10 students have reached 

out to different seminar speakers to learn more about their careers. Scientists who have come to 

speak have been from fields in government (various leadership positions), science policy, 

academia, patent law, science communication, and scientific publishing. This was a way for 

students to learn about the different types of careers a scientist can pursue after graduate school 

and also what kind of skills they should develop during their doctoral studies to prepare them to 

be successful in these career paths. These seminars also expose students to leaders, role models, 

and mentors from different careers and marginalized backgrounds. Also, in turn, by inviting 

scientists from marginalized backgrounds to speak at Georgetown, it is an act of advocacy to 

support their career growth as well-represented scientists often disproportionately speak more 

often at science seminars. This helps close the gap of inequity in opportunities for professional 

progress for marginalized scientists. These seminars helped students learn more about professional 

and career skill building, which is otherwise absent from Georgetown Chemistry’s PhD 

curriculum.  

The career seminar series has been very successful and was covered in Chemical and Engineering 

News (C&EN) for its impact on helping graduate students prepare for life after graduate school.16 

This is evidence that this not only had an impact in the Georgetown community, but also inspired 

change in the larger scientific community to think about professional development and 
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nontechnical skills as part of a scientist’s training. As this series continues in Georgetown WISE, 

I anticipate it will further inspire change in science higher education curricula to increase attention 

on development of professional, career, and leadership skills into the future.  

7.4 Advancing Academia and the Scientific Community in a Global Context 

A Problematic Article in the Scientific Community 

Up until this point, I have discussed my leadership and advocacy work in my local community – 

be it in individual relationships or in the science community at Georgetown University. Leadership 

and advocacy can also impact the broader scientific community in discussing and addressing 

injustice. I was part of a collaborative effort to address an injustice that occurred in the broader 

scientific community. On 4 June 2020 a peer-reviewed article was in Angewandte Chemie, a 

flagship journal in the chemistry community. The article was titled, “‘Organic synthesis—Where 

now?’ is thirty years old. A reflection on the current state of affairs.” This article went through 

peer-review and was published. The article shared explicitly sexist, racist, and xenophobic 

language and had caused significant outrage in the chemistry and broader scientific community as 

such a large journal in the chemistry community is giving a platform to these inappropriate views. 

It was also very problematic as it went through peer-review, indicating that either the editors and 

referees were not paying attention to what was submitted or that they agreed that these views are 

valid and acceptable in the scientific community. This also highlights how normalized these views 

are and highlights some of the systemic injustice in the scientific community. Many scientists were 

hurt and offended by the article. As a response, many editors from the editorial advisory board 

resigned from the journal immediately and the editor in chief of the journal was put on leave. The 

paper was immediately deleted off the Angewandte Chemie website but a pdf of it was available 

through informal channels. A few editors from Angewandte Chemie published a statement (on 25 
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June 2020) condemning the article and how the journal is moving forward.17 After many people 

pointed out that the paper was deleted, not retracted, the original paper was officially retracted on 

29 June 2020.18 There were many discussions on science social media as well as editorials and 

essays from editors of other scientific journals were published as a response to the article.19-21 

An Open Letter to the American Chemical Society 

During this time, there was also significant attention to racial injustice and violence in the United 

States in response to the murders of many Black people including George Floyd, Breonna Taylor, 

and Ahmaud Arbery.22 Juxtaposing political and social events to this article being published, also 

brought the issues of systemic racism and discrimination in the scientific community to increased 

public attention. Meanwhile, the American Chemical Society (ACS), which is the largest scientific 

professional society in the world, published an inadequate statement on 1 June 2020 condemning 

racial violence or how as an organization, how they would use their resources to help combat 

racism in the scientific community.23 What made the statement inadequate was that it was missing 

a direct statement of solidarity for Black scientists, a direct mention of issues of racism in the 

scientific community, how ACS is currently using its funds and resources to address anti-racism 

in science, and any call to specific actions that ACS plans to do to combat issues of racism in the 

scientific community. In response to ACS’ statement, I drafted an Open Letter to ask the leadership 

of ACS to make a stronger call to action with action items they are committed to doing to help 

address systemic racism and discrimination against Black scientists in the scientific community. 

With the help of Georgetown WISE, I finalized the Open Letter and had over 250 scientists from 

over 50 institutions co-sign it with me and send it to the ACS president, CEO, and board of 

directors on 9 June 2020 (Figure 7.1).  The CEO of ACS responded on 11 June 2020 that the Open 

Letter was received and that there would be further follow up. After 8 weeks passed and I did not 
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hear back, I wrote back to ACS leadership and in a series of correspondences and a meeting with 

the executive vice president of education, the president of ACS issued a new statement (on 31 

August 2020) with detailed actions ACS has taken and will take to combat racism in the scientific 

community.24, 25 From sharing the Open Letter with ACS to the new statement issued was 83 days. 

This gives a sense of timescale for advocacy. This is the first time that Georgetown WISE or 

Georgetown Chemistry has ever engaged in advocacy with a major global scientific organization. 

We were successful in getting a more constructive and action-oriented response. My Open Letter 

also served as an example for future petitions / open letters both in the Georgetown chemistry 

department and for students in other universities who have written on issues of discrimination and 

injustice.  

Discussing and Highlighting DEI Issues in the Scientific Community in an Editorial 

A day after the initial Open Letter was sent to ACS leadership, I was contacted by Dr. César 

Alejandro Urbina-Blanco, a scientist at Ghent University, about a project he and a group of 

scientists were working on to response to the inappropriate Angewandte Chemie article. While few 

editorials19-21 coming out at that time focused on condemning the article, the author who shared 

those views, and the editors directly involved in allowing the article to go through peer review, 

there were relatively few publications focused on supporting marginalized scientists and building 

more support structures to move the scientific community forward. Alejandro knew about the ACS 

Open Letter I had written days prior and appreciated my communication and writing skills. I was 

invited to be part of a writing project in which the voices of marginalized scientists are amplified, 

and a message of support and growth would be shared to the broader scientific community.  
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Figure 7.1: A copy of the first page ACS Open Letter that was sent to the ACS president, 

CEO, and board of directors in response to the original statement of support written by ACS. 

The subsequent pages are a list of individuals who co-signed this one paged letter.  

