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ABSTRACT

Global warming and the related problem of water scarcity are predicted to cause widespread
environmental, humanitarian, ancb@omic challenge®New technologies may be able to reduce
greenhouse gas emissions enough to prevent many of the worst consequences of climate change
However, in order to be competitive in the market, Hew emissions technologies stibe
affordable. In this thesi$ present work on building a technology to lower the cost of
decentralized, electrochemical wastewater treatment technobggieproving maintenance. |
also show that atomic layer depositmfiTiO. can be used to tune the catalytic activity and
stability of multiple electrocatalgts for both the chlorine and oxygen evolution reactiiws of

the mostommonelectrochemical reactions usedndustry). With more development, this
phenomenoihas the potential toe used to reduce the cost of many electrochemical systems.
modded the techneeconomics of a loveost industrial hydrogen production technol@gyl found
the first process, to my knowledge, which is able to make industrially rélgvantitiesof cost
competitive cleamydrogenl conclude by urging researchers who are trying to solve
environmental problems to consider the potential for the cost of tme &ahnology tde
competitive with existing technologie&inally, | propose that cogenerationhyidrogen and other

chemicals may be a viable strategy to producing large quantities of inexpensive, clean hydrogen.
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NOMENCLATURE

Non-sewered Wastewater systems that do not involve the use of a sewer.

Levelized Cost.The price that a product must be sold in ordebreak even with capital and
operating costs assuming a discount rate and lifetime of a producing plant.

Discount Rate.The rate of return that is required to break even on investment.

Evolution. The chemical production of a species (e.g. oxygen evo)ution



Chapter 1

Introduction
The Greenhouse Gas Problem

Anthropogenic emissions of greenhouse gases are diverse in type and source, some types
being more difficult to eliminate than oth&r&rowing concentrations of greenhouse gases in the
atmosphere are leading to global warming and it is unknown exactly what this may causs, but be
estimates indicate that global warming heegotential to raise sea levels, increase storm frequency
and intensity, increase drought and flooding, and inflict grave economic, humanitarian, and
environmental damage by the year 2100 terms ofcumulative global warming potential, the
largest anthropogenic greenhouse gas is carbon dioxide {8®%) followed by methane (GH
~10%) and nitrous oxide g9; ~5%) and then a diverse suite of compounds, especially halogenated
organicmoleculed. Each greenhouse gas molecule is associated with its own set of mitigation
challenges.

Approximately 70% of the total greenhouse gas emissi@0O, from burning fossil fuels.

CO; emissions from fossil fuel combustion, like greenhayes emissions in general, are diverse.
Fossil fuels are burned as a transportation fuel (14% of total emissions), for electricity generation
(20% of total emissions), for heating buildings with low grade heat (20% of total emissions), and for
heating indusial processes with high grade heat (20% of total emisgidea3h of these categories

are also not monolithic. Electricity, for example, includes base load power plants (constant output,
low cost, low ramp rate), load following (demand basedututpid cost, mid ramp rate), and peak
plants (low capacity factor, high cost, high ramp rate), captive generation (onsite electricity
generation at a chemical plant), and others. The remaimandgossil-fuel fraction of CQ emissions

are process C{i.e. CQ produced stoichiometrically as partaf industrialchemical reaction).
Process C®is primarily emitted by the production of hydrogen, cement, and metals. This means
that even with clean sources of heat and electricity, proceser@i€sions wold not be eliminated.

As such, process G@missions are generally thought of as difficult to decarbanize

CHsemissions are primarily fugitivar@ssions from leaky processes involving natural gas
(e.g. hydrogen production, electricity production, and natural gas extraction and transportation). It is

thought that with improved sensing and pipe fixes, these emissions could be substantially decreased
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Anthropogenic MO emissions are largely due to incomplete reduction of BOmicroorganisms

after fertilizer additioA These emissions are also considered difficult to remove with strategies
mostly revolving around more controlled fertilizer practices such that fertilizer eipretches
fertilizer demanti

My dissertation focuses on the largest fraction of greenhouse gas emissiongyyCO
exploring ways to make the electrification of industrial processes cheaper. First, | develop a
maintenance technology which could reduce the cost of an electrified wastewater treatment system.
Second, | present a method to tune electrocatalysts that maximizedfiteay dor processes that
produce key commodity chemicals including hydrogen, caustic soda, and chlorine. Finally, | develop
a model to understand the economics of electrochemical hydrogen generation, a process that has the
potential to reduce greenhouges emissions by roughly 80 percent. The chapters in this thesis are
guided by thinking about ne&&rm solutions to climate change which can both compete in and
integrate into the market with existing technologies.
Important Concepts and State of the Fill
Strategies for Reducing Energy Related Emissions

One strategy for C€emissions reduction is the electrificationesiergy Electricity can be
generated fairly cheaply via solar and wind energy, in some cases for $0.01 to $0.02/kWhr, and
turned intolow or high grade heat by applying a potential to a resSisttese prices are cheap
enough to compete with electricity when the renewable source of electricity is available. However,
when electricity is needed outside of that availability, the price of storing that electricity becomes far
more expensivecommonly > $.20 /kWhr)than simply generating that electricity by burning fossil
fuel. Similarly, making heat by burning fossil fuels is considerably chea$ér12/kWhr) than
making electricity due to both the reduced capital obdioilerscompared with generatoesd
increased efficiency of not needing to do the energy conversion from heat to electricity. A good
heuristic isthatheat energy is 5X cheaper than afeity from fossil fuelé. Generating heat from
electricity is nearly 100% efficient but due to the price of eletyritiis still not cheap enough to
compete with other types of heblowever, with dramatic cost reductions in both energy demand
and storage, clean electricity could replace all erezlated CQemissions.

Strategies for Reducing Process Emissions
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Theprocess C@emissions largely come from thermal decomposition of limestone to make

cement, the reductive thermal decomposition of iron oxides to make iron metal, and the hydrolysis
of methane to make hydrodefihe process emissions associated with treesgionsare responsible
for around five, two, and one percent of global greenhouse gas emission respedtivitigse
processes, electrification cannot solve the problem because the greenhouse gas emissions come as a
direct result of the chemistry, not from making energy to powectieenistry. New chemistry or
carbon capture and storage is necessary to eliminate these progcessi€Xons.
Economic Realities of Reducing Greenhouse Gas Emissions

While electrification is a promising pathway to reducing greenhouse gas emissionsgnew an
low-CO; technologies still will likely need to compete in the marketplace with existingr@€nsive
technologies. Some countries, like Canada, have introduced a carbon tax or tax credits to help
facilitate this proce$S. However, taxes are pojiclecisions that can be repealed; as such, it may be
risky to rely on taxes to be profitable. New, low emissions technologies must not only redguce CO
emissions but also be cheaper than current technologies if they are to be widely adopted in the near
term

In some cases, a cost competitive solution may still not be cheap enough to be considered a
viable replacement. Many emissions reduction scenarios require decommissioning existing CO
generating plants and commissioning new clean technologies. Howey@&ost of a product is
calculated by assuming a known lifetime of a plant and allowing the CapEx to depreciate over the
lifetime of that plant. If a plant is decommissioned early, it raises the effective price of that
commodity considerably. Inorderéol | ow f or decommi ssioning plant
must be cheap enough to offset the entire price of decommissioning. A good heuristic is that the
levelized cost of a given commodity must be 70% less than the levelized cost of a current commodity
to make replacement of existing technologies worth the financial burden of decommissioning. New
low-emissions technologies are often too expensive to compete with their high emission
counterparts. The cheapest strategy to reduce emissions then immédiedahes carbon capture
and storage or utilization which sometimes has low cost estimates of around $100 per toni of CO
Carbon Capture, Carbon Storage, and Carbon Utilization

Even if new technologies are cheap, simgucing or even eliminating anthropogenic

greenhouse gas emissions in the near term may not be enough to mitigate the potential impact of
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global warming. The residence time of £@ the atmosphere is between 20 and 500 years

depending on the rate of carbburial. Under business as usual cases, the symptoms of climate
change are likely to persist long after the @&ucet is shut oft. In this case, carbon capture and
utilization or symptom management are the main viable options.
Climate Change and Water

There is continued uncertainty around the tangible and lasting consequences of climate
change. While admittedly we cannot predict tiieire, one major symptom of climate change is
likely to be increased water scarcity. The precise degree to which global warming will redistribute
water is unknown. The best approximations suggest that the general trend is for freshwater to
precipitate maoe intensely, less frequently, and more often as liquid (e.g. rain) than solid (e.g. snow),
though major climate models disagree about the magtiidtés means that the frequency of both
drought and flooding are likely to increase with a warming globe while natural water storage (e.qg.
seasonal snoveek) is likely to decreade More intense rai also gives less time for water to be
absorbed into aquafers, causing more water to run to thel&cEarthermore, many estimates
believe that the world population is likely to increase meaning that under a business as usual scenario,
water demand and water pollution will likely also incréase
Preview of the Chapters

This thesis is broken into three projects centered around the idea of electrifying industrial
processes and making solutions to global environmental problems cheaper and therefore more
realistic. In the following sections, | provide context and backgrdondach project as well as a

brief preview of the chapter.

ElectrochemicalWastewaterTreatment

Water scarcity is an especially large problem in low income countries where there is minimal
existing wastewater treatment infrastructure. Where water teeatis scarce, the existing water
resources are at risk of becoming contaminated by human waste resulting in pollution driven water
scarcity. Modern wastewater treatment relies on sewers to convey waste to centralized wastewater
treatment plants. In gengrashen communities are built without adequate sewering, and when water
treatment is scarce, it is far more expensive to retrofit than to install at the time of building. Water

scarcity driven by water pollution maye lbest addressed by finding economioalh-sewered
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wastewater treatment solutions. In this chapter, | discuss the lack of sustainable maintenance

solutions, one of the factors that drives up the cost of an electrochemical wastewater treatment system
such that it is too expensive to be widelyplemented. | introduce a novel technology that utilizes
remote sensing to diagnose system failures and offers immediate instructions for fixing the complex
electrochemical system that can be used by all individuals, regardless of education level or
engine@ng background.

Typical wastewater treatment involves removing organic pollutants, removing phosphorous,
and removing ammonia. Biological, chemical, and physical processes are capable of removing these
components? Biological components are generally passofesap, slow, and deliver low quality
water while chemical and physical processes are energy intensive, expensive, fast, and deliver high
quality watert* Most complete systems involve biological preprocessing to remove the contaminant
followed by various advanced oxidation or filtration processes to treat the water to a standard suitable
for reuse.

The two major advanced oxidants area&w&e Chlorine Species (RCS) and Reactive
Oxygen Species (ROS). RCS are a good choice for an oxidant because, unlike ROS and many other
oxidants, they will oxidize ammonia tooNind not beyond via breakpoint chlorinatiSriThey
therefore remove ammonia without producing pollutingcS@ecies. Unfortuately, RCS cannot
mineralize carbon and instead end with halogenated small organic molecules or acids which are often
toxic or carcinogenic (e.g. chloroform). ROS generation, which can be done electrochemically using
ozonation, electrdenton, the peroxamprocess, and others, may mineralize catb&hosphate
may be removed electrochemically if the hydrogen evolution reaction is present because it creates a
localized zone of high pH where phosphate can precipitate as a salt of calcium, sodium, magnesium,
or other cations in solutioH.

In the Hoffman Goupd wastewater treatment system, we include a biological pretreatment
step (anaerobic bioreactor) followed by both a RCS polishing step and then a ROS polisifhg step.
This step involves using wastewater as an electrolyte and directly producing hypochlorous acid and
hydrogen electrochemically in solution from sodium chlotftiEhis step breaks down the organic
molecules, removes ammonia, and precipitates out the phosphate at the't&tAdide the RCS

step, we use another electrochemical system to generate reactive oxygen species which will



6
mineralize the halogenated organic compoufidEhe final product is clear, disinfected, mildly salty

water which is ready for reuse or for disposal.

As part of my thesisvork, | traveled to India in 2014 and 2015 to help install and maintain
prototype water treatment systems. One prevalent issue in implementing this system was poor
maintenance. Field sites often relied on chemists and engineers to fly in, diagnosé¢hanslysiem
due to the complexity of both the chemistry of the process and the construction of the system. It
became clear to me during my fieldwork that for our, and any wastewater treatment system to be
successful in the lorgerm, we needed to find a mé&nance solution that would allow individuals
with minimal education and engineering background to fix a complex electrochemical system. For
this project, | applied for and was granted a Wireless Innovation Prize from Vodafone. | am proud
to say that théechnology which | helped develop is now being implemented in the field in South
Africa.

Catalyst improvements for cost reduction in electrochemical oxygen and chlorine generation

Two important electrochemical reactions that have gained considerabléoattare water

electrolysis (equation 1) and the electrolysis of brine (equation 2).

2H,0 Y 22 Gh(equation 1)

2NaCl + 2HO Y 24CHz + 2NaOH (equation 2)

Water electrolysis is compelling becausoe it ¢
replace fossil fuels and organic reductants and therefore has the potential to reduce greenhouse gas
emissions by up to 75%The ChlorAlkali process has garnered attention because it is responsible

for producing xh3%rofmet mendweraludds ¢ sod?d and -~
This process also consumes ar G%Finaly, itAs%nemfthet he w¢
important reactions for electrochemical wastewater treatment. Given the potential impact of these
processes, attention should be given to -pedtiction strategies to make these processes
economically viale in the neaterm (i.e. catalyst improvement).

While the ChlorAlkali process is already a largeale reality, neither making hydrogen via
water electrolysis nor electrolyzing wastewater are large scale industries. The problem, as is often
the caseis that these technologies are too expensive to compete in the fhafkésking a better
catalyst could reduce the cost of these systems. There are many approaches taicgielyst.