 

  



 137 

Through working in the collaboration, I became one of the lead organizers and authors of this work 

where 31 scientists from many diverse backgrounds contributed to an editorial article on DEI, 

which included ideas to support marginalized scientists and make the scientific community more 

inclusive. This article was co-published in six scientific journals, four being flagship chemistry 

journals: Nature Chemistry, Journal of the American Chemical Society (JACS), Angewandte 

Chemie, and Chemical Science.2 The act of writing and publishing this editorial piece was aimed 

to help continue a conversation of scientists engaging in advocacy and activism to create a more 

inclusive scientific community. This project was also an opportunity to support marginalized and 

historically excluded scientists by providing a platform for their voices in the larger scientific 

community and the majority of the authors were from different underrepresented and marginalized 

backgrounds. Also, at the time this was published, it was also intended to be a positive article of 

inclusion and moving forward as a scientific community in response to the discriminatory article 

that had been published (Figure 7.2). 

The editorial was broken into five main parts: 

Ψ Summarizing and defining terms related to diversity with related citations for further reading 

Ψ Sharing ideas on identifying and quantifying inequity to better design solutions to addressing 

it in the scientific community 

Ψ Sharing ideas on supporting marginalized scientists, including the importance of: 

φ Mentorship 

φ Online peer communities 

φ Financial support 

φ Structures for inclusion and diversity support 

φ Ways to recognize and highlight their work professionally 
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 Figure 7.2: The illustration with the DEI editorial to promote inclusion and care for our 

fellow scientists. Credit: Andy Brunning/Compound Interest. 
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Ψ Reexamining and expanding the definition of scientific excellence to include valuing DEI work 

Ψ Ideas on support structures to improve inclusion in the scientific publishing space 

This editorial was a unique contribution of its own kind as it brought the voices of many scientists 

together to discuss the importance of these topics and through the platform of major scientific 

journals. While the discussion and ideas expressed were not new or peer reviewed, the act of 

writing and sharing this article made it easier for scientists from all backgrounds to gain knowledge 

and talk more about DEI and advocacy in science. 

When we can use our voices more, we can better identify problems and their solutions. We increase 

transparency and accountability of addressing systemic injustices. While lab work can be 

quantified by yield, purity, and other physical parameters, the impact of this work is beyond those 

measures. This article was aimed at giving courage to others to speak, inspire ideas and solutions, 

or catalyze small changes in different local scientific communities over time. In the spirit of trying 

to associate some physical parameter like it is done in science, the article has been viewed over 

18,000 times in Nature Chemistry, over 6,000 times in JACS, over 3,000 times in Angewandte 

Chemie (the journal in which the original discriminatory article was published and retracted), and 

over 1,000 times in Chemical Science. That is a total of over 30,000 views on an editorial piece on 

valuing DEI in our scientific community, which reflects that this article was seen at large scale. 

This editorial was the 8th most talked about article for Nature Chemistry on social media according 

to Altmetric, with people in over 30 countries discussing it on social media. This also gives a sense 

of breadth and scale of community interaction. In another way to associate a physical parameter 

to this article, through personal correspondence, I have learned that the article has been cited in 

10+ chemistry faculty job applications in the United States. This also gives a sense of impact that 

chemistry professor candidates find this article important for their careers. 
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Response to the DEI Editorial 

The DEI editorial that was co-published in multiple flagship journals received significant and 

diverse feedback from both the scientific community and the broader public on social media. There 

were many who reached out to me and other authors and appreciated the courage and time to 

openly speak about advocacy and support of marginalized scientists in a politically charged time. 

I was invited to help facilitate group discussions in science labs in different institutions and was 

asked to possibly write follow up editorials or essays on these topics. Some people appreciated 

sections that were written in the editorial piece and others appreciated that this editorial piece exists 

at all and was published in the same journal that initially published the discriminatory article. 

These individuals were able to see the article as an act of responding to hate with support and 

positivity (Figure 7.3).  

At the same time, it is hard to talk about the positive part about advocacy without revealing its 

hardships. There were members of the broader public on Twitter who expressed hate related to the 

article and expressed disproval of the editorial or even the topics of the editorial being discussed 

in the scientific community (Figure 7.4). In private messaging and emails, I received targeted 

messages of harassment and hate for the work I had done as part of this project as well as the ACS 

Open Letter. As a scientist, I have never done anything professionally to illicit messages of hate 

and harm until this project and that made me realize how important this work is for the progress 

of society and the scientific community. While the responses may not be entirely surprising, they 

signal symptoms of the bigger disease that advocacy is not seen as a scientific issue and that for 

those who act as advocates, part of this work involves receiving negative and hateful messages. 

This makes it harder for scientists, especially marginalized scientists, to have a sense of safety and 
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support. By acting like there are no issues of DEI in the scientific community, we perpetuate the 

systemic discrimination and bias. 

It is also important to note that there were both scholarly and personal criticisms made against the 

article in the scientific community. The scholarly criticisms and questions have helped me grow 

as a scientist and advocate. I have learned about being better informed and engaged in this work. 

I have learned more about different literature and practices to be a better advocate. The personal 

criticisms from other scientists varying from science graduate students, postdoctoral scientists, and 

professors have taught me a lot on how I want to grow and treat others as a scientist and as a human 

being (Figure 7.5). 

This experience also taught me the distinction between people who are against DEI or supporting 

marginalized scientists and people who disagree with my collaborators’ and I approach to 

promoting DEI in an editorial. While I am actively growing and learning in this space, I do think 

both are not productive and the latter being a significant issue in the larger scientific community.  

When people in the scientific community disagree with each other on how we advocate for 

marginalized scientists, fight racism, and address systemic injustice, we are actually fighting each 

other vs. fighting systemic injustice. I do want to clarify that this problem is very different than 

receiving scholarly criticism in which all scientists should listen and learn from. 

I think it is appropriate here to quote Tariq Bhatti, a PhD candidate in chemistry at Rutgers 

University in a Twitter thread where he addresses the issue of people disagreeing and arguing with 

each other on what is appropriate advocacy:26-28  

“I define an ally as someone who shares my goals and whom I can compromise with on 

methods. My goal is to see equitable opportunities / protection for everyone codified and 

calcified where racist, sexist, and otherwise discriminatory systems have been dismantled. 
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I don’t have the luxury to enforce purity in accordance with esoteric standards that even 

*I* can’t keep up with. I feel the urgent need to act and dismantle white supremacy NOW 

before it kills me or my family. Hypervigilance and petty drama slows us down. In no 

uncertain terms, it aids white supremacists. This is an actual zero sum endeavor: what’s 

counterproductive for us is productive for them. And the actual forces of white supremacy 

are laughing their sick asses off at this infighting.” 

While it is important to continue to educate oneself on advocacy, anti-racism, and DEI research, it 

is important not to get caught up on doing things perfectly. If we only plan to do things when we 

are certain we will do them perfectly, then nothing will ever get done.   

Working on this editorial and the responses I received taught me that while there is much work to 

be done in the DEI space, there is still a lot of division and ideas of how DEI should look like. If I 

want to continue using my leadership and advocacy skills to try to promote positive change in the 

scientific community, I must accept the positive and negative consequences of my actions. The 

DEI editorial inspired actions and conversations in different institutions as well as anger and 

distrust from others. The ACS Open Letter I wrote inspired others to engage in advocacy and to 

have hope and courage to engage in that work in their own communities. I also received messages 

from professors and students in other institutions how as a graduate student I should not engage in 

this work and that my Open Letter does not mean anything in the grander scope. Both the ACS 

Open Letter and the DEI editorial were acts of leadership and advocacy. It takes incredible courage 

to inquire a stronger call to action to support scientists from marginalized backgrounds. Both 

projects involved bringing people together towards a common goal of action to address the 

systemic injustice in the scientific community. These projects were not extra-curricular initiatives 

outside of the lab; this work is an extension to who I am as a scientist.  
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Figure 7.3: Representative tweets from the scientific community in response to promoting 

the DEI editorial. Note: names and Twitter handles were omitted to respect anonymity, although 

these tweets are publicly available.  
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Figure 7.4: Representative tweets from the broader public in response to a tweet sent by Dr. 

Fraser Stoddart (Chemistry Nobel, 2016), promoting the DEI editorial. Note: @SirFrasersays 

is Dr. Fraser Stoddart and @FineTraces786 is my twitter handle. Other names and twitter handles 

were omitted to respect anonymity, although these tweets are publicly available.  
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Figure 7.5: Representative tweets in critical response to the DEI editorial from the scientific 

community. Names and twitter handles were omitted to respect anonymity, although these tweets 

are publicly available. 
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I know now that advocacy is essential to making scientific progress. I know this work is messy, 

difficult, and that it is important to learn, listen, try, and risk failure than to let the scientific 

community continue perpetuating its current culture. If I fail, I fail gloriously. If I succeed, then I 

hope to add another crack to the glass ceiling that acts as a barrier to more progress. The journey 

of growth for a scientist never ends. 

7.5 Making Leadership and Advocacy Tangible: The Creation of a DEI Award 

In May 2019, there was a Twitter conversation in the scientific community on 

#InvisibleWorkSTEM.29 This hashtag refers to work that is done in academia to improve student 

learning that goes unrecognized and often disproportionately falls onto marginalized scientists. As 

a way of making invisible work more visible and addressing an inequity that often falls on 

marginalized scientists, I wrote, proposed, and successfully advocated a new award at Georgetown 

University to recognize graduate students who engage in DEI and service work. I documented the 

story of the inspiration and creation of the award in my science idea journal and C&EN expressed 

an interest in publishing it on its platform. The story of this award was shared in a special guest 

editorial on the Editor-in-Chief’s page in C&EN.1 The article I wrote is reproduced here in its 

entirety:1 

“Growing up, I remember hearing, “Sticks and stones may break my bones, but words will 

never hurt me.” Words can intimidate, but they are powerless compared to actions. 

 

In May 2019, I saw a Twitter conversation about #InvisibleWorkSTEM, a hashtag referring 

to work done to improve student learning that goes unrecognized. This includes 

mentorship, advising, supporting students from minoritized groups, improving institutional 

policies in equity and inclusion, and other types of service. While essential to making 
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progress in the academic and scientific communities, this work is unrecognized on CVs 

and is often disregarded during career advancement. Moreover, individuals from 

minoritized groups primarily and disproportionately perform this work, which perpetuates 

institutionalized biases and promotion gaps. In this Twitter discussion, people shared ideas 

on how to incentivize invisible work—be it through awards, relief from other 

service/teaching duties, or financial remuneration. 

 

These conversations echoed in my mind for days. I am just a graduate student doing my 

research, teaching my classes—what can my words, or any words, do to make invisible 

work more visible and valued? One night that June, I stood outside and saw a string of 

lights unhook and dangle from another balcony of my apartment complex. Each bulb of 

warm white light was connected to another by a thick wire full of electricity—and at 2 

a.m., an idea struck! What if we make invisible work more visible by celebrating it? One 

little light bulb might be hard to see in the distance, but a long string of them cannot be 

missed. I quickly pulled out my laptop and began to write a proposal for a new award at 

Georgetown University that would recognize mentorship and leadership by faculty who 

promote diversity, equity, and inclusion (DEI) within our academic community. 

 

Over the next few months, I reached out to several university colleagues, but I could not 

find anyone willing to advocate for this award at an institutional level. I realized that there 

is no instruction manual for paradigm shifts. I had to chart my own course. It then dawned 

on me that Georgetown has graduate student awards that recognize achievements in 

scholarship, teaching, and leadership. What if my award went to support a graduate student 
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who advocates for change through DEI efforts, making this invisible work visible? This 

was proposed to the graduate school board and within months, Georgetown established the 

new award, and it was presented in spring 2020. 

 

Less than a year from the #InvisibleWorkSTEM Twitter discussion, the Outstanding 

Student Leader in DEI and Service Award honored its first recipient. Previously invisible 

to me, her award made visible to the whole Georgetown community her work to support 

and build up her colleagues. Importantly, she can now tangibly list her DEI work on her 

CV. 