However, it is not always clear what approach should be used for a given reaction.
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In any electrochemical system, the relationship between product produced (i.e. hydrogen or

chlorine) and energy and resources consumed is controlled byalysicdthe quality of the catalyst

is dictated by the initial cost of the catalystnfCthe applieepotential versus curreswlensity
relationship M+ oj) , t he faradaic efficiency of the cat
the reactiorof interest) and how all of these factors change over time in a given electrolyte (E), at a
given current density (j). For a given catalyst, the toperational and capitabst associated with

the catalyst (€ given a operation time (t) can be caltethusing equatonddher e A i s t he

of the materi als (talree ac ousnti t.osf) elnedc tO i cal energy
6 _ 0 6 ———7. ® =R —" Qo6Q0o (1)

hh ——
This rel atused htigp acalnc bleat e the total cost ass
of the plant (t), by multiplying the integral
the catalyst is replaced (x), equation 2.
5 o "o 6 T o - — oo (2)

hh ——

This equation can be solved numerically for the cheapest possible number of times that a catalyst
should be replaced in a given plant lifetime. Having thétyabil tune the parameters of the catalyst
(e. g. W)woultalowus tb opfimize for the most important parameters. In chapter three of
my thesis, | present work on tools to tune these parameters which could allow for a cheaper catalyst
configuration. Utilizing novel catalyst tuning methptere ispotental to bring the cost of water
electrolysis and electrochemical wastewater treatment via chlorine evolution closer to a market
competitive price.
Near-term, cost effective electrification of hydrogen generation

Hydrogen is the most demanded commaoditynaical in the world, and a garoduct of the
electrolysis of both brine and waféCurrently, hydrogen is primarily produced from natural gas
via Steam Methane Reforming (SMR) whigroduces 1) process f@sponsible for around2%
of global CQ emissions and 2) heating €@hich is responsible for another 1% of global
emissiong* Hydrogen also has the potential to replace hydrocarbons as a chemical reductant used
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in processes like iron refining which could eliminate anotk&¥3of global CQ emissions irthe

form of process C&! The example of iron refining illustrates the importance of driving down the
cost of hydrogen. Iron production typicallises petroleum coke which can deliveb 4nols of
electrons per mole of petroleum coke (petcdReydrogen can deliver 2 moles of electrons per
mol. There are about 333,000 mof electrons in a tonne of petcoke. Petcoke costs around $70/tonne
meaning that petcoke costs around 0.02 pennies per mol of eléétrytogen has ~1,000,000
mols of electrons per tonne and costs around $125 per tonne meaning that hydrogen electrons cost
around 0.01 pennies per mole of electrngnfortunately, hydrogen is made from natural gas
which is an even cheaper reductant and is beginning to replace petcoke in iron fefigihqgen,

of course, could replace more than the very difficult to decarbonize processniddions. If it were

to be produced cleanly at large scalgcélid replace all fossil fuels as a low or no emissions source
of thermal and electrical energy.

It is well studied that making hydrogen via water electrolysis has a very narrow pathway to
being cost competitive with hydrogen produced from S¥MR.In fact, the aly electrolytic
processes that has proven hydrogen production economics is-Allkdbr Electrochemical
processes are not widely used in industry with the exception of the-Alk&r, Metal
Electrowinning, and a few niche, high value products like @wiipile?! It is difficult to find a
widespread pattern for why some processes are electrochemical and some are thermochemical (e.qg.
alumina production is electrochemical while iron production is thermochemical). In many cases,
economics likely has more to do witlhat process was figured out first and is now the more mature
technology. The key to making an electrochemical technology effective is making it cheaper than
the thermochemical competition and of course, a thermochemical process may also be electrified
anddecarbonized if resistive heat is used.

Despite a lack of a clear economic pattern in industrial electrochemical technologies hinting
at how to make electrochemical hydrogen cheap, | believe that it may be useful to more closely
examine the ChleAlkali process. Many studies cite the fact that the energy intensiveness of water
electrolysis is driving the high cotindustrial size eld@oolyzers make hydrogen at 55 kWhr/kg
while SMR reactors require only 35 kwWhr/kg (heat converted into standard electricity units), making
electricity a major contributor to co$t However, the ChleAlkali process requires 70 kWhrs/kg

Ho, far more electricity than water electrolysis, yet still makes cheap H
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Electrolysis plants are also expensive because of high CapBR0A00kg H> per day

electrolysigplantis estimated to haveeCapEx of arounddOM USD while arequivalenSMR plant

capable of making 7X that much per day has a CapEx of only 180M U8MHigh CapEx means

that money must be spent now, not later and therefore the value of the spent money is higher. The
reason that the Gbi-Alkali process can make cheap hydrogen despite high CapEx and energy
consumption is that it makes three products for a single CapEx and energy consumption: chorine,
caustic soda, and hydrogen. Cogeneration can allow electrochemical processes to titcompe
existing fossHbased thermochemical processes. The fourth chapter of my thesis explores how
cogeneration can be used to make electrochemical hydrogen production profitable in the near term
via cogeneration of hydrogen and sulfuric acid.

Contribution/ Significance

Under current IPCC emissions scenarios, the problem of greenhouse gas emissions'fsTagent.
longer it takes to develop solutions to greenhouse gas mitigation the worse things may get. Therefore,
it is important to work on problems that are likely to have a-texar impact. This thesis attempts

to determine whether or not current ideas faigating greenhouse gas emissions are near term, and

if they are, howto make them cheaper immediately.
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Chapter 2

Towards Engineering an Electrochemical Wastewater Treatment Technology

Suitable for Long Term Deployment in the Developing World:

Cody E. Finke Eitam Shafran, Hugo Leandri, Clément Cid, Anastasia Hanan, Michael R.
Hoffmann

Data presented in this chapter was primarily collected by ES and HL

Background and State of the Technology

The UN estimates that by 2025, the combined stresses of population growth and climate
change may force as many as 1.8 billion people into absolute water scarcity on the Falkenmark
Indicator (FI), meaning there may not be enough runoff or water storagegioa to support basic
human activity (<500 Arwater/capita/yff. Additionally by 205, according to the UN, two thirds
of the worl ddés population wil!/ be forced into
support economic growth (<1706 mater/capita/yf °. Water scarcity like this will likely almost
exclusively occur in the developing world where reverse osmosis or other water
desalination/recycling methods are not financially or infrastructurally feasible. Physichi, >
billion people are predicted to get sick and millions of people are predicted to prematurely die from,
out of necessity, drinking water polluted with human waste or from simply not having enough water.
Economic growth in these regions may further saégas industries ranging from manufacturing to
farming to mineral extraction may struggle to operate without sufficient water, compounding health
and environmental damage. Beyond the direct anthropocentric problems associated with water
scarcity, when the is not enough water to sustain human life, all the water tends to be syphoned
away from the other species of the world causing myriad ecological crises. This can already be
witnessed across the globe: the keystone riparian habitats of the now dryHaekar@ Colorado
River Delta are just two of many examples. Given that many models estimate that the world
population is unlikely to stabilize until sometime after 2t@dd given that the effective residence
time of CQin the atmosphere is about 400 yé&arthe problem of water scarcity i&ely to get

worse for at least a century before it starts to get better. One possible solution for these billions of
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people and ecosystems is a major new water management strategy that is feasible in the developing
world.

Solutions fit for the developealorld do not always translate to solutions for the water crisis
in the developing world; the key in the developing world is infrastrudtasswastewater treatment
and recycling systems. In developed countries, desalination, water catchment, and @arastewat
recycling technologies are all relatively affordable. Furthermore, the massive water and wastewater
grid infrastructures required for these technologies already exist. This is why, for example, the
people of the American Southwest feel almost no efiéthe recent five year drought despite
population growth in all Southwest states exceeding the national average of 9.6% between 2000 and
2010, in many cases by a factor of 2 8 Bhis is also why Israel and Saudi Arabia are experiencing
almost no water sceity despite being countries that are over 60% desert. The situation in developing
countries is very different. In many cases there is little to no existing water grid infrastructure and
the commercially available water recycling and desalination tectieslare fiscally prohibitive. As
such, new water management solutions must be created for the developing world. While water in
these regions is occasionally scarce because it is missing, some estimates find that it is more often
scarce because it has beentaminated with human waste due to no or poor sanitation faédlities
Sanitation (defecating, urinating, and body washing) is very water costly. In higtdy scarce and
impoverished regions, one study finds that, on average, sanitation accounted for 69% of personal
water us®. In other words, for the 1.8 billigmeople that may be in absolute water scarcity by 2025,
poorly managed toilet wastewater will likely be the dominant problem and a management plan that
involves water recycling for sanitation is the key to preserving human and ecological health.
Thereforejt has become the major focus of the water resource technology field to find inexpensive
and infrastructurdree ways to eliminate water consumption due to sanitation and treat wastewater
in the developing world.

2.5 billion people across the developimgrld lack access to any type of improved sanitation
facility®6. Therefore, one attractive strategy to conserve water in the developing world is the
development of inexpensive, neeweaed sanitation technologies that recycle their water. To this
end, many technologies have been developed. Highlighting a few examples: the Hoffmann group at
Caltech has developed an electrochemical water treatment and toilet system for home or small public
spaces; Janicki Bioenergy has developed avaitg bio-char omniprocessor treatment system, and

Marc Deshussesd group at Duke has invented a

V
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for household use. Every system has its problems. Bioreaatat biechar systems both are
attractive because they offer potentials for selling fertilizer byproducts. However, due to the high
water content of waste, in practice, bio char facilities require too much energy to reasonably maintain
(~3,600 Wh per kgdr biochar vs ~30 Wh per kg for electrochemitaBioreactors have very low
energyconsumption metrics, however, on the other hand do not satisfactorily kill pathogens (~1.5
log removal of fecal coliform for anaerobic bioreactors vs non detectible fecal coliform for
electrochemical systeni&) Electrocherical systems, suffer from reduced activity and catalyst
fouling and the production of toxic decontamination byproducts including halogenated organic acids.
One problem that is common to all systems is maintenance. The problem of maintenance is well
estabished for high tech solutions to problems in the developing Woil@éken together, these
affordable systems can recycle wastewater fortat@n purposes without any grid infrastructure

and therefore have the potential to secure sustainable water resources for nearly one third of the
worl dés human popul ation and many other ecosy:

alone are eshated to be prohibitively expensive when maintenance costs are included.

Addressing the Maintenance Problem

One major challenge in operating these systems is maintenance. Experience from field
testing treatment units by the Kohler Company and tteerResearch Triangle Institute has shown
that even with extensive one on one training
necessary to independently diagnose and repair these advanced wastewater treatment systems
(personal communicationhupu bl i shed dat a) . Given the dearth
devel oping world and the high cost of master0:¢
large scale. The problem of maintenance is also aestdblished problem in high tesblutions to
problems in the developing world, in fact, breakage with no maintenance is the number one reason
why high tech solutions fafl. To address this problem, | developed a concept to use a suite of sensors
to uniquely link states of the system to specific failure states. Then, simple pictorial repair
instructions may be passed to an operator via the mobile phone network. Thislajgreacuseful
because, given that the world bank estimates that there are 96 mobile phone subscriptions for every
100 people in the world, it is reasonable to assume that there is at least one skilled mobile phone

operator almost everywhere in the wqitdg. 1). For this proposed work, | won the 2013 Vodafone
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Wireless Innovation Project Competition which contained a $300,000 grant to develop the project.
Using this money, we designed and demonstrated a proof of concept prototype in the lab which is
currently being integrated into existing systems for-fglale testing as a selfagnosis and
maintenance technology.

Device Concept

1) A Server which operates in the following way:

Failure code and unit coordinates allow the server to establish comnumiedth the
wastewater treat ment uni tés operators and u
computer, an SMS text is sent to the operator of the malfunctioning system with the following

i nformati on: AUNI t X i n n enebdr Y0 This adaresses ¢h@ an c e,
identified problem and the unit locatioA. secondSMS is sent to the users of the system,

referring them to an alternative location of a different unit, while the system is being repaired.

The server will be capable of thelfmling specific tasks:

a) Will store information on maintenance technicians and users like name, contact
information, and toilets that she is taking care of

b) Will store information on treatment systems like location, failure status, and data after
failure

c) Will link operators to toilets that they take care of

d) Will contact a technician when a toilet breaks to come fix the toilet

e) Will contact users with other options to use the bathroom when a preferred toilet is
broken

f)  Will provide a user interfacetadd and edit toilets and operators
2) A treatment system client which is described as:
A network of sensors integrated in key locations inside the sanitation system. These sensors will

monitor different water qualitparametersluring the wastewater treatment process, in addition

to monitoring the electricalevices, pipeandcontainerdor malfunctions Data will be sent to
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the onboard computer. During system operation, the onboard computer will send continuous
"Ok" messages to the server, utilizing the mobile network or a wireless connection to report that
no problemhasbeen detected. lcase of a malfunction, the computer will send a failure mode
code and the unit coordinates to the server, followed by the data set collected during the last 24
hours before the malfunction. The client will be capable of the following specific tasks:

a) Will collect data on a suite of sensors

b) Will process sensor data to determine if and how the toilet system is broken
¢) Will send failure status information to the server

d) Upon failure will send raw sensor data to the server

e) Will determine when the system has béigad and restart standard operation

A mobile based application which is described as:

For system maintenance, the operator will be directed to the malfunction by the
application Utilizing the application and its displayed simple pictorial repairuictitins,

the operator will be enabled to fix the malfunction. After successful repair, the unit
computer will resume sending AOKO message:

Integration of the monitoring system to the sanitation unit will provide two main

additional benefits:

1) With reattime monitoring of the water parameters, we can optimize the wastewater
treatment process, allowing us to identify the optimal point in time to stop and to start every
step of the electrochemical treatment. As a reshét,creation of potentially harmful
byproducts and the overall energy consumption of the system can be ldwered.