 

While the creation of this award does not catalyze immediate change, it provides a 

mechanism to recognize previously invisible work as a career achievement and brings this 

work into the current reward structure of academia. It also makes invisible work more 

visible and therefore more valued in our academic and scientific communities. As we work 

to improve retention of scientists from minoritized groups, we need to recognize the 

disproportionate load of invisible work that they carry and find ways to highlight this work 

on a professional level for both graduate students and faculty. The Georgetown award, 

started by a graduate student standing at her balcony at 2 a.m., is just a start. 

 

We can change the culture of science academia. Regardless of the culture we inherit, we 

can decide how we want to shape it. Leaders, scientists, and faculty: recognize invisible 

work in your communities through awards, financial bonuses, public sharing of 

accomplishments, and in evaluation for long-term contracts. Graduate students: propose 
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and advocate for these awards, share this work through various media, and encourage 

faculty to advocate with us. When we value mentorship, support, and advocacy for future 

generations of scientists, we change the culture of academia and advance scientific 

progress. After this experience, I want to change that saying to, “Sticks and stones may 

break my bones, but words, followed by actions, can lead to paradigm shifts.”” 

The new Outstanding Student Leader in DEI and Service Award description is posted on the 

graduate school website (Figure 7.4). From initially writing the idea down to the first person, 

Muzna Abbas, receiving this award took 309 days. This also gives a sense of the timescale of 

advocacy. Change is slow. Change takes time. Unlike an experiment that can finish in a few 

minutes to hours, advocacy can take days, months, or even possibly years. What makes this act of 

leadership and advocacy so powerful is that it introduces a new mechanism to recognize this work 

which in turn shifts the value system of a scientist to include doing this work. This act of advocacy 

also lives over time – each year the award is given out, we see the effects of this kind of advocacy.  

This advocacy is also an extension of science communication as it was communicated through an 

editorial. In the spirit of trying to associate some physical parameter of reach / impact, like it is 

done in science, the article has been viewed over 1000 times electronically and was sent to over 

100,000 subscribers to C&EN. After the editorial was published, I have been approached by 

scientists from five different universities asking for the proposal I wrote to the graduate school at 

Georgetown for this award and I know other institutions are advocating for this as well. Drawing 

inspiration from this award and editorial, Becky Rodriguez, a PhD candidate in chemistry from 

University of Minnesota, advocated in her chemistry department to start their own diversity and 

inclusion award.  The award had its first award recipient in April 2021.30 
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Figure 7.6: The description of the Outstanding Student Leader in Diversity, Equity, 

Inclusion, and Service Award at Georgetown University.31 Majority of the description of the 

award was drawn from the original proposal I had written to the graduate school. 
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At the time of this dissertation being published, I am still advocating for a DEI and leadership 

award with a financial component at a faculty level at Georgetown University for over 2 years 

(766+ days). I believe that Georgetown University can help lead the conversation of recognizing 

the importance of DEI work in academia and one way it can is by being a role model by creating 

this kind of award and offering financial remuneration for doing this work. 

7.6 Leadership and Advocacy as an Extension of my Scientist Identity 

I have shared stories of how leadership and advocacy work are linked to advancements in the 

Georgetown and larger scientific community. I also believe they are tools and extensions of me 

being a scientist both inside and outside of the lab. While some of these advancements can be big 

in scope, I think some of the most meaningful work I have ever done is found in my individual 

relationships at Georgetown University. During my doctoral studies, I had the opportunity to 

mentor 8 students in research, 7 in getting access to resources for their education, 5 into leadership 

and advocacy, and 5 into service and outreach. I have written and mentored others in writing 

advocacy statements both at Georgetown and in the larger scientific community.  

I have advocated for inclusive policy changes in the chemistry department’s graduate student 

handbook. In the chemistry department, there is a DEI committee and over a few years I have 

advocated for student representatives to be part of the committee, to have written out goals to help 

assess progress, to have annual reports to have a sense of accountability, and for this committee to 

proactively engage and communicate to the department community. Prior to this committee being 

formed, I privately surveyed many students in the department to learn about issues of lack of 

inclusion or harassment for department leadership so the latter can learn about issues in the 

department anonymously and work towards solutions for students to be supported in a safe 

environment. 
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In the classroom as a TA, I created a list of resources for students from financially sensitive 

backgrounds and adjusted teaching practices in the classroom to be inclusive of students with 

different disabilities. On the flip side, I have also mentored other TAs into teaching by sharing my 

materials and providing support and feedback. These actions are not extra for a scientist or an 

aspiring professor; this is part of being a scientist and a member of the scientific community who 

supports and gives forward to others. I am recognizing these actions alongside the research work 

I have done in this dissertation. 

7.7 Reflections and Growth 

Learning and using my leadership and advocacy skills have helped me directly both inside and 

outside of the laboratory. They have helped me initiate and carry out successful research 

collaborations, serve as a supportive mentor to my mentees, develop and lead projects to improve 

training of scientists in higher education, and envision creative solutions to research questions and 

the graduate student learning experience at Georgetown. I have also been learning how I identify 

strongly with servant leadership – I see myself in a role where I serve students, mentees, and the 

community around me. I want to see them grow, thrive, and be successful. When the community 

I am part of is successful, then I am successful. In that regard, I do not see myself as someone bold 

and out there like other wonderful leaders that can take strong action and lead others through major 

executive decisions. My connection to leadership is a bit more subtle and hidden – you see the 

effects of my leadership from the people around me. I think my strongest contributions currently 

and in the future will not be manifested in my actions, but in the actions of others that I may help 

support in their journeys. Through leadership and advocacy, I learned more about qualities 

that are important for a scientist: problem-solving, mentorship, critical thinking, and goal 
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setting skills… as well as kindness, empathy, generosity, and compassion. They are not 

separate. They are all important to being a great scientist.  

As I am writing this at the end of my doctoral studies, I do wish to share that this particular chapter 

is my last contribution to the scientific community through leadership and advocacy as a graduate 

student. If I wish to see that the future of the scientific community values these accomplishments, 

they need to be shared publicly and given recognition. I hope if you are a professor with graduate 

students in your lab, that you may be inspired by this chapter to let your graduate students 

recognize their invisible work and accomplishments in their dissertation alongside their research 

accomplishments. If you are a graduate student reading this, I hope you realize the value of the 

invisible work that you do and consider sharing it in your dissertation to give your invisible work 

the recognition and value it deserves. Real change, enduring change, happens slowly over time. 

One dissertation at a time. 
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Chapter VIII: Growth and Reflections 

“Safia, you live your life with no safety net.” 

—Dr. Diana C. Glick, Full Lecture Professor, Georgetown University 

 

8.1 Introduction 

A PhD is considered the highest academic level degree someone can get in a given field. As this 

dissertation is my last written requirement towards getting a PhD in chemistry, I think it should 

highlight what a PhD scientist does – in these pages are accomplishments in research, mentorship, 

collaboration, science communication, service, leadership, and advocacy. Scientists engage in all 

these activities, and I also believe a scientist should reflect and grow from their journeys. This 

chapter captures another part of what I think a PhD scientist should do – grow and reflect. From 

reflection we learn strengths, areas of improvement, what we are truly doing, and where are we 

truly going. I also hope that this chapter may be useful to any graduate who may read this, coming 

into graduate school without knowing what to expect. From sharing a few of my reflections, I hope 

it can help others navigate graduate school and inspire them to share their reflections in their 

dissertations one day. Each chapter had a reflections section, and this chapter includes how I have 

grown and what my reflections are over my entire PhD journey. 

8.2 Growth 

Prior to Georgetown, I have not had experience working in a research lab. In terms of technical 

skills, I have learned how to do: UV-vis, IR, in-situ electrochemical IR, nuclear magnetic 

resonance (NMR – and I didn’t know prior to Georgetown that magnets were that big), in-situ 

electrochemical NMR, inductively coupled plasma – mass spectrometry (ICP-MS – #RideOrDie), 

scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDX), powder x-ray 

diffraction (PXRD), gas chromatography – mass spectrometry (GC-MS), magneton sputter 
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deposition (CVC in the GNuLab!!), transmission electron microscopy (TEM), cyclic voltammetry 

(CV), and chronoamperometry (CA). I also learned how to: 

Ψ Synthesize, purify, and characterize nanoparticles 

Ψ Build and repair salt bridges for electrochemistry 

Ψ Build and repair electrodes for regular electrochemical experiments and in-situ 

spectroelectrochemical experiments (IR and NMR) 

Ψ Grow crystals of different metal complexes 

Ψ Synthesize nanoparticles through different procedures 

Ψ Make my own schematic for a piece of lab equipment and ask Leon (the amazing machinist!) 

to build it 

Ψ Conduct CO stripping experiments and adjust the parameters as needed 

Ψ Make and use aqua regia and piranha solution safely 

Ψ Work with acid baths safely 

Ψ Write, edit, and teach safety operating procedures (SOPs) 

Ψ Collect and dispose of waste – known and unknown liquid and solid samples 

Ψ Make polish pads and fix broken tubing for the gas cylinders in the lab 

Ψ Prepare super clean part per trillion (ppt) concentration standard solutions 

Ψ Prepare samples at ppt concentrations to measure them in ICP-MS 

Ψ Refill NMR magnets, tune probes, and write (simple) pulse sequences 

Ψ Manually lock and shim a sample in an NMR magnet and measure T1 and T2 of a sample 

Ψ Open a centrifuge tube and cap it with only one hand 

Ψ Use tweezers with either hand 

Ψ Prepare samples for TEM or SEM – and use aluminum foil when we run out of TEM grids >.<  



 159 

Ψ Solder parts to an NMR probe, in an NMR circuit, or to frequency filters 

Ψ Use aluminum foil or a wooden broom in a magnet bore to lower noise in an NMR experiment 

Ψ Use column chromatography to separate components in a mixture 

Ψ Create an intricate nitrogen gas line to dry multiple samples at the same time 

Ψ Cut NMR tubes with a diamond cutter (or break them) to desired lengths for experiments 

Ψ Normalize data, make calibration curves, integrate relevant peaks, and make clean figures to 

present that data 

 

I have also learned other skills that are essential to being a scientist but may not directly be related 

to using one’s hands at the lab bench. I have learned how to: 

Ψ Write my own research paper – hypothesis, figures, references, and all 

Ψ Write a cover letter to a journal to submit a paper 

Ψ Write and organize a response to reviewers 

Ψ Apply for multiple fellowships, awards, and grants – and get rejected repeatedly and keep 

going anyways 

Ψ Apply, finance, plan, and present (oral and poster) at professional conferences 

Ψ Apply for chemistry-related jobs 

Ψ Nominate and write letters of recommendation for other scientists 

Ψ Collaborate with other scientists in research (Knope lab,1 Sun lab,2 and Rolfes lab3) 

 I also would like to recognize that I have helped members of at least 9 chemistry labs, 2 

physics labs, and 2 biology labs at Georgetown in their research during my PhD studies. 

Ψ Collaborate with other scientists in advocacy or in the broader community4 
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Ψ Make friends and support other scientists in their goals. When one of my friends succeeds, I 

succeed. The whole community succeeds 

Ψ Mentor others into research5 

Ψ Mentor others into getting resources and guidance for their education 

Ψ Mentor others into leadership and advocacy 

Ψ Mentor others into service and outreach 

Ψ Teach others in research, the classroom, and in professional development 

Ψ Communicate my science in research conferences (7 conference presentations I have given, 

and 2 presentations given by mentees) 

Ψ Communicate topics in science education in conferences (5 conference presentations) 

Ψ Communicate about topics and issues in the scientific community on a broader scale4, 6-9 

Ψ Communicate as a science storyteller5, 7-9 

Ψ Lead with others in formal organizations (GSOC and Georgetown WISE)10 

Ψ Lead change in the laboratory 

 Improving cleanliness in the lab with starting biannual Tong lab cleaning days and getting 

more cleaning materials for the lab to use regularly 

 Organizing Tong lab materials, including cataloging electrodes and prisms 

 Working on safer lab practices and policies with SEM 

 Improving lab community culture through mini holiday and group celebrations 

 Improving the mentorship model within graduate students by spending more time to 

demonstrate, guide, and mentor others into learning how to use equipment / do experiments 

safely and independently 
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 Started Tong lab Dropbox folders for PhD presentations to document what good models 

look like to improve guidance in the process for future students – literature seminar, phase 

IIA, phase IIB, 7th semester presentations, and soon this thesis. 