2) Creation of a local economic system of users and local operators withntimeon goabf

keeping the sanitation units maintained.

In this report, we focus on the selifaignosis stage of the system, addressing the system
requirements, work that has been completed, challenges that occurred and planned future
work.

The sensors included in the sdignosis system can be divided into three groups:

(i) water quality measurement sensors which provide information on the ctahes

electrochemical treatment; (humidity and level sensors which monitor the system for
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leakages; (iiivoltage and current sensors which monitor the status of the electrical parts

of the system.

a) Receive prompts from the server if the system fails

b) Automatically order a spare part for delivery to the unit

c) Store pictorial repair instructions for all possible repairs to minimize data sent over the
network

d) Prompt a technician with an easy to follow skrepair instructions

Process Design

Long Term Proposed Project:An adequate solution to the problem of system maintenance must

be simple, adaptable to many diverse treatment technologies, universally available, inexpensive, and
quick. The World Banlestimates that as of 2014 there are 96.3 mobile phone subscriptions per 100
people in the world. In other words, there is likely at least 1 working phone with a skilled phone
operator in every community everywhere on €8rf@ur proposed technology would capitalize on

the mobile network to diagnose maintenance issues and guide a toilet operator to fixing problems
with nonsewered water treatment technologi@sltdiagnosis works in these treatment systems
because the problem of water treatment is well constrained and easily monitored, especially as the
water only needs to be sterile, odorless, and clear to recycle for sanitary purposes, not necessarily
potable Therefore, the problem becomes monitoring water quality which can be inverted for with
clarity and turbidity, monitoring oxidant production which can be inverted for with current, pH,
temperature, and oxygen content, and finally monitoring pathogeentavhich can be inverted for

using the previous measures combined. The rest is a simple matter of assessing mechanical failure.
The full algorithm for wastewater treatment monitoring is described in words as follows: each pipe

has a leak sensor, each tdms a water level sensor, each pump has a pressure sensor, every
electronic component has a multimeter, treated water clarity and turbidity sensors, and then each
system has an oxidant production sensentat Cal t €
the el ectrodes, Dukeds system would have an o:
oxygen of the system and a pH meter to ensure the fermentation was not occurring without

met hanogenesi s, and Jani c ki 6amd ogsygesa metanto enswiel d h a
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temperatures were being reached in the presence of oxygen (a diagram of the Duke and Caltech
sensor configuration is in Fig. 1). All sensors are commercially available.

A common problem with selliagnosing technologies is sensailure before part failure.

Our system will address this issue in two ways. First, sensors will be installed in duplicate in
physically distinct locations such that if one sensor gets physically damaged, the second sensor will
likely still be functional Then if the two sensors are reading significantly different values, the
operator will be instructed to replace the sen
where a water free short run of the system will be conducted which, if sarsarsrking properly,

trigger universal failure signals. If any sensor fails to give a failure signal, it will be replaced.

Once a unique failure mode is identified by the onboard processor, an SMS will be sent to
the operator notifying her that the systenbroken, and that the operator should go attend to the
system ASAP. Similarly, the system will send an SMS to the users notifying them that the system is
broken and identifying other toilets to wuse
re¢y cling smart grido where even in the absence
need to resort to nerecycled water for their sanitation needs.

Once the operator arrives at the broken treatment system, she will go to the onboard display
andsee a series of step by step instructions on how to replace the broken parts and get the system
running again. Or, if the operator has a smartphone (a recent Pew Research Center poll suggests
smart phone use now represents a significant and rapidly shggeainority of phone users across
the developing worftt the operator will see the repair instructions on the smartphone app (images
of this app can be seen in Fig. 2).

The technology will be first developed using bench scale partial models of the systems and
sensors and then moved to the full system model bntCac h 6 s ¢ a mp-sheoting@dc e t r
local field testing are complete, the system will be installed in field testing at water treatment
l ocations in India using C-aewdres camitatoon units thatare as w
willing to paricipate. Success will be measured by comparing days where the system is not
functional with and without the setfiagnosing system and a decrease in the cost of repairing the
system.

When successful, this technology will have the power to empower anytina wobile
phone and a basic set of tools with the guidance they need to repair any water treatment system with

the diagnosis technology installed.



17

A.Electrochemical Reactor Clean water holdina tank

Pump 2
w { A
Pipes Y% Water Level Sensor
— LeakSensor
Clarity Sensor
A Turbidity Sensor
g & Multimeter
Wastewater holding tant Toile

{} Oxygen Sensor

A\ Water Level Sensor
pH Sensor

— Leak Sensor

{

Fig. 1.A) A diagram of the Caltech nesewered wastewater treatment system with probes necessary

Toile

for selfdiagnosis indicated. Locations of duplicate probes are not specified. B) A diagram of the
Duke nonsewered wastewater treatment system with probes necémssejFdiagnosis indicated.
Locations of duplicate probes are not specified.
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4) |

il @ 2:55PM 38 il @ 255Pm 3B 0 @ 255Pm 38 il @ 255em
2 5

|

| @ Toilet #0025! @ Q Ok! Found correct part
System is broken &

Q Needs newpump

0 Ok! Arrived at location

Fig. 2.1 mages f r om sdfdiagnosismepr Faiomdeft  sight. 1) When the treatment system is
broken an operator with a smartphone would get a notification on their maintenance app. 2) the app will
give a map of how to get t o t hedwhighpartthesydtemoemdst he o
(spare parts come with the unit, they do not need to be purchased, just identified). 3) The app will show a
picture of the system with the broken part indicated. 4) The app will indicate exactly what needs to be done
to replae the part. If the operator does not have a smartphone, she will be given the address of the broken
treatment system and once she arrives at the system, images similar to these would appear on the onboard
display.

Long term design overview:

The generat onc e p't of the project is shown in Fig 3. [
algorithmo for wastewater treatment technology th
we will have a series of sensors (outlined below anféig. 1) that generate data which can be uniquely
matched to failure states of the system (failure modes). The data analysis (to see if the system is in a failure
mode) will occur on a small computer that is located inside the treatment system. Undioperation,
at a regular frequency this computer would send a
on a webpage but will trigger no action. | f an il
system computer detects dudee mode, the failure mode and toilet location will be sent to a server and an

operator will be notified to go to the system via SMS, email and a notification on a smartphone application.
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smartphone

display step by step pictorial instructions on how to replace the broken part (see Fig. 2).

If sensors do not detect a failure

mode, “I'm OK is sent to the

cloud”

Treatment system

Upon arrival, repair instructions are
displaced on the smartphone AND on the
treatment system computer, parts are fixed
by replacement so usually, why a
component failed is not important, just that
is failed

If sensors do detect a failure
mode, data is analyzed and
failure mode type is sent to
cloud

Fig. 4. An overview of how the system works.

Internet — Mo problem

Internet —

Failure mode!

If the system fails someone it
told via their smartphone

(email, sms, app notification)
to go to the toilet of interest.

Failure modes are occasionally dependent on multiple sensovgatiee.level sensors in the tank should be

going down when a pump is draining the tank but should not be going down if there is a leak. For our system

located on campus | have listed all the failure modes:

a
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Failure modes and corresponding sensors statestbé Caltech Electrochemical Wastewater Treatment

System:

Leaks:

1) Anaerobic Bioreactor Tank (ABRT) If [ (ABRT water level sensor is on) and (Pipe 1 leak sensor is
off) and (pump 1 ammeter is off) ]

2) Electrochemical Reactor Tank (ECRT) If [ (ECRT water leeglsor is on) and (Pipe 3 leak sensor
is off) and (Pipe 4 leak sensor is off) and (pump 2 ammeter is off) ]

3) Clean Water Tank (CWT) If [ (ABRT water level sensor is on) and (Pipe 4 leak sensor is off) and
(Pipe 5 leak sensor is off)]

4) Toilet (TT) If [ (TT water level sensor is on) and (Pipe 1 leak sensor is off) ]

5) Pipe 1 If (pipe 1 leak sensor goes on)

6) Pipe 2 If (pipe 2 leak sensor goes on)

7) Pipe 3 If (pipe 3 leak sensor goes on)

8) Pipe 4 If (pipe 4 leak sensor goes on)

9) Pipe 5 If (pipe 5 leak sensor goes on)

10) Pipe 6 If (pipe 6 leak sensor goes on)

11) Electronic Failures:

12) Pump 1 If [(Voltmeter is on) and (ammeter is off)]
13) Pump 2 If [(Voltmeter is on) and (ammeter is off)]
14) Electrodes If [(Voltmeter is on) and (ammeter is off)]

Treatment Failure:

15) Electrodes If (clarity falls below threshold)
16) Filter If (turbidity falls below threshold)

Because some failure modes are depended on one another the program checks sensors with minimal lag time
in between checking. Under standard operating conditionsys$tem reads data from sensors in a loop and

prints to a file, executing one loop every minute (Fig. 4):
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1) First checking the volt meters, ammeters and tank level sensors in simultaneous sets in the order of
system flow.

2) Then check water level and lealknsers simultaneously in relevant pairs/triples.

3) Check turbidity

4) Check clarity

5) Check order of operations (should see current in electronics in a particular order)

6) Print data after each step to a file.

The program is customizable such that it could bedtateany number of sensors and users.

The program operates in the following way:

### The class 6Sensord creates a sensor object wi

the time of data recording, and the units. Below | gavexamplevalues ###

Class Sensor

Instance Variables

# The name of the sensor object
Name-> Water Level 1

# The most recent data read
CurrentData> 13.7

# The sensor type (hnumeric (reports a number), threshold (reports if a threshold was exceeddaipary
(records # # on/off))

Type-> double
# What (if any) are the units associated with the data
Units->cm

# Time Current Data is Set



Time-> Current time

Constructor:

Sensor(name, type, units) Sensor(WaterLevell, numeric, cm, 1)

SetName(name)
Type = type
Units = units

Methods of Sensor
# Set the sensor name
SetName(str name> Water Level letc
Sensor.Name = name
# Look up a sensords name
GetName()>
Return Sensor.Name
# Look up the sensorodés type.
GetType()->
returnSensor.Type.
# Get the sensords units.
GetUnits()->
Return Sensor.Units
# Set the current data value to be stored in the sensor

SetData(data, time-y 1

22
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CurrentData = dat& Data input will have different data types for different sensors

Time =time

# Get the current data value from the sensor file.
GetData()->

Return CurrentData

Class: GetData

Instance Variables
Whatever is needed from the python USB package to read the data
ListOfSensors (Sensor(hame, type, units)pensor(WaterLeVe, numeric, cm, 1)

Filename

Constructor:

GetData(Sensor)

Methods:

#Read Data from USB

ReadData
Read Data using the appropriate USB package
For each sensor in ListOfSensors

Read data from each sensor in the order specified above and update Sensor.SetData(), Sensor.SetTime()

PrintFile(timestamp):



DeleteFile(Filename)
CreateFile
setFilename
For sensors in list of ListOfSensors
Print Sensors.GetName()
Print Sensors.GetType(

Print Sensors.GetData()

DeleteFile(Filename)

Delete current file.

Class MainRunLoop

Instance Variables:

Sensors (list of all the sensors)

GetData Constructor

Methods:

Run

GetData.PrintData

The full set of code can be found in the uploaded data accompanying this thesis.

Sensor data:

Water quality parameters

24
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Three water qualitparametersvere chosenfp be monitored inside the electrochemical reactor.

ORP (Oxygen Reduction Potential) is a measurement of the tendency of a chemical species to
acquire electrons and thereby be reduced. Reduction potential is measureel&sti@@e probe in
millivolts (mV). The more positive the potential, the greater the species' affinity for electrons and
their tendency to be reduced.

Continuous monitoring of the ORP in the reactor, will allow us to identify the chlorination break
point. At this point, acomplete ammnium removal will occur. A "complete ammonium removal
(breakpoint chlorination) is a reasonable goal when electrochemically treating latrine wastewater.
Disinfection occurs well before the breakpoint (see Fig. 5), vitwilaationof toxic byproducts is

generally minimized prior to the breakpoitst.
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Fig. 5. ORP, total chlorine concentration, cell voltage and ammonium concentration during
electrolysis of latrine wastewater amended with sodium cth&%(m anodes; 7.5 A

0 ;00 p matd . Near the breaking point (complete ammonium removal; ~3.2h) total

concentration and ORP spiked. At the same point, cell voltage showed a distinct peak. Lines added
for clarity*.

Color
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Color in water may result from the presence of minerals, inorganic chemicals, metal ions,
decomposition of organic matter fraguils, aquatic organisms and vegetation. True color, is defined

as the color of water from which turbidity has been removed. Apparent color includes true color and
color caused by suspended matter. Color in the yellow to brown range is determinedual a vis
comparison of samples with either a known colored chemical solution or calibrated color disk, in a
process calle@latinumcobalt methodThe unit of measurement is the true color unit. Color in the
treated water is removed to produce a pleasing aceptable appearance. Furthermore, color
removal during electrochemical treatment has been observed to happen after pathogen disinfection.
Color may also indicate high levels of organic compounds, which may produce high levels of
trihalomethanes and otherismhfection byproducts upon contact with chlorine or other
disinfectant&’.

Turbidity

Turbidity, is an optical charaatistic of a liquid sample, expressing the amount of light scattered by
particles and solid materials in the liquid when a light beam passes through. High concentrations of
particulate matter affect light penetration. Particles may also provide attachomestfpr other
pollutants, notably metals and bacteria. For this reason, turbidity measurements can be used as an
indicator of potential pollution in a water body.

Proof of Concept:

At the current stage of the project, all chosen sensors have beermatedety the laiscale
electrochemical reactor (Fig. 6) and a simple program was established to allow for continuous data
readout and recording in order to perform data analysis.