Ψ Lead change in Georgetown and in broader science academia (see chapters VI and VII) 

Ψ Advocate for others in Georgetown and in broader science academia (see chapters VI and VII) 

 That includes advocacy that is private (for protection of the individual(s)) and public (for 

a larger group / community) 

Ψ Write and propose awards to recognize invisible work, especially in science academia8 

Ψ Propose and communicate courageously a new idea to those in leadership positions 

Ψ Bring others together to do service and advocacy 

Ψ Inspire others to believe in themselves and their actions 

Ψ Challenge the culture of science and science academia 

Ψ Stand up after making mistakes. Stand up after failures. Stand up after injustice has been done 

against me. Stand up after getting harassment, discrimination, bullying, and / or death threats. 

Stand up after having my spirit shattered. 

Ψ Advocate for others, even if it means risking my sense of security or professional trajectory 

Ψ Advocate for a better and more inclusive definition of a successful scientist8 

8.3 Reflections 

When I came to Georgetown, I had this idea of what a scientist is – what identities they have and 

what qualities they express (Table 8.1). Now near the ending days of my PhD, I realize that I 

obtained all those identities and qualities and I gained much more in my development as a scientist 

(Table 8.2). 
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Table 8.1: Some of the identities and qualities I thought I would obtain at the end of my 

PhD when I first started graduate school. 

Identities I expected Qualities I expected 

Researcher Critical Thinking 

Teacher Problem Solving 

Mentor Experimental Design 

Student Lab Skills 

 Creativity 

 Curiosity 

 Objectivity 

 Collaboration 

 Determination 

 Resilience 
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Table 8.2: Some of the identities and qualities I actually obtained by the end of my PhD. 

Identities I expected 
+ Identities I also 

obtained 
Qualities I expected 

+ Qualities I also 

obtained 

Researcher Advocate Critical Thinking Empathy 

Teacher Collaborator Problem Solving Compassion 

Mentor 
Science 

Communicator 
Experimental Design Vulnerability 

Student Storyteller Lab Skills Kindness 

 Ally Creativity Integrity 

 Leader Curiosity Courage 

  Objectivity Communication 

  Collaboration Diplomacy 

  Determination Vision 

  Resilience Love 

Columns in white were what I initially thought, and both columns in white and yellow are what I 

obtained. 
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A scientist investigates big questions in the physical universe, designs experiments to evaluate or 

solve those questions, and analyze the results they get. Scientists also organize their findings and 

communicate them in a way for others to understand and reproduce their work if needed. A 

scientist can collaborate and work with others in solving problems together. A scientist can mentor 

other scientists into learning how to solve problems or do certain kinds of experiments. I learned 

all these powerful skills in my doctoral studies. 

And I also learned that a scientist is much more than that — 

A scientist shares their science through stories to the broader public. A scientist talks about issues 

affecting the community / academia through science communication. A scientist is an ally to others 

in supporting them in times of difficulty and in times of ease. This can be if a fellow colleague is 

facing an injustice or being bullied and needs support. Allyship can also be helping someone find 

a resource for them to be successful in their science, improving accessibility (if you have the ability 

to), or being a source of support in the community. A scientist is not silent. A scientist thinks and 

acts. A scientist is also a leader — they can work with other scientists in a group together to solve 

a scientific problem or find solutions to help make the scientific community more inclusive and 

equitable so more people can do and engage in science. That means that a scientist is also an 

advocate — we can improve equity by helping others get better access to science and improve 

inclusion by our words and choices in the lab. We can also be advocates by promoting justice and 

care — if someone is being mistreated or discriminated against we can speak out against it and/or 

support the scientist who is targeted. I also learned all these luminous skills in my doctoral studies.   

But I did not learn all these things through ease — tribulation has been one of my best teachers. In 

the process of learning these skills, I learned other important science and life lessons. While I 

believe in looking forward with optimism and idealism, I learned both heavy and uplifting lessons 
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and I will share them both. We cannot appreciate light without knowing what it is like to stand in 

darkness. Similarly, I do not think the uplifting lessons can be fully appreciated without discussing 

some of the harder truths. I have learned: 

1. A lot of people do not take the time and care to make sure their work is reproducible. 

And it is absolutely frightening. 

2. Correlation ≠ causation but that is seen in a lot of peer-reviewed papers. 

3. Limitations in experiments / experimental design really should be reported in papers, but 

journals make that difficult for publishing. 

4. There are many hidden rules in science, and especially science academia, and they are 

not written in the student handbook and may not be told to you by your professor(s), but 

you are still expected to know and act upon them. 

 And this is an injustice. 

5. You cannot solve scientific problems without directly calling them out for exactly what 

they are. Similarly, you cannot solve problems in the scientific community without 

directly calling them out for exactly what they are too. In the case of the latter, people are 

more reluctant to talk about those problems explicitly. 

6. People associate their value to their publications, grants, awards, etc. and none of those things 

add or take away from one’s value. One’s spirit is beyond any number of papers or 

accolades and that kind of thinking makes science incredibly selfish, exclusive, unjust, 

and promotes really unhealthy mental habits. The human spirit is too large and luminous 

for those things. 

7. There are very few, if any, protection mechanisms or support structures for junior 

scientists experiencing injustice from those in power over them in academia. These 
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support structures are also built around white fragility and with the interests of those in power 

put first. You might be told something is unfair and there is nothing that can be done (when in 

fact, something could be, but the path is more difficult for those in power) or that there is a 

“misunderstanding,” “hard feelings,” or “you shouldn’t let things bother you so easily” (vs. 

acknowledging and addressing the very real injustice). The latter is clever gaslighting (and at 

times, subtle misogyny) and I learned that the hard way. 

8. The scientific community / science academia tends to be reactive vs. proactive. A situation 

must be really bad, and already in an almost irreversible place, or a student must be engaging 

in unhealthy behavior, before professors decide to address it, even if there are ample symptoms 

of a problem present and communicated for a long period of time. 

 This reactive-type behavior also ties to another lesson I learned in graduate school – if 

you really want to destroy a relationship with no hope of recovery, do not treat it with 

hate or anger. Treat it with apathy. 

9. There is no just or kind way to learn self-advocacy. You must learn it by being in an 

unjust situation, and it is ugly, messy, and complicated. 