In the following paragraph the current state of development for each ofdikielual sensors will

be described:

Software:

Extensive testing on the server, client, and app with artificial sensor data indicates that the system is
able tocommunicate and execute commands based on predefined triggers. Additionally, the software
was able to send commands between server, toilet, and mobile phone in all directions. These data
indicate the software portion of the concept is ready for rea data.

ORP sensor:

Due to the nature of electrochemical measurements at the ORP sensor, it is prone to disturbances

arising from the electrochemical water treatment and current generated inside the ECR. Thus, to
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prevent inaccurate measurements of ORP, a soltdiosampling and analysis separate from the
ECR is needed.

In order to integrate ORP measurements to the monitoring system while ensuring no influence of the
electrochemical water treatment on the recorded data, two different solutions are curregtly bein
investigated: (i) utilization of the existing circulation pump to sample from the ECR and measure
ORP in an external loop and (ii) use of an additional peristaltic pump tosam@esrom the ECR

to an external ORP measurement loop and back. For bthtese solutions, a sensdramber with
appropriate plumbing was designed and 3D printed (see Fig. 7) to enable intetfierer@&P
measurement in a closémbp circuit, parallel to the ECR. Herein, the established Cakeam

Solar Toilet system desigwas considered and the sampling system was laid out to match all
requirements and space constraints.

The ORPsensor manufacturer software was adapted to allow for integration and continuous real
time measurement of ORP data and transfer to the moniwystgm platformPreparations for a

lab test of both proposed solutions have been complairdngineering and programming sides.
Following the laboratory tests, the solution provided more consistent measurements as well as more
reliable performance ued prolonged operation will be selected. Therein, specific focus will be laid

on the identification of the breaking point during electrochemical wastewater treatment by ORP
measurements. Furthermore, no interference of the ECR with ORP measurementb&peovien

and ensured. Sensohamber and piping layouts may be adjusted and redesigned accordingly.
Finally, sampling systenand sensor code will be integrated and embedtloléae final sanitation

system design and the monitoring application.
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Fig. 6.3D models (top and high view) of the sensors and Seva module (dark blue) integrated to the
electrochemical reactors of the Caltdetam Solar Toilet. Model based on two electrochemical
reactors running independently. Sensors are highlighted in diffess:cswitch level sensors

(light blue), ORP sensor loop (red, top), turbidity sensor (red), and colorimeter (green).
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Fig. 8. Typical electrochemical reactor tank used in CalteglarSToilets retrofitted with level

sensors, color sensor, and turbidity sensors.
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Color sensor:

A colorimetric color sensing device manufactured by "Atlas Scientific” was installed to the prototype
scale electrochemical reactor (Fig. 8). The sendoriensionsandwaterproofproperties allowed

for easy integration within the ECR.

The software included by the manufacturer was adapted to allow for integration and continuous real
time measurement of color data and export to the monitoring system platform.

Preparations for a laboratory test of the proposed sensor have been compheéegjineering and
programming sides.

In the current setup, color is measured as apparent color and recorded as Tristimulus values (three
values that represent the coordinaiEthe color on a three dimensional graph). Following the lab
scale experiments, a conversion of the data to the platobat scale system will be evaluated.
Furthermore, the impact of turbidity on color measurements will be determined and subsequently
solutions to minimize it interference may be investigated.

In a laterstage an additionalow-costsensor (TCS34725) witle examind. For this sensor, a more
detailed design for integration to the ECR will need to be developed.

Finally, the chosen semiswill be integrated and embeddedhe final sanitation system design and

the monitoring application.

Turbidity sensor:

Generally, turbidity sensors use a light source and one or more detectors to measure light scattered
by particles in watesamples.

Due to the high cost aftandard industrial instrumesit($1000+), which usually measure turbidity using

the Nephelometry method (wherein light source and photodetector are arranged-degréé angle to

each other), we chose to examine pgerformance of a low cost sensor typically used in household
dishwashing and clothes washing machines. This sensor is based on the Attenuation method (light source
and photodetector are at a 18@gree angle to each other).

During this part of the projecseveral sensor shells were designed and redesigned in order to integrate

the turbidity sensor inside the ECR. The shell (see Figia®)constructetb allow the placement of the
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sensor inside the ECR for continuous reading, while preventing leakagesaattgtion of water to the

sensor wiring.

Fig. 9. Turbidity sensor shell design

In addition several laboratory bench tests wgneformed,in order to examine the performance of the
sensori in terms of detection limits and stabilityand to convert th raw datato the standard unit of
turbidity NTU (Nephelometri¢urbidity Unit).

Herein, a standard solution of formazin was prepared and subsequently diluted. The turbidity of each
dilution was measured using the low cost sensor and with a standar@iaboturbidity sensor (Hana Hl

93414) for comparison. The results are presented in Fig. 10. While a good linear relatiorfship.gR)

between measurements performed with the laboratory device and the low cost sensor was observed, it

became apparent thahe lowcost sensor is highly sensitive to the surrounding conditions and manual
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handling. Thus, additional experiments under constant conditions are required to fully characterize the

sensor performance.
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Fig. 10.LCS( Low cost sensor) raw value vs L&§ senseiHana HI 93414) measurements in NTU.

LCS raw values decrease as the turbidity is increasing.

At the currentstage,a basic progranrecordingthe data from the sensor amotport toa text file, was
established and the newest design of thd slaslbeen 3D printed and is readylte installedn the lab
scale ECR.

Following the laboratoryexperiments a detailed characterization of the sensor properties will be
performed. Focusing on the data trends during the electrochemical treatment psmress, sensitivity,

accuracy and consistency in relation to tolerances in the ECR system will be determined.
In addition, readjustment of the shell and its fabrication method will be considered.

Finally, the sensor will be integrated and embedddtie inal sanitation system design and the

monitoring application.

Water level:
A simple approach to monitor the water level in two different points in the ECR has been chosen.
Two float switch sensdrave been installed in the labale ECR and a simple code has been written

in order to record and save the data.
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In a later stage, the sensors will be embedded in the final sanitation system design and the monitoring
application.

An additional solutiorto enable continuous monitoring of the water level will be evaluated in the
future.

Other sensors:

In addition to sensors monitoring the water quality in the reactor, several other sensors will be
integratedn the system to keep track of power supply endientify any leakage in the system.

A simple code was written to operate the voltage, current and humidity sensors. These sensors still
need to be integrated in the system and an efficient design to utilize the humidity sensor (or
alternative sensorf)r leakage detection are relatively straightforward but need to be developed.
Finally, a storage solution for the Arduino microcontroller and the Raspberry Pi needs to be designed
and subsequently integrated to the CaHecdm prototype.

Outlook

While these data are not complete, they have demonstrated that the bulk of the sensors may provide
useful data and that the program works in general to collect data. These data will focus on detailed
data analysis during the laboratory experiments, evaluatithe &fensor performances in the ECR,
adjustment and redesign of the shells and sensors, according to the obtained results.

Based on the experimental results, in combination with literature survey, tolerances and limitations
for each of the watequality parameters will be defined and integrated into the software, in order to
allow a more efficient operation of the sanitation system and minimization of system down time due
to malfunctions.

Subsequently, integration of the sensor network with theesand the mobile phone application

will be in focus for the next steps.

The Bill and Melinda Gates Foundation has provided grant funding for the engineering firm L&T
Technology Services in partnership with Eram Scientific to integrate thisliagiosng sensor

system into the a real prototype. This invention is protected under the following patent application:
US20170008775A%.
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Abstract

We report that Ti@coatings formediia atomic layer depositionALD) may tune the activity of

IrO2, RuQ, and FTOfor the oxygerevolution and chlorinevolution reactions (OER and CER).
Electrocatalysts exposed to-38 ALD cycles of TiQ exhibited overpotentials at 10 mA/érof
geometric current density that were several hundred mVs lower than uncoated cat#lysts,
correspondingly higher specific activities. For example, the deposition eDhtOIrO; yielded an

8.7-fold increase in th©ER-specific activity in 1.0 M HSQu (0.1 to 0.87 mA/crficsaat 350 mV
overpotential). The oxidation state of titaniamd tte potential of zero charge were also a function

of the number of ALD cyclesndicating a correlation between oxidation state, potential of zero
charge, and activity of the tuned electrocatalysts.

Broader context:

Realizing a low anthropogenic G@missions future depends on the electrochemical production of
fuels and commodity chemicals. In the absence of a substantial carbon tax, electrochemical
production of these materials must be cost competitive with conventional production. The levelized
cog of electrochemically produced chemicals depends heavily on operational expenses (OpEXx; e.g.,
buying electricity) and the balance of systems costs, and depend relatively less on the price of the
catalyst. Therefore, one pathway to low cost electrochemical fuel and commodity chemical
production is to reduce the OpEx by fabriegthighly active catalysts. Current methods to enhance
catalytic activity are limited or rely on computationadlypensive calculations. Simple tools that can

be used to enhance the catalytic activity for a variety of chemical reastimhsas tuningatalysts
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through atomic layer deposition as presented hare, essential to developing les@st

electrochemical systems that can meet global energy and chemical demands.

Introduction:

Highly active electrocatalysts are required for the-effsictive gaeration of fuels and commodity
chemicals from renewable sources of electrfcityDespite potential advantages (e.g., facile product
separation), the industrial use of many heterogeneousoelaalysts is currently limited in part by
suboptimal catalytic activity and/or selectivity. In addition, there are limited methods to tune the
selectivity and activity of heterogeneous electrocatafydethods and design toasch as doping,
inducing strain, and mixing metal oxidbave been used to improve the catalytic activity of
heterogeneous electrocatalysts The activity of heterogeneous electrocatalysts can also be tuned
by applying thin layers of another material, leading to an altered surface charge density on the
resulting composite material relative to the bulk charge density of either individual nfdteilis
approach has been widely used to alter the catalytic and electronic properties of core/shell
nanoparticles, although additional tuning of the particle support structure is necessary to create an
efficient heterogeneous electrocatalffst> Density functional theory calculations have shown that

a single atomic layer of Tin RuQ should lead to enhanced selectivity for the chleeanelution

reaction (CER) relative to the oxygerolution reaction (OEFR) Enhanced catalytic activity for the

OER has been reported for W@hotocatalysts coated with 5 nm of alumina, with the activity
increase ascribed to an alteration in the electronic susfate@nsity!®. Enhanced catalytic activity

has also been observed at the interface betweerahtDRuQ, with charge transfer between RuO

and TiQ resulting in a mixed phase with an intermediate charge dénsity

Herein, atomic layer deposition (ALD; a stepwise deposition technique) has been usedtie tun
surface charge density, and consequently tune the catalytic activity, of electrocatalytic systems in a
fashion consistent with estimates based on group electronegativity concepts (see Figm B
Supplementary Materials for further discussioh ALD, surface homogeneity, and group
electronegativity estimates). To test these predictions, the activitihe &hown electrocatalysts,

IrO2, RuG, and Fdoped Sn@(FTO) were tuned and evaluated for the chlegmelution reaction

(CER) and the oxygnevolution reaction (OER). The CER provides a promising approach to

infrastructurefree wastewater treatment as well as for the production of chlorine, an important
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industrial chemical whose global annual demand exceeds seventy million mettic'fbfibe OER

is the limiting halfreaction for water splitting that could provide hydrogen for transportation and
could also provide a precursor to energy storage via thermochemical reacti@Owithproduce

an energydense, carbeneutral fuef®,

Results and discussion:

Eachmaterial tested was selected based on its theoretical group electroneddtirgtative to the

group electronegativityof Ru@-a 2. 72), the most active catalys
literature (Fig. S5) as well as the most active catédygshe CERC. IrO,(Fa4 2. 78) Féand FTO
2.88) were also investigated because they have higher electronegativities thaarituberefore

using ALD to overcoat these catalysts with i & 2. 6 2) ttosshiftetheip sudatee d
electronic properties (i.e., the potential of zero chdge), and catalytic activities towards that of

RuQ,, the optimal single metal oxide catalyst. These materials were also chosen becgus®;JiO

RuQ, and other materials@commonly used to form mixed metal oxide electrodes, most notably

the dimensionally stable anode (DSA), inwhichdiOncr eases the anodeds st

confer enhanced activity to the aggregated matérial

Overpotentials (d; telequili@ivcpetensal reqoiredeto reachaa givdme y o n
current density) were determined for ¥®RuQ, and FTO as a function of the successive number

of TiO2 ALD cycles (see Supplementary Materials for additional details on electrode preparation
and testing, rad TiO; growth rate) for the OER at 10 mA/&win 1.0M H2SQ; and for the CER at

1 mA/cntgeoin 5.0 M NaCl adjusted to pH 2.0 with HCI. Current densities were chosen to produce
>95% measured Faradaic efficiency for each catalyst (Table S2), and -patearital data were
corrected for the solution resistance (< 2.0 mV correction) as measured byckuical
impedance spectroscopy (see Supplementary Materials for details). The three catalysts were
prepared on substrates that had very low roughness to minimize effects in geometric overpotential
measurements due to surface area differences. Specjfelaityrocatalyst samples consisted of a
~300 nm metabxide film sputter deposited on a (1afl)ented Si substrate, in the case ohla@d

RuQ®, or commercially available TEC 15 FTO glass substrates, in the case cbdSEQ
electrocatalysts. Ti© overlayers were then deposited on top of the electrocatalysts. The
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microstructure of a typical Ir&based electrocatalyst is shown in the ciEsgional scanning

electron microscopy (SEM) image in Figure 1A. The resulting electrocatalysts were very smooth
with low surface roughness (Fig. 1B) such that the surface area as measured byoatemic
microscopy (AFM) was roughly equivalent to the measured geometric surface areas (Table S1).
Further characterization of thendalFig8isdandt at al y
Table S1.

Fig. 1. Material characterization of typical electrocatalyst samples. (A) SEM image of an IrO
catalyst with 1000 ALD Ti@ cycles. (B) AFM map of Ir@with 10 ALD cycles of TiQ. (C)
HAADF-STEM image of an Ir@basel electrocatalyst with 10 ALD cycles of TiO'he underlying
crystalline material is Ir@(labeled)while the haiflike, amorphousnaterial at the surface is TiO
(labeled) (D,E) Energy dispersive-Kay spectroscopy (EDS) maps of #ased electrocatalysts

with 10 and 40 ALD cycles of Tig)respectively. The red color indicates Ir and green indicates Ti.
Note that green and red intermix throughout this cross section due to the inherent roughness of the

sample.
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The measured ER overpotentials at 10mA/gaofor bare Ru@and IrQ agreed well with values
reported for catalysts prepared on similarly flat surfaces, however we are unaware of comparable
OER data for FTO or for CER cataly$tsThe overpotentials for Irand FTO, for both the OER

and CER, initially showed an improvement (i.e., «&aun) with increasing ALD cycle number,
before exhibitinga deterioratiordue to an increase in overpotential at higher ALD cycle numbers
(Fig. 2). The triangular shape observed between the overpotential and e _Di@ycle number

is typical of a volcao-type relationship that exemplifies the Sabatier prinéhl&he overpotential
reductions between bare k@nd FTO catalysts and those at the peak of treamolcurve for the

OER weg,@-2@dnV at 10 cycles and00 mV at 30 cycles, respectively. For the CER, the

observed overpot epféd-230mV at8 dydes and@0my atvi@cyckes, fBrd

IrO2, and FTO respectively (Fig. 2). A volcatype relationship between cycle number and
overpotential was also observed for RdOa c i | i t at i n g, J&h380 mMYb&weenwdi t h &

and 10 cycles, Fig. 2. However, for the CER, the overpotential of the-Baged catalyst increased
with TiO2 ALD cycle number (Fig. 2).
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Fig. 2. Specific activities § and overpotentialgif for the OER and CER on [gDRuQ, and FTO
coated at various ALD cycles of TiQDverpotentials were measured at 10 m&fgsfor the OER

and at 1 mA/crfyeo for the CER (normalized to geometric surface area). Specific activities for the
OER were measured at 350 mV (ir&hd RuQ) or 900 mV (FTO). Specific activities for the CER
were measured at 150 mV (kr@nd Ru®) or 700 mV (FTO). The gesquares indicate available

literature values.
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The specific activity (i.e., the current density normalized to the electrochemically active surface area
(ECSA)) is a standard quantity for comparing the OER activity of heterogeneous eldgstscata

(see Figs. S$11, and the Supplementary Materials for details on specific activity calculations and
additional discussion)Vhile ECSA is limited by the assumption that Pt has 100% active surface
area, it is generally believed to be more accurar tither surface area methods like geometric
(which assumes rough surfaces are flat), BET (which assumes inert gases have the same ability to
penetrate a catalyst as electrolytes), and atéonee-microscopymeasuregsurfacearea (which is

limited by theresolution of the AFM tip)For IrC; and RuQ catalysts, the OER specific activities

of the uncoated catalysts were in good agreement with previously reported¥aNeare unaware

of reported specific activities fd=TO for the OER or for any catalyst for the CER. The specific
activities for the OER and CER were characterized by vologmrelationships as a function of

the TiG:; ALD cycle number (Fig. 2). In fact, If0roated with 10 ALD cycles of Tigshowed an

87f ol d increase in OER specific agresulingihthe at d
highest ECSAbased specific activity reported to dédelr-b ased OER catal ysts at
1.0 M HSQs. Recently, IrQ¥SrirOs has beemeported as an especially active catalyst using current
normalized to atomic force microscopy measured surface area (AFMSA) in 0.558.Ho

compare these catalysts, we measured the roughness of our catalysts using AFM (Table S1). For our
catalysts, barérO2 exhibited a Tafel slope of ~60 mV/dec in good agreement with previously
reported OER catalyst& As the activity of our Ir@based catalyst increased from bare @10

TiO2 ALD cycles, the Tafel slope remained constant at ~60 mV/dele the exchange current
density (b) increased from ~1x10to ~2x1® mA/cnParvsa. Initially the IrQ/SrirO; catalyst also

had an OER Tafel slope of ~60 mV/dec andoanf ~7x10° mA/cnPaemsa. For the IrQ/SrirQs,

however, after a period of activatitime Tafel slope improved dramatically to ~40 mV/dec, which
indicates a previously unknown OER mechanism, whiletteteriorated to ~3x10mAarmsa (See

Fig. S12, Table S4, and Supplementary Materials for details on Tafel analysis). In our case, IrO
coded with 10 ALD cycles of Ti@ exhibited lower overpotentials than the freshly prepared
IrOx/SrirOz catalyst at current densities < 1 mAfausa and lower overpotentials than the activated
IrO«/SrirQ; catalyst at < 0.02 mA/cfrevsa, but substantially higlr overpotentials at the more
industrially relevant current densities of > 10 mAemsa > 2> Further discussion on surface
roughness, including AFM, and SEM sample characterization is presented in the Supplementary
Materials (Figs. SB54 and Table S1).
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To test the longevity of the enhanced catalytic performance withdgfpsition we performed 24

h stability test at 10 mA/cm for both the CER and the OER for the uncoated catalyst and the most
active catalyst for each material system. The catalysts investigated herein were not optimized for
stability and, as was previously repaktor thin IrQ; and RuQ catalyst depositiong® 26 the
overpotential on uncoated catalysts for the OER in 1 J8Qd degraded rapidly after < 1 h of
operation at 10 mA/cfgeo For thinly coated catalysts-(® cycles) the OERBtability improved from

about 1 h to about 4 h, while for thicker Bi€patings (> 30 cycles) the OER stability increased to

> 9 h (Fig. S7). The loss in activity for the OER for Tg@ated samples was associated with a loss

in the TiQ coating as illusated in Xray photoelectron spectroscopy (XPS) measurements of the Ti
2p core level before and after electrochemical stability testing (Fig. S23). For the CER, all catalysts
were relatively stable over the 24 h testing period except for theblased catgsts which followed

the same trend as the OER, with thickerzld@atings stabilizing the electrodes. XPS measurements

of the stable CER catalysts indicated that the;i@rcoating was still present even after 24 h of
continuous operation (Fig. S24).
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Fig. 3. Ezc of IrOz (blue), RuQ (red), and FTO (green) anodes coated with various ALD cycles of
TiO2. Black dots and circles with black borders indicate the catalysts with the highest specific
activity for each catalyst for tfeER and CER, respectivelfror FTO base samples there appears
to be a cusp at 10 cycles, while for ir@hd RuQ based samples there does not appear to be a
cusp. While this phenomenon is not fully understood, XPS data may provide some clues. In

eneral, the oxidation state of the T#hd the Ezc appear to be well correlated and infact, shows
the same cusp for FT@gure S20). These data would be consistent with the idea that a thin layer
of TIO2 alters the chemical structure of the surface which may draw more electrons from fluoride
or oxygen however thick layers do not behave that way. There is significanteavidethin films
behaving differently than bulk materials due to strain and strange molecular orbital hybridization,
but a detailed computational study may be necessary.
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The enhancement in catalytic performance observed with deposition:06 Ti@ readily explained

by surface morphological changes of the electrocatalyst. Deposition ptld@ not substantially

affect the electrochemically active surface area, a metric believed to be related to active site density,
and changes in the suréaarea alone do not account for the magnitude of the enhancement in the
specific activity (Fig. S11). Furthermore, while highgle annular darkeld scanning transmission
electron microscopy (HAADISTEM) images and STEM electron dispersiveaX spectrosopy

(EDS) maps of Ir@samples with 10 cycles of T¥QFigs. 1C, D) indicate that the Ti@lm is semi
continuous with small areas of the underlying:leQposed, deposition of 40 cycles of Ti@sults

in a uniform, continuous film (Fig. 1E) and catadysommensurate with the bare ir€mples

while even lower activities are observed with more >Ti&yers (fig. 1) These facts suggest the
phenomenon does not arise from surface morphological effects alone, instead suggesting that TiO
is playing a pardl role in enhancing the activity of the active sites

To investigate the electrocatal ystsoé EBddiaff ace
the electrocatalysts was measured as a function oftfi€kness (Fig. 3)Ezc is the potential that
must be applied to produce a neutral surface
electrons, with more positiierc values indicating surfaces that are less willing to lose their electrons
(see Supplementary Matals, egs. S2 and S3, and Figs. SEL6 for details and discussion on
handling thin TiQ layers inEzc measurements)Ezc thus yields insight into the strength of the
bonds on the catalyst surfaée’® MeasuredEzc values for bare Rugand IrQ (50 and 30 mV vs.

SCE, respectively) were consistent with previously reported values for RiP&nd/ie are unaware

of reportedEzc values for FTO. As the Ruand IrQ samples were @ted with increasing ALD

cycles of TiQ the Ezc shifted from lower to higher potentials in both cases and eventually reached
the value for bulk Ti@ This behavior is consistent with the expected trends for equilibrated group
electronegativities. ThEzc for bare FTO (450 mV vs SCE) was less than that for bulk &r@

greater than bare lg@r RuQ. The FTOEzc decreased with increasing Ti€ycles up to 10 cycles

and as the Tigcycles increased beyond 10 the Ecreased until it reached the bulk vabieliO>

at large cycle numbers. The overall trend of the EEZ&increasing to higher values with increasing

TiO2 cycle number is consistent with group electronegativity arguments. However, the intermediate
behavior where thEzc decreases and then increases is not well explained by group electronegativity

and could, in part, arise from the complicated behavior of the F dopant atoms (further discussion on

€
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the limits of group electronegativity are found in the Supplementary MajeFar all catalysts, the
Ezccontinued to shift even beyond the point where TEM data indicated that the film is continuous
(40 ALD cycles). This suggests that the exposed metal oxide is not fully responsible for the shift in
Ezc and that the surface TiQs likely responsible in part for thEzc shift. Shifts inEzc with
incremental TiQdeposition suggest that ALD can be used to tune the catalytic performance. These
data reveal that the catalysts with the highest activity for the CEREraw@lues beween 50 and

75 mV vs SCE (Fig. 3), consistent with the observation that addition of [&y@rs to Ru®@
decreased the activity of Ru®@lectrocatalystsHzc = 50 mV vs SCE) for the CER. Additionally,
active OER and CER catalysts for all systems investigadgeEzc values between 25 and 200 mV

vs SCE with the best OER catalysts having a somewhat tighér110 mV vs SCE) than the best
CER catalysts (~60 mV vs SCE).

To further understand the surface states of the catalysts, photoelectron spectragzy was used

to measure the Ti oxidation state. Fig. 4 shows the 3Ji @uelevel photoemission (for the full Ti

2p region see Fig. S17), stacked from bottom to top, for increasing ALBPtHikness, with O

cycles indicating the bare catalyst substrposition ofow cycle numbers of ALODiO2 on IrQ;
andRuQ; producedTi corelevel peaks that were at ~456.6 eV and ~457.6 eV, which is consistent
with previously reported binding energies fof*Bitates’® 31 As the ALD cycle number increased

the Ti oxidation statéor these samplegradually increased to its bulk oxidation state (~-&hy

signals indicative of bulk TiQwere eventually observedig. 4).In the cas of ALD TiO2on FTO,

the lower cycle number thicknesses instead produced binding energies primarily at the bulk position,
in addition to a peak at a higher binding energy. This additional peak can be ascribed to a mixed
phase between the substrate (FTi@) #he thin TiQ film, in which the chemical nature of the phase

produces a more oxidized metal, with the mixed phase most likely dominatet! biyeB.

The variation in the Ti oxidation state with ALD Ti©ycles is accompanied by a peak shift of the
Ti2ps2 peak relative to the bulk Tékpeak position (Fig. S20). The Tigppeak of the Ir@ and
RuO-based catalysts shifts from reduced, lower binding energies to the more oxidized, higher
binding energiegypical of bulk TiQ. The FTGbased Ti2p2peak shifts from more oxidized, high
binding energies at low TiXycles to lower binding energies for intermediate slegcles (16840

cycles) before increasing again to higher binding energies at largdhiaknesses (>60 cycles).
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The Ti2py2 peak shift is qualitatively consistent with the variatiorEiawith TiO. cycle number
suggesting that the change in the surface charge density is correlated with a change in the Ti

oxidation state.

The variation in thdi oxidation state with Ti@thickness can be explained by charge transfer from

the underlying metal oxide substrate. In this scenario, a more reduced Ti species present at low
deposited cycles of Tin IrO, and Ru@ would be accompanied by a more oxetl metal oxide
substrate. In order to confirm this hypothesis, we measured the Ir 4f, Ru 3d, and Snl8detore
photoemission (Fig. S21). Unlike in the case of the Ti 2p spectra, the Ir 4f, Ru 3d, and Sn 3d core
level photoemission exhibited very smalanges between the bare metal oxide substrate and those
with varying thicknesses of T¥OThis was reflected in the peak shifts of the main peak for the Ir 4f,

Ru 3d, and Sn 3d spectra with Bithickness relative to that of the bare substrate (Fig. $2i3h

were an order of magnitude lower than those for the Ti 2plevet photoemission and mostly

within the error of the measurement (= 0.1 eV). While peak fitting (see the Supplementary Materials
for details) of these spectra indicates that initiplodion of TiQ leads to a slightly more oxidized

Ir and Ru state, and a slightly more reduced Sn state foy @ @end with thickness was observed

for any of the substrates, and changes in the oxidation state of the underlying catalyst are likely below
the detection limit for the techniques used in this study (Fig S21, S22, and Table S5).
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Fig. 4. X-ray photoelectron spectroscopy of the Ti2pegion for IrQ, RuG, and FTO catalysts

with varying TiQ thicknessesBulk TiO is shown as the blue peak in each spectrum. The slightly

and highly reduced Ti peaks are shown in green and red, tiesfje@nd the most highly oxidized

Ti peak is shown in orang@.cycles shows the noise of the instrument, no information is encoded

in the height of the signal.
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Economic Analysis:

To understand how improvements in catalyst activity could lead to reductitims pmice of
clean, electrochemical hydrogem economic analysis wpsrformedAs discussed in chapter
1, in order to fully understand the cost of a catalgstnodel must icorporate the faradaic
efficiency, material cos voltage, and current density of a catalyst and the ways that these
parameters change over tinT® ensure a fair comparison, italsoimportant to measure all
of these values in the same reaction coodgfor the catalystsBecause these data are not
fully availablefor the catalysts investigated hergins impossible to fullyuse equation 2 from
chapter 1 to calculate the relative catalyst costs of these electrottesaasbf a conventional
electrode Howeverthe US Department of Energy publishes an eperess techreconomic
model (H2A) to evaluate the cost diydrogen fromwater electrolysid® With some
assumptions, it is possible to use tH2A model to estimate how activity enhancement may
affect the price of clean, electrochemical hydrogen.