10. Sometimes in advocacy and in science, others, especially White LeadershipTM, may need 

to take the credit for work of marginalized scientists or feel the need to believe that they 

came up with the idea before carrying it through. 

 And in the process of White LeadershipTM taking credit for this work, it perpetuates 

systemic injustice. 

 And for clarification, Safia’s definition of White LeadershipTM: 

▪ Many times in science academia, leaders or those in positions of power are white 

scientists. A lot of times, those scientists can talk about caring about advocacy, DEI 



 167 

initiatives, and shifting the culture of science academia one-on-one, but when put 

in situations where they are in the role of formal leadership or in a power dynamic, 

their behavior changes. Now people must speak, act, carry themselves, and behave 

a certain way. Use certain language and avoid other language. Ideas and solutions 

must be proposed in a certain narrow scope, whereas in the one-on-one 

conversation, it was acceptable to talk about it in a bigger scope. Often these 

limitations and barriers in White LeadershipTM come from a place of white fragility 

or unconscious bias. This definition is not all encompassing and there can be many 

different manifestations of White LeadershipTM. 

11. Becoming an independent scientist does not mean you have to work and figure out 

everything on your own. 

 You can learn how to think and act independently while getting help and advice from 

others. In fact, you learn how to become more independent faster and with more 

richness in perspective vs. reading manuals or winging experiments by yourself. 

12. One can face injustice, microaggressions, and / or discrimination from people with bad 

intentions and who are outright mean… or from people they care about and look up to. 

This can be from people they see as mentors or advocates. In the case of the latter, it is much 

harder to navigate as there are real relationships being negatively affected alongside the 

injustice happening. 

 And that injustice can also manifest in different ways – it can stand a few feet from you 

and look you in the eyes with apathy and speak in anger or look you in the eyes smiling 

and speak with gentleness. 
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13. If you want to learn the culture of a scientific community, do not look at the exceptional 

scientists with accolades and awards in that community. Look at what behavior the 

community tolerates. That reveals where the pulse of the community is. 

 The silence in times of inequity and injustice reveals more about a community than 

public praise of someone’s accomplishments. If I had to make a list of what I took away 

from my PhD journey at Georgetown for the rest of my life, I would put that silence in 

the top 10. It taught me who I want to be as a scientist. A scientist is not silent. 

On the other hand, I have learned some incredibly powerful, bright, and beautiful lessons during 

my doctoral studies: 

1. What might appear as a lost opportunity might have set the stage for an even bigger one. 

 I was not chosen to give an oral presentation at a conference one year that was supposed to 

be in Bologna, Italy. The following year my oral presentation was accepted, and the 

conference was in Durban, South Africa and that was one of the biggest opportunities in 

my scientific life, but I did not know that the day I was rejected from presenting in Bologna. 

 I was rejected from getting the Ford Foundation Fellowship one year (again) and so I had 

to TA the next year. That year I received two TA awards, one from the graduate school, 

and more importantly, I met 17 students who positively changed my life as an educator. 

 In the words of one of my students, “I am sorry you did not get that fellowship, but I am 

so grateful you didn’t.” I am grateful too. :) 

2. There is incredible power in writing your sincerest and most vulnerable ideas (at 2am…) 

and having the courage to share them publicly to make science / science academia better. 

 Georgetown’s graduate student DEI and service award, the Open Letter to ACS leadership, 

and my article in Chemistry World were all initially written at 2am. 
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3. You need to have many ideas to get a good idea.  

 People will only see one great idea or the idea that worked in one’s paper, but in fact, there 

were 15+ other ideas that got attempted / thrown out along the way. We must keep thinking 

of new solutions to old questions. And imagining new solutions is beautiful. Even if they 

are wrong, “we need to keep imagining new solutions.” – Dr. Robert A. Faltynek 

 In the process of generating ideas, you can also get good ideas from different places. I have 

gotten good ideas in science and science academia from friends and colleagues in biology, 

physics, the Biomedical Graduate Education (BGE) program, psychology, linguistics, the 

McCourt School of Public Policy, the Interdisciplinary Program of Neuroscience (IPN), 

and many wonderful undergraduate colleagues. 

4. Keep an open heart for where your next teacher can be. Mentees are some of the most 

powerful teachers. 

 I learned how to listen, expand my scope of empathy, how to teach concepts in new ways, 

how to do my science better, and how to support people based on their individual needs 

from my mentees. 

 Dan taught me a new way to mass out samples. Carter taught me a new way to do a 

nanoparticle synthesis. Esther taught me a different way to do SEM and EDX. 

5. Investing a lot of time and care in mentorship upfront really pays off later for both the 

mentor and mentee. This can be: improving the quality of science produced, how long it takes 

to do the science, quality in collegiality / friendship, oneself as a mentor / teacher, and overall 

safety in the lab. 

6. There is more support and care in the scientific community than you think. 
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 It can be in your lab, other labs in the department, other labs in other departments, people 

in other schools, random scientists on the internet that do not work in academia, etc. you 

do not know where your next friend or mentor can be and that is absolutely beautiful. 

 I have friends and mentors on 5 continents. Even this dissertation – friends and mentors 

from 8 different countries have provided their input and / or edits in different parts of it. 

And I met them during my graduate school journey – you just have to have an open heart 

to the adventure of life. ♡ 

 “Please know that I care and am here.” –Dr. Karah E. Knope 

θ Those words are incredibly powerful to say out loud, and they echo in me, years later. 

7. Vulnerability is so powerful, precious, and invaluable to science, science academia, and 

most importantly, your life. Treasure your vulnerability. Vulnerability is beautiful. It can 

change your life and the lives of others. 

 Vulnerability has directly helped me in doing science – it helped me get extra guidance and 

mentorship I needed, learn from my mistakes, and be open to new ideas I never considered 

before. Vulnerability was critical to how two of my research publications got published. 

 Vulnerability has helped me as a mentor and teacher – when students saw my vulnerability, 

some felt comfortable sharing their circumstances or learning needs so I can act or advocate 

in a way that they can have more support and a better educational experience. 

 Vulnerability has helped me as a leader and advocate – being vulnerable has helped others 

trust me more to share their concerns, needs, or what is lacking in their science education 

experience such that I could advocate for them or lead change in the local community. 