For this analysis, it was optimistically assumed ,tfatthe catalysts investigated herein, all
catalyst parameters remained the same as state of,tegaapt activity which was enhanced.
Thetafel slopesf the catalystsnvestigated herein were the same as conventional OER and
CER catalysts, therefore we assutigat the shifts in overpotentiabserved in fig. 1 at low
current densities would alseaur at industrially relevant high current densities. Because,RuO
when coatedvith 10 cycles of TiQ, preformed the OER at 400 mV lower than the conventional
OER, we assumed that our catalysts coafuerateat 400 mV lower cell voltage thathe
conventimal water splitting catalystWe also assumed that the catalysts described herein can
achieve the same faradaic efficiency and stability meaisconventional catalysts, although
preliminary data indicates that this is not possiblecording to the H2Amode| this would

reduce the voltage fro@V to 16 V or from 54 kWhr/kg H to 43kWhr/kg H. This results in

a dropin price from $5.18/kg bito $4.12/kg H. According to the H2A model, the price of H

from steam methane reformin§NIR; the conventional Hproduction method) is $1.25/kgpH

far lower than what can be achieved with any of the catalysts investigated herein. Furthermore,
even &1.23 V, the thermodynamic limit, the price is $3.18/kg ¢ill far too highto compete

with SMR. These data indicate that, even vatateof-the-art stability, faradaic efficiency and
current density (none of which the catalysts investigated herein have) any reduction in voltage
isinsufficient to makelectrochenical H2 cost competitive with Hfrom SMR A more detailed

analysis on catalysts for water electrolysis may be found in chapter 4.
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Conclusion:

In summation, surface characterization suggests that atomic layer deposition of low cycle
numbers of Ti@ can tune surface electron densities of the catalyst in a direction consistent
with predictions from group electronegativity concepts (Fig. S5). Given that concomitant
changes in electrochemical activity were observed with deposition ef thi€se data ticate

that ALD may be useful to tune the activity of other catalysts for diverse reactions, including
those critical for renewable energy storage and wastewater treatfogever,unless other
factors change like a carbon tax or a drop in electricityepenhancement in activity could

make electrochemical hydrogen production cost competitive with SMR.
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Surface Topography Determinatiion and SurfaceHomogeneity

Transmission Electron miscroscopy

To better understand the surface morphology, TEM images were aquired of 10 and 40 ALD cycles of TiO
on IrG.. Transmissiorelectron microscopy (TEM) samples of films were prepared using a focused Ga
beam FIB) on a FEI Noves00 Nanolab FIB/FESEM, with Pt and C protection layers being applied before
being exposed to the FIBligh-resolution TEM (HRTEM) images and higimgle annular darkeld
scanning transmission electron microscopy (HAABFEM) images wereollected on an FEI Titan G2
S/TEM equipped with spherical aberration correctors on the image andfpnolieg lenses at an
accelerating voltage of 200 kV. STEEDS maps were acquired in the FEI Titan using the SXieDX
qguad detector system at a cairef 0.1 nA. Standartess CliffLorimer quantification was performed on
the deconvoluted EDS line intensity data using the Bruker Esprit software. Fig. S1 below shows-HAADF
STEM images oflO cycles of TiQ exhibited a semicontinuous film where the mayoaf imaged areas
were covered withTi@with relatively small gaps of what appeared to be uncoated area. 40 ALD cycle

exhibited a fully continuous film for at all areas imaged.

2nm 2nm
Fig. S1.High-Angle Annular DarkField Scanning Transmissidilectron Microscopy (HAADFSTEM)
imagesof different IrQ + 10 ALD cycles of TiQ samples. The crystalline sublayer isJdi&hd the hairy

top layer is amorphous TiO

Atomic Force Microscopy
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Atomic Force Microscopy (AFM) was useditwestigate the surface morphology. A Bruker Dimension Icon

was used in Peak Force Tunneling AFM Mode-TRMNA) for all topography and conductive AFM
measurements. Representative surface topokigy $2)and conductive AFM (TUNA current) (Fig. S3)
for 0, 3, 10, and 1000 ALD Ti@cycles are shown for IFDRuUQ, and FTO substrates. AFM images of

RuQ, IrO,, FTO, and substrates coated with 1000 cycles of Wi€e consistent with previously reported
images of materials grown under similar conditibhs
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10, and 1000 ALD cycles of TiO
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Table S1.Surface area (measured by AFM) as a percent of geometric surface area. Dividing these values by

100 yields topographic roughness factors.
AFM Measured Surface Area as a

TiO2 Cycle

Number

0
3
6
10
20
30
40
50
60
500
1000

Percentage of Geometric Surface

IrO 2

104.52%
103.87%
103.12%
102.94%
103.32%

102.70%

103.60%

102.00%
102.01%

Area
RuO2

107.75%

102.45%

103.93%

104.08%

104.61%

102.61%

101.65%

111.02%

FTO

108.35%
107.98%
110.24%
108.05%
110.60%
108.92%
108.27%
108.18%
108.10%

104.15%

The surface area as measured by AFM was at most 112% of the geometric surface area (Table $1). For IrO

and FTO, the surface topography was similar for all cycle numbers ofTh® only observable change as

the number of ALD cycles increased was that the conductivtiy and surface area decreased uniformly as

TiO2 was deposited, suggesting that TtDatedh e

catalystséo

surface

reasone

TEM images for higher resolution coverage analysis. Based on AFM data, No holes were visible in the

TiO2 coating at any cycle number for FTO andJlrChe surface topography of bare Rwaas rippled0

cycles), and gradually morphed into a fldike structure (& cycles), a columnar structure similar todrO

(10-30 cycles), and then back into flakes similar to FTO (>30 cycles). Furthermore, feaRB@LD

cycles some holes in the Ti@ere cleay visible in both the topological and the conductive AFM images.

No such holes were visible at > 3 cycles JdiConductive AFM showed uniformly drecreasing conductivity

with cycle number once no holes were visible (>3 cycles)TiO
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Profilometry

Profilometry was performed on a Bruker DektakXT Stylus profilometer, ACD growth rates on FTO
were determined by masking a portion of the FTO sample with Dupont Kapton Tape (Dupont, WA) and
then using the profilometer to scan across the biindary after deysition. A 1000 cycle sample was
scanned 3 times and the Tithickness was determined to be 50.8 £ 2.1 nm. The growth rate was therefore
~0.5 A/ALD cycle, assuming that growth was linear, which corroborates previously reported gowth rates

measured usingne same ALD recipe on the same instrument

Scanning Electron Miscroscopy

Scanning electron micrographs (SEMs) were obtained with a FEI Nova NanoSEM 450 at an accelerating
voltage of 5.00 kV with a working distance of 5 mm and aleivs secondary electron detec®ased on
crosssectional SEM images of films subjected to 1696les of ALD, linear growth rates were estimated

to be ~0.65 A/ALD cycle (Fig. S4), in reasonable agreement with profilometry results as well as with
previously measured growth rafes

Fig. S4.A crosssectional SEM image of a sample consisting of a silicon wafer substrate sputter coated with
IrO; and then overcoated with 1000 cycles of ALD ZiO
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Estimation of Electronegativity:

Electronegativities were estimated for heterogeneous electrocatalysts by taking the geometric mean
of the electronegativities of the constituent atdhis Allen scale electronegativities were used
because this scale is better than other electronegativity scales (e.g. Pauling, MAallieeh

Rochow) at differentiating between the electronegativities of the transition rfiétalss an
example,forTig T4 1(.¢é38) and O (c(s a. ¢ DHY3BED)BIeteed f 01 €
case of FTO, the electronegativity of Sn@Was estimated because it is not known how small
guantities of F would change the electronegativity of SE®ctronegativity is a useful theoretical
concept for estimating the directions in which surface chawvgédability and the corresponding
catalystreactingspecies bond strength may move, but not to estimate the magnitude of change or

any complex details of any physical parameter.

To better understand how group electronegativities may be correlatedatdtitic activity for
heterogeneous electrocatalysts, group electronegativities were calculated for oxygen evolution
catalysts from this work and for the catalysts compared in &ell. and plotted against
overpotentials at 1 mA/chvsa for each catalyts Like in Sehet al, for catalysts with no AFM

data, if they were prepared on flat substrates (e.g. (100) silicon), a roughness factor of 1 was assumed
(Fig. S5)'* In the case of catalysts with undefined elemental ratios, XPS data on the oxidation state
was used to estimate elemental composition, and then fractional compositions were rounded to the
nearest half. If there was no XPS data, Pourbaix diagrams were consulted and the predominant
species at the relevant potentials were used for group electronegativity calculations. In most cases,
assumptions were the same as the assumptions made for detiv@ngposition in Seht al For

layered catalysts (e.g. 13rirOs) the geometric mean of all the atoms in the overlayer and
underlayer was used as the group electronegativity of the material. Overpotentials at IamAicm

was either taken from Set al. or from this work. Most overpotential data presented in Fig. S5 was

collected in a basic electrolyte (blue circles), for catalysts tested in acidic electrolytes, red circles
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indicate values from this work measured in 1 M5Bk and the orange circle indicates the catalyst

tested in 0.5 M bBQ; from Seitzet al.'2 Electronegativity, like other theoretical constructs that are
related to bond strength, demonstrates a nice volcano type correlation with activity for the oxygen
evolutionreaction'?. These data presented in Fig. S5 below and the data presented in Fig. 2 of the
main text, indicate that group electronegativity may be a simple and useful tool to choose candidates
for heterogeneous electrocatalysts. No Allen Scale electronegatiistg & Lanthanum so the
geometric mean of Barium and Lutetium (the most adjacent atoms to Lanthanum with known Allen

Scale electronegativitias)P9%8Bwvas used instead 1 €
0.8
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Estimated Group Electronegativity (Allen Scale)
Fig. S5.Group electronegativity vs overpotential at 1 mAJgmsa. Overpotential data was taken
from Sehet al. (blue and orange circles) and from this work (red circles). For LaC@MnGC;,
LaFeQ, LaCoQ, LaNiOs, RuQ, IrO., and PtQgroup electronegativitesere estimated by taking
the geometric mean of the Allen Scale electronegativities of the constituent atoms /Sir{de)
Ir.SrO; was assumed for group electronegativity calculatté@rior IrQ/TiOz, IrTiO4 was assumed
for group electronegativity calculatis For NiFe® NiFeOs was was assumed for group
electronegativity calculations’. For NiCoQ NiCo,04 was assumed for group electronegativity

calculations'®, For NiCoQ, NiCo,Os was assumed for group electronegativity calculattdnSor
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CoFeQ, FeCaOs was assumed for group electronegativity calculattdnBor CoQ, CoQ.s was

assumed for group electroradiyity calculations®. For NiQ,, Ni2Osz was assumed for group
electronegativity calculatiors,

Electrode Preparation:

RuQ and IrQ; Sample Preparation

(100) oriented, -tnp526°n25 yahotipiok d-Si wafers Qver® dbtaineéd from
Addison Engineering (San Jose, CA). Wafers were cleaned for 1 rbinffered HF (Transene,
Danvers, MA, used as received) and then immediately put under a vacuum of £ Tor16-300

nm of RuQ or IrO; were deposited on the wafer using an AJA International Inc. (Scituate, MA)
Orion sputterdeposition system equippedtivPhase H) software. Samples were heated to ®D0

and Ir or Ru were sputtered using an RF source under an plea€na with a constant flow of 20

sccm Ar and 3 scemQor 22.42 min for Ir, and 13.5 sccm Ar and 1.5 sceafd®22 min for Ru.

The chambr pressure was maintained at 5 mTorr during deposition, and the base pressure of the
chamber was held at <10 orr between depositions. The phase purity of the samples was confirmed

by X-ray diffraction measurements, as detailed below (Fig. S6).

Following ALD of TiO2 (see below), a tungsterarbidetipped scribe was used to contact a galium
indium eutectic (Alfa Aesar, Ward Hill, MA, 99.99%, used as received) onto the back side of the
IrO2 and RuQ@ samples. A coiled zinplated copper wire (Consolidat&lectrical Wire and Cable,
Franklin Park, IL) was placed onto the gallumdium and the wire was covered with esided

copper foil tape (3M, Maplewood, MN, used as received).

XRD crystal structures of the Is@nd RuQ substrate are shown in Fig. Bélow.
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FTO Sample Preparation

Tec 15 FTO glass slides (Hartford Glass Co., Hartford City, IN) were broken into ~{liexras.

The FTOpieces were then washed in a sonication bath in acetone, isopropyl alcohol, and deionized
water, sequentially, for 15 min at each step. ALD of ;Twas performed as described below. A
coiled zineplated copper wire (Consolidated Electrical Wire and Cabi@y placed onto the
conductive side of the FTO electrode and secured wittsioleel copper foil tape.

To protect the contact and define the geometric surface area, circular holes were punched in a strip
of 1-inch width3M vinyl electroplating tapasinga 2 or 3 mm diameter circular punch. The entire
electrode was then covered with this tape, only exposing the 3 mm diameter circle of the electrode.
The wire covered the tape for at least 4 cm, such that neither the wire housing nor the metallic wire
was eposed to the electrolyteAfter testing, electrodes were inspected for leaks and then
disassembled and the copper contacts were checked for corrosion to ensure no leaking. Baseline and
peak overpotentials were confirmed during stability testing usingyepealed electrodes (Table

S4).

Atomic Layer Deposition

TiOz2 films were deposited on IEDRUG and FTO at 150 °C using aditratech Fiji 200 Plasma
ALD System (Veeco, Waltham, MAThe IrQ, RuQ, and FTO were prepared as described above.
Prior to ALD, one 0.060 sec pulse ob® was applied to the sampleach ALD cycle consisted

of a0.250 se@ulse of tetrakis(dimethylamido)titanium (TDMAT, Sigmddrich, St. Louis, MO,
99.999%, used as receiveftjjowed bya0.060 sepulse of HO( 1 8 MY @are)A 19sek | |
purge under a constabitl3L/min flow of researckgradeN,was performed between each
precursor pulse. While idle, the ALD system was maintained under a continppusgs with a
background pressure of 0.50 Torr.

X-Ray Diffraction
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X-ray diffraction (XRD) measurements were performed with a Bruker D8 Discover equipped with a 2

dimensional Vante&00 detector. Copper#adiation (1.54; ) was generated with a tube voltage of 50

kV and a tube current of 10@@\. The incident beam wasdused with a 0.5 mm diameter mecepillary

collimator. An aligned laser beam was used to ensure that the sample was placed at the correct depth for
diffraction measurements. Coupled thetaftlveta mode was used. The scatterethX radiation was

colleced by the Vante&00 detector with an angular resolution < 0.04°, which enabled the collection of

di ffraction from a 2d range of 20A. To obtain the
10A to 90A 2d, and r addratiantof 1hnThexallscted data wereamhlyZecdusinga t o
Bruker EVA software. All observed peaks were indexed to standard diffraction patterns famdrRuQ,

respectively, from the Inorganic Crystal Structure DatabaSe
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Fig. S6.X-ray diffraction patterns for typical ItGand RuQ@. All observed peaks were indexed to standard
diffraction patterns for Ir@and RuD., respectively.

Electrochemical measurements

With assistance from a largmuge needle guide, the lead of eachtelde was inserted through a
rubber septum, and the electrode was placed in a 25 mL, 14/#@kdd, round bottom flask
(Chemglass, Vineland, NJ). The flask was filled with 15 mL of 1.048@® or 5.0 M NaCl at pH
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2.0 (adjusted using HCl and measuredgisircalibrated Thermo Scientific Orion 3 Star pH probe).

A saturated calomel electrode (SCE; CH Instruments, Austin, TX) reference electrode was washed

and placed in the solution.

For OER and CER experimentss(§) or Cb(g) was flowed through a bubblirat contained either

1.0 M HSQsor 5.0 M NaCl at pH 2.0, respectively, and then into the reactor using a Teflon tube
that extended ~1 cm below the surface of the electrolyte. To ensure that the reactor was pressurized
to 1 atm, gas could freely escapmotigh an identical Teflon tube that went from the reactor flask to

the back of the fume hood. Prior to data collection, the gas was bubbled through the solution for > 1
min. The counter electrode was a 0.5 mm diameter coiled platinum wire (Sigma AlGrR¥4)All

purging and experiments were performed under continuous stirring. The distance between the

working electrode and reference electrode was 1.0 cm.

To measure overpotential, the following experiments were runBin-bogic (SeyssinePariset,
France)potentiostat/galvanostat model VSBO0 with EIS capability

1) Open circuit voltage for 30 sec.

2) Two cyclic voltammograms (CVs) to clean the electrode, scanning from 1.0 to 1.45 vs SCE for
RuQ® and IrQin 1.0 M HSQs (prior to OER);from 1.2 to 1.8 vs SCE for FTO in 1.0 M$Q:
(prior to OER); from 1.1 to 1.2 V vs SCE for Ru&hd IrGin 5.0 MNaCl at pH 2.0 (prior to CER);
and from 1.1 to 2.0 V for FTO in 5.0 NleCl at pH 2.0 (prior to CER).

3) Hold the potential at open circuitrfB0 sec.

4) Two CVs to measure the overpotential, scanning from 1.0 to 2.5 vs SCE fpal®Qin 1.0
M H>SQs (OER), 1.5 to 3.5 for FTO in 1.0 M3y (OER), 1.1 to 1.35 V vs SCE for Re@nd
IrO2in 5.0MNaCl at pH 2.0 (CER), and for 1.1 to 3.0 V&1n 5.0 MNaCl at pH 2.0 (CER).

All CVs were conducted at a 5 mV/sec scan rate and were corrected for solution resistance as
described below, unless otherwise stafBde system resistance was also measured for each sample

prior to each experiment. Feach electrode, at least 4 replicates were tested.

Overpotential Calculations
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For the OER, standard conditions were assumed, and the thermodynamic potential of 1230 mV vs
RHE was used to determine the OER overpotential at 10 nfA/cm

For the CER, theativity for CI" was estimated to be 4.36 using the Pitzer mBdeid the fugacity
of 1 atm C}was taken to be 0.07267 Using these values, a thermodynamic potential of h238

vs NHE was calculated from the Nernst equation.

Faradaic Efficiency Determination

For the OER, the faradaic efficiency of the electrodes was measured as previously described using a
pneumatic trough®. A graduated cylinder was filled with electrolyte and placed upside down in a
bath of electrolyte. The working electrode was inserted to a height > lt@rhéncylinder. The
reference electrode was placed near the cylinder and the counter electrode was placed > 5 cm away
from the cylinder. The cylinder was closed to the bulk solution except for the pour spout of the
cylinder, hence ions were allowed to pa®ely. The electrode was biased to pass 10 mA of current

at 10 mA/cmges and the resulting oxygen bubbles were collected in the cylinder for 1 h. The
resulting heagpace volume was measured and compared using the ideal gas law to the expected
total charge passed. Similar to other studies,-105% faradaic efficiencies were measured (Table

S2). The excess is attributed to electrolyte sticking to the cylinder walls, narrowing the diameter of

the cylinder.

For the CER, electrodes were operatedatrestant current of 1mA/cigofor 10 min in 15 mL of

5.0 M NaCl at pH 2.0, which, given 100% faradaic efficiency, should yield 22.08 pifg) @lour
experimental configuration. Immediately after the reaction, one milliliter of electrolyte was
transferre to a 25 mL beaker and chlorine was measured by titrating excess potassium iodide with
a starch indicator using 0.50 mN 48203 *°. Greater than 90% faradaic efficiency was measured for
samples with 4®0 ALD cycles of TiQ and greater than 95% faradaic efficiency was measured for

samples with fewer than 40 ALD cycles of pidable S2)



76
Table S2.Faradaic efficiencies for the OER and CER.

OER CER
TiO2 Cycle IrO 2 RuO2 FTO IrO 2 RuO:2 FTO
Number
0 108% 122% 114% 101% 95% 97%
1 86% 96% 99% 102%
3 120% 122% 97% 99% 96% 96%
6 120% 107% 103% 101% 96% 98%
10 114% 122% 114% 96% 99% 96%
15 114%
20 117% 122% 114% 104% 95% 98%
25 114%
30 120% 114% 114%
40 108% 114% 114% 95% 91% 91%
50 103% 114%
60 120% 114% 103% 91% 95% 113%
100 114% 107% 114% 92% 91% 15%

24-h Stability Testing

For each catalyst, the uncoated and the most active, coated catalysts were tested for 24 h stability.
For the OER, Ir@with 40 ALD cycles of TiQwas also tested. 10 mA/éin 1 M H,SQ, Electrodes

were as prepared as described above except, insteagllaépim, electrode surface area was defined

by Hysol 9460 epoxy (Henkel, Dusseldorf, Germadyfseometric surface areas were measured as
previously described by scanning the electrode surface using a Ricoh MP 301 scanner (Tokyo,
Japan) and estimating the surface area using ImageJ softwEne catalyst stability was assessed

by maintaining the electrodgslvanostatically at either 10 mA/éror 1 mA/cnt for the OER and
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CER, respectively, for 24 hrs. At 0 min, 10 min, 2 h, and 24 h, the electrolyte was replaced with

fresh electrolyte, and eitherx@) or Cbk(g) was bubbled through the solution as descraddeul/e.

After > 1 min of gas bubbling, electrochemical impedance spectroscopy was preformed to determine
the system resistance followed by 5 CVs which were run from the OCV to a potential that yielded
10 mA/cnt or 1 mA/cnt for the OER and CER, respectiveljhe voltage required to reach 10
mA/cm? for the OER and 1 mA/chior the CER, respectively, is tabulated in Table S4 below. Initial
overpotential measurements agree well with overpotential measurements using vinyl tape on
electrodes reported in Fig. Table S3). In general, for the OER small cycle numbers of [iO 1 0)
extended the | ifetime of the catalysts from
catalyst lifetime to > 7 h. As previously reported for thindc@alysts for the OERhe overpotential

to reach 10 mA/cihrapidly increased after < 1 h of testing. For the CER, all catalysts were
reasonably stable over the 24 h testing period except for the less stable FTO catalysts which followed
a similar pattern as OER catalysts. A skng3l h stability test of 0, 10, and 40 ALD cycles of FiO

on IrG;under OER conditions is presented in Fig. S7 below.
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Fig. S7.Example stability testing data of Is® O (blue), 10 (orange), and 40 (yellow) ALD cycles

in 1 M H:SQOy at 10 mA/cigeo

Table S3.Summary of overpotential data as measured from CVs to reach 10 fgdfienl M
H,SQu for the OER and 1 mA/cfgoin 5 M NaCl pH 2.0 for CERit 0 min, 10 min, 2 h, and 24 h
of testing in constant current mode. The rgtdst column displays the overpotential that was

reported in the main text. N/A indicates that a rapid loss in activity was noticed before the time of

measurement.
OER overpotential to reach 10 mA/cmigeo
MOy + X ALD initial 10 min 2h 24 h Reported
Cycles of TIQ initial  value
(Fig. 1.)
IrO2 + 0 cyc 720 670 710 £ 30

N/A N/A
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IrO2 + 10 cyc 540 510 520 = 20
N/A N/A

IrO2 + 40 cyc 800 610 560 810 =50
N/A

RuG + 0 cyc 770 880 N/A 740 + 70
N/A

RuO2 +10cyc 430 470 440 N/A 430 + 10

FTO + 0 cyc 1870 1820 1870 + 50
N/A N/A

FTO + 30 cyc 1740 1620 1720 + 70
N/A N/A

CER overpotential to reach 1 mA/cnigeo

IrO2 + 0 cyc 160 220 230 148+ 6
N/A

IrO2 + 3 cyc 120 200 200 190 122 +5

RuO2 + 0 cyc 140 220 140 210 116 + 6

RuO2 +60cyc 160 160 100 100 160 + 10

FTO + 0 cyc 870 980 990 970 890 + 30

FTO + 10 cyc 760 1150 1000 740 760 + 40

Determination of Solution and System Resistance

The solution resistance was estimated using electrochemical impedance spectroscopy on a coiled Pt
wire working electrode and Pt wire counter electrode system. The wire coil was 3 mm in diameter
to simulate the working electrode and was placed 1 cm fro®GRereference electrode to simulate

the distance between working and reference electrode. Measurements were taken in 5.0 M NaCl at
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pH 2.0 under 1 atm €CER) or in 1.0 M HSQs under 1 atm @(OER). No correction was

performed for the resistance ofthe P el ect rodes, due to the | ow r e
For 5.0 M NaCl at pH 2.0, a solution S&si st anc¢
a solution resistance of 1.91 N 0.02 VYodesas mea
for the IR drop. No correction was made for the electrode resistivity, as it is an intrinsic electrode
property. Typical corrections from solution resistance were ~1.4 mV and ~0.3 mV for the OER at

10 mA/cnfgeoand the CER at 1 mA/dig.respectively

The system resistance was also measured as described above, but instead of Pt wo@edO

IrO2, Ru®, and FTOelectrodes were used as the working electrodes. The measured solution
resistance was a lower bound for the system resistances (Fig. S8). Data was not corrected for system
resistance because this is an intrinsic property of the electrode. Neither theideagar the shape

of the change in overpotential or specific activity shown in Fig. 1 were explained by the magnitude
or the pattern of the system resistivity which would have resulted in corrections of < 10 mV for the
OER and < 3 mV for the CER.
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Fig. S8.System resistance as measured by electrochemical impedance spectroscopy in 5.0 M NaCl at pH 2.0
(CER) and 1.0 M bBEQ: (OER). The resistivity of the system did not apprecaibly change between 0 and 60
ALD cycles of TIQ. ForirGkbased el ectrodes, the average system
condtions and 5.4 N 0. 6ba¥ed électrodehEaRerageosystein tesistamcs . Fol
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was 8.0 N 1.0 Y for CER condti ons -hmsedeleat®defthe3 N 0.

average system resistance was 30 N 7 Y for CER co

Determination of Specific Activities
Determination of the Doubleayer Capacitance and Electrochemically Active Surface Area