 Vulnerability is powerful, but it is so important to protect and take care of your spirit from 

harm at the same time. Do not let others take advantage of your vulnerability. 
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 “Vulnerability is the birthplace of innovation, creativity and change.”- Brené Brown 

 And this seems like the perfect place to say this in a Chemistry PhD thesis – reader, it is 

completely okay to cry. It is completely okay to express emotion, including sadness and 

discomfort, in the scientific community. Scientists can cry and do brilliant work. I have 

cried in the NMR room, bathroom, roof of 3 buildings, under two trees, in Dr. Warren’s 

and Dr. Metallo’s offices (I bought them extra tissues after I finished theirs), under the 

Regents 3rd floor staircase, and a few other spots on campus. In fact, if scientists do not cry 

at all, I would personally be a little suspicious. This is an expression of my vulnerability to 

the reader – scientists can cry and do brilliant work. 

8. Find great mentors. Take care of your mentor / mentee relationship – that is far more 

important than regular instrument maintenance. Mentorship adds incredible richness 

and depth to science… and life. 

 “Great mentors have the ability to see in you the talent, drive, and vision that you can't 

always see in yourself, and speak into reality the things that you are capable of but don't 

yet realize are possible.”  – Dr. Jen Heemstra11 

θ And those words meant so much on some of the darkest days of my PhD. 

9. Asking for help is a sign of strength, not weakness. Asking for help is a powerful skill. 

 I learned that we could capitalize and use our strengths to the fullest and if we lack in an 

area where someone else has that strength, then asking for help expedites solving the task 

faster and gives a sense of fulfillment and joy to both people. 

 “I have not set up a construct in which asking for help makes me lesser.” –Dr. Steve Metallo 

θ And I plan to take that with me for the rest of my life. Thank you, sir. 
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10. Making space is an intentional and powerful act. There is a space for science, teaching, 

service, family, friends, hobbies, and for oneself. It is important to purposefully make space 

for oneself, like this chapter models. It is in this space a scientist heals, grows, learns, 

strengthens, and moves closer to their true potential. My most creative and genuine ideas came 

from a safe and purposeful space I created for myself. 

11. You cannot possibly know how glorious or luminous science and science education can 

be unless you pursue ideas that have never been done before. Leaping into the unknown is 

an inherent part of change. We may not control the science culture we inherit, but we can 

decide how we want to move it forward. Spread your wings and take that leap. 

 In the words of Dr. Susanna Harris, “Once I graduate... once I get a postdoc ... once I am 

faculty... once I get tenure... once I'm emeritus. Look, you aren't ever going to feel like 

your job is secure enough or that you have enough time. That change you want to make in 

academia? Do it now.”12 

12. Rewards and accomplishments are fleeting. True fulfillment is through the journey, and 

I have learned the importance of filling that journey with love and gratitude. It is an honor 

to do the precious science we get to do and to do it alongside wonderful people. The journey 

is the real gift. 

13. Kindness, gratitude, compassion, and love matter. Speaking, writing, expressing, and 

acting them out loud matter. They absolutely matter. 

Studying for a PhD and becoming a scientist is truly extraordinary. I have been shaped by both 

darkness and light. I have had days where I experienced incredible hardship from sensitive 

experiments, discrimination, and injustice. I have had days shaped by incredible love and growth 

from the support of my friends and mentors as well as the joys of learning and growing. I have 
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cried so hard trying to figure out how to respond to reviewers on my first first-author paper, and 

from a place of desperation I slid into the DMs of Dr. Stuart Cantrill, Chief Editor of Nature 

Chemistry. A year later, he has inspired and edited ¼ of this dissertation that you are reading 

(chapters VI and VII were truly his inspiration). I invited a friend and mentor who I met on Twitter, 

Dr. Jen Heemstra, to speak at Georgetown Chemistry’s first zoominar related to mental health, and 

a year later, she is on my thesis committee for my PhD. I cried sitting on the floor of the NMR 

room adjusting an experiment at 1 AM. Two years later, a scientist contacted me to talk about 

electrochemical NMR as they were interested in possibly doing something similar in their lab. 

On Eid Al-Adha in 2018, I gave an oral presentation at an ACS conference in my Eid clothes in 

which I had received some criticisms for recognizing my religious practices and giving a scientific 

talk. A year later for Eid Al-Adha, I was at an electrochemistry conference in Durban, South Africa 

and I did science henna for a Muslim scientist and friend I met there. I watched the sunrise on the 

Atlantic Ocean and the sunset on the Pacific Ocean for the first time in my life with science friends 

I made at two conferences. I received death threats and harassment for an editorial I wrote that was 

accessed over 30,000 times and I witnessed one of my research mentees give a beautiful oral 

presentation at one of the largest chemistry conferences in the world. One year I started a career 

seminar series and before the first seminar took place, a professor in a faculty meeting openly 

criticized how Johnson Truong and I were organizing the first two seminars *before* they even 

happened. Three years later, the last career seminar I hosted was for Dr. Magdalena Skipper, editor 

in chief of Nature, on International Day of Women and Girls in Science with attendees from 7 

different departments. One year, someone told me I received a TA award from the graduate school 

because of my identities (a Muslim woman of color) or as a diversity token for the university the 

night I received the award, and I cried under a staircase in Regents Hall. A year later, I wrote and 
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successfully advocated for a new DEI and service award for the same graduate school award 

ceremony. That is incredible. 

 

Like I said in chapter I, this has been a really colorful adventure filled with wondrous discoveries, 

crazy experiments, awe-filled stories, incredible attempts, massive mistakes / failures, 

extraordinary highs and lows, beautiful friendships, and powerful moments of growth. And a little 

bit of that is captured in the pages of this thesis. 

 

This dissertation contains a story about a scientist: a researcher, mentor, teacher, leader, and 

advocate. And now I told that story during my time in graduate school at Georgetown University 

along with the many identities, skills, and qualities I have gained. 

 

Imagine that – and I am only just getting started. 
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“One day the sun admitted: 

I am just a shadow. 

I wish I could show you 

The Infinite Incandescence 

That has cast my brilliant image! 

I wish I could show you, 

When you are lonely or in darkness, 

The Astonishing Light 

Of your own Being!” 

 

— Hafiz 