In order to make a fair comparison between values herein and in the benchmarking study, tHaydwuble
capacitance(q) was measured and linearly relatedhe electrochemically active surface area (ECSA) by
Eg. S1 in the same manner as described in the benchmarking litetatiier the OER, brieflyCq was
measured by plotting the nétaradaic current vs scan rate and extracting the slope of the linefirllest
An initial CV was conducted to identify the néaradaic region, which in general was a 50 mV window
around the openircuit potential E«). Scans were then conducted at scan rates of 0.005, 0.01, 0.025, 0.05,
0.1, 0.2, 0.4, and 0.8 V/s and 100% of the current was collected for each step (Fig. S9). Between potential
sweeps, the working electrode was helH.afor 30 sec. The nefaradaiccurrent ak,. for each scan rate
was plotted versus scan rate (Fig. S9). The average of the absolute value of the positive and negative slopes
of the linear fits of the data was taken tddaeBecause of the narrow potential window between oxidation
of Cl-and reduction of G]Cywas determined from electrochemical impedience spectrosEpy laiyquist
plots were fit to a resistor in series with a parallel combination of a capacitor and a shunt resistor (Fig. S10).
The resulting capacitance was taketha<,. In both case€, values were used as described previously to
calculate the ECSA®. Briefly, Cswas divided by the specific capacitan€g of an average metal substrate
in an acidic electrolyte (Fig. S11, Eq. S1). Few literature values exiSt forconcentrated acidic brine,
andC; does not change apprecaibly with ionic strength 8. Both the CER and OER electrolytes
were acidicso the same value 6t was used to calculate the ECSA for both the CER and OER:
ECSA =Cq/ Cs Eqg. S1
whereCsiis specific capacitance (i.€.,035 mF/crifor 1.0 M H'SQ: and 5.0 M NaCl, pH 2.0). To
ensure mutual comparability, we chose the s@xnealue that was used in the benchmarking
literature for the OER,
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Fig. S9. Example doubldayer capicitance measurements for determining ECSA forwith 10 cycles of
ALD TiO2in 1.0 M SQ.. (Left) Cyclic voltamogramms in the néfaradaic region at 0.005, 0.01, 0.025,
0.05, 0.1, 0.2, 04, and 0.8 V/s. (Right) Cathodic (yellow disks) and anodic (blue disks) charging currents

measured at 0.95 V vs S@Ibtted as a function of scan rate.
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Fig. S10. Example impedence spectroscopy forwith 0 cycles of ALD TiQin 5.0 M NaCl pH 2.0 &,

These data were fit to a resistor in series with a parallel combination of a capacitor and a shunt resistor. The

resulting capacitance was taken asGhehich in this case was was 3X24° F.
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Fig. S11.ECSA for IrQ, RuQ, and FTObased catalysts in 1.0 M.80, and 5.0 M NaCl, pH 2.0. All
catalysts presented here had a geometric surface area of @,1etding electrochemical roughness
factors between 0.1 and 6.0.

Calculating Specific Activities Using ECSA and AFM

As discussed in detail in prevous reports, reporting overpotential data relative to geometric current density
can be misleading because geometric overpotentials can be influenced both by the roughness and the
intrinsic activty of the catalyst- 12 Specific activities (Fig. 1 of main text) were calculated as previously
described, by normalizing the current fronelyvoltamagrams to the electrochemically active surface area
13, For RuQand IrQ based catalysts, specific activities were calculated at 350 mV overpotential for the
OER, and at 150 mV overpotential for the CERr FTO, specific activities were calculated at 900 mV
overpotential for the OER, and at 700 mV vs NHE for the CER.
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Alteratively, specific activities were calculated by normalizing the measured current density to the

topographic surface area measured by atomic force microscopy (AFM; see AFM section) for direct
comparison with catalysts reported by Seitz é &oughness factors ftiiese calculations are reported in
Table S1.

Tafel Analysis

Tafel data is shown in Fig. S12 below. 4rOALD TiO; catalysts is from this work and tafel data for SgirO

catalyts is from previous work. Current density is shown for surface area aseddasiiF-M.

400
[ IrO2 + 0 ALD cycles of TiO2
IrO, + 3 ALD cycl f TiO
380 F e IO, cycles of TiO,,
IrO2 + 6 ALD cycles of TiO2
° IrO2 + 10 ALD cycles of TiO2
360 -
® IrO2 + 20 ALD cycles of TiO2
) IrOX/SrIrO3 0 hr
340 | o Ir0, Srir0, 30 hr
S
E
T 320
<
2
2 300 -
%)
>
@]
280 -
260
240
220 - * : - e * e
0 0.1 0.2 0.3

: 2
Current Density mA/cmAIEMSA

Fig. S12.Tafel plots from IrQ coated with O (dark blue), 3 (orange), 6 (yellow), 10 (purple), and 20 (green)
ALD cycles of TiQ all from this work are shown next to those of Ji®IrQ; at O (red) and 30 (light blue)
hrs of activation as taken from literatdfeTo calculate the current density, the surfcae area was measured
by AFM (table S1).
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Table S4.A summary of the Tafel slopes and exchange current densities from this wark (IrO

TiO2 catalyts) and previous work (Sris@atalysts)}?. All current density data reported here is based

on surfcae area that is measured by AFM (Table S1).

io slope
Catalyst (MmA/cm?armsa)  (MV/MA/CcmM2arvsa
decade)
IrO2 + 0 ALD cycles of TiQ 1.0x107 59
IrO2 + 3 ALD cycles of TiQ 8.0x10° 65
IrO2 + 6 ALD cycles of TiQ 2.0x10° 64
IrO2 + 10 ALD cycles of TiQ 2.0x10° 61
IrO2 + 20 ALD cycles of TiQ 8.0x10° 61
[rOx/Srir0z 0 h 7.0x10° 57
IrOx/Srir0Oz 30 h 3.0x107 38

Determination of Ezc by Electrochemical Impedance Spectroscopy

To ensure high capacitance values, 5.0 M Nadt@H 2.0 was prepared by dissolving NaNOT. Baker,
Center Valley, PA, 99.6%, used as received) in 900 mL of watér ( MY c¢cm, Mil lipore, B
adjusting the pH using HNG Si gma Al dr i c h, O 60 %, used as recei
Working electrodes were prepared ascdbed above. A working electrode, an SCE reference electrode
(CH instruments), a coiled platinum wire counter electrode (Sigma Aldrich), and 20 mL o SalNtibn
were added to a 25 mL 4 neck 14/20 round bottom flask reactor. The reactor was gefdly Witht\
for at least 15 min before experiments, as well as during experiments. The impedance was measured using
a Bio-Logic potentiostat/galvanostat model V380 with EIS capability. All studies were performed at 25
+ 2 °C. Impedance spectra were mggal in the frequency range of 1 MHz to 10 mHz, with a modulation
amplitude of 5 mV. An initial potential range of 1.1 to 0 V vs SCE, with a step size of 25 mV, was performed
to identify theEzc region. A narrower potential range (typically + 200 mV arothelapparenE,c) was

then used to measure g value.
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EIS data were fit as described previously, ugNgwsoftware, to ais(R:-C) circuit, whereRs is solution

resistance at high frequencigS,is capacitor that represents doulalger capacitance in midinge

frequencies, anB, is charge transfer resistance at low frequencies (Figs. S13 ant.S14)

As previausly reported, for FTO, Ir§) and Ru@ the capacitance values extracted from impedance
spectroscopy are expected to approximate a traditional double layer capa€tante first order?: 2,
For samples with partial, sefoontinuous andontinuous TiQcoatings (Fig. SB), the TiQ layers are so
thin for reasonably active catalysts (< 1.95 nm or 30 ALD cycles of), il TiO- is assumed to be fully
carrierdepleted within the potentials in question tisechanges irCo. measured by imedance may be

used to approximate a traditiorzdk.

To confirm this assumption, Me8chottky analysis of the capacitance data was performed for the
various samples. For an equivalent circuit comprising a series resistor combined with a parallel
combimation of a capacitorQ) and a shunt resistance, the inverse of the square of the capacitance
(Farads) taken from the fit of the full frequency range on the nyquist plots was plotted against the
potential with respect to NHENHE. For the lowcycle numbes of ALD TiOz on the substrates, a

local maximum was observed, corresponding to the local minim@weEn+e, and thus thé&zc.
However, for samples in which 100 or 1000 cycles of ALD-M@re deposited, corresponding to

~6.5 and ~65 nm respectively, a linear plot fi@ivs Enve Was obtained. These plots were analyzed
through applicationoftheMeEc hot t ky e qu at biotme pdrnittvity offé spacewh er e
U i s t tpermitivityeokTiOf, A isthe area of the electrodgis the (unsigned) charge on an
electron,Nq is the dopant density is the flat band potentiaky, is the Boltzmann constari, is
temperature, and is the applied potential, ari@is the capacince.

W W — Eqg. S2

From the 500 and 1000 Ti@LD cycle samples, a value b= (8.1 + 4.2) X 18’ cm® was found,

and the flatband potential for the Ti)Vm, was calculad to be 282 + 15 mV positive of NHE.

From these parameters, in conjunction with Eq. S3 and at an applied potential of 0.25 V vs NHE (the
lowest Ec value), the TiQ in question would have a depletion width of 7.3 + 1.4 nm, which is
substantially higher #n the actual thickness of Ti@resent in any of the catalytically relevant
samples analyzed here (< 60 Ti&LD cycles, or less than 3.9 nm).
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Eq. S3
Within the framework of this analysis, the Bi@m deposited on the substrates is under full
depletion throughout the course of these experiments, and the capacitive effects from this film may

therefore be ignored when the potential of zero charge is calculated by impedance spectroscopy.

Becausdezc is believed to be a fundamental property of a material, changing the electrolyte may change the

absolute value of thézc, but should not change the trend in the values of materials measured in the same
electrolyte?®,
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Fig. S13.Sample Bode (above) and Nyquist (below) plots of electrochemical impedence spectroscopy data
of IrO, coated with 10 ALD cycles of T#iDThe Bode plot shows the frequency of the alternating current
signal (Hz) versus the phase shift of the impedance resifdagrees). The Nyquist plot shows the &al)(
andimaginaryZd6 ) components of the i mpedance response to
in the figure were collected at 105 mV vs SCE in 5.0 M Na&dt@H 2.0. The resulting equivelentatiit
[R-(R-C)] fit of these data yielded a capacitance ok3.8° F.
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Fig. S14.Electrochemical impedance spectroscopy of (A},I(B) RuQ, (C) and FTO coated with various
ALD cycles of TiQ at 25 mV intervals in 5.0 M NaN@t pH 2.0. The resulting Nyquist plots were modeled
asRs(C-Ry) circuits. The calculated capacitance values (dots) for each sample (set of dots) are shown here.
The minimum value of each curve representsBhe The magitude of the capacitance represents the

surface area of the sample.
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Fig. S15.Sample MotSchottky E vs 1£?) plots of RuQ@ with 0 (red), 1000 (blue) ALD Ti@®
cycles. The fit, using a geometric surface area of 7.1 %¥0yieldedNq = of 5.4 X 168° cm?.
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Fig. S16.Potential of zero charge as a function of Aé¢cle number for Ir@ RuQ, and FTO electrocatalysts.
Black dots and disks with black borders indicate the catalysts with the highest specific activity for each

substrate for the OER and CER, respectively.

For thick (>100 cycles) ALD Tiefilms, theEzc values converged, indicating that all surfaces were
electronically similar, bulk Ti@ For The CER, the most active catalysts Bagvalues of ~55, ~50,
and ~75mV vs SCE (IrQ + 3 ALD TiO cycles, Ru@+ 0 ALD TiO. cycles, and FTO + 10 ALD
TiO2 cycles respectively) and for the OER the optiEalwas ~80, ~175, and ~75 mV vs SCE @drO

+ 10 ALD TiO. cycles, Ru@+ 10 ALD TiOz cycles, and FTO + 10 ALD Tigxyclesrespectively)
(Figs. 3 and S16).

X-ray Photoelectron Spectroscopy

Data Collection and Peak Fitting
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X-ray photoelectron spectroscopy (XPS) data were collected using a Kratos AXIS Ultra

spectrometer (KratoSnalytical, Manchester, UK) equipped with a hybrid magnetic and electrostatic
electron lens system, a delliye detector (DLD), and a monochromatic At K X-ray source

(1486.7 eV). Data were collected at pressures of ~2°Tdér with photoelectronsatiected along

the sample surface normal. The analyzer pass energy was 80 eV for survey spectra and 10 eV for
high-resolution spectra, which were collected at a resolution of 50 meV. The instrument energy scale
and work function were calibrated using cle@m, Ag, and Cu standards. The instrument was

operated by Vision Manager software v. 2.2.10 revision 5.
Bulk TiO,

i
\

Normalized Counts (arb. units)
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Fig. S17.X-ray photoelectron spectroscopy of the Ti 2p region for a bulk fil®@. The peak
associated with 1 is shown in blueThe slightly ad highly reduced Ti peaks are shown in green

and red, respectively, and the most highly oxidized Ti peak is shown in orange.
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XPS data were analyzed using CasaXPS software (CASA Software Ltd). The Ti Apvebre

photoemission spectra were fit constragnihe peak separation and the peak area ratio between Ti
2p*2and Ti 2p”2peakdo 5.75 eV and 2:1, respectively. The peak area ratios were allowed to deviate
5% from the 2:1 ratio to account for inaccuracies in the background. All peaks were fit using a
GaussiarLorentzian with 30% Lorentzian character. A bulk T8ample (1000 cycles) was used as

a standard to determine the peak positions for the shi@pelevel photoemission (Fig. S17). The

bulk TiO, sample fit exhibited a main peak at 458.24 avhich is consistent with reports of the
peak position for Ti@and therefore was ascribed to thé' Tixidation state, and two additional
peaks at lower binding energies, 457.6 eV and 456.6 eV, respectively, associated with a more
reduced Ti state, likely T¥*+2”. These peaks were propagated through for fio©all thicknesses of

TiO2. In addition to these peaks, a fourth peak at slightly higher binding energy (458.5 eV) was
needed to fit the FTO spectra.

































