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Abstract
Emerging thin film photovoltaics (PVs) with photoactive layers based on quantum dots
(QDs) and perovskites are a promising source of low-carbon renewable energy. Their solutionprocessability and compatibility with flexible substrates could allow for low-cost, highthroughput production with decreased factory start-up costs as well as deployment in new and
underserved markets. However, the highest-performing QD and perovskite materials for PV
applications are lead-based, which could prevent their commercial deployment due to regulatory
restrictions, or lead to negative end-of-life environmental impacts from lead contamination.
In this thesis, I evaluate the regulatory requirements of emerging lead-based thin-film
PVs based on lead halide perovskites and lead sulfide (PbS) QDs. Using European Union
Restriction of Hazardous Substances (RoHS) Directive and United States Resource Conservation
and Recovery Act (RCRA) regulatory frameworks, I evaluate the market potential of rigid and
flexible perovskite PV modules. I also perform a risk assessment of a worst-case, end-of-lifedisposal scenario for lead halide perovskite PVs into an unlined landfill to determine whether
lead solubility or total lead content poses a greater risk for public lead exposure under
catastrophic failure conditions.
I present two strategies for improved regulatory compliance and reduced risk of
environmental lead contamination for lead-based thin-film PVs: 1) reduction of lead content
using an alternative PbS QD PV fabrication procedure based on ligand exchange with lead-free
tetrabutylammonium iodide (TBAI) rather than lead halides, and 2) prevention of lead leakage
from lead halide perovskite PVs via the introduction of a calcium phosphate barrier film. I also
provide preliminary investigations of the interactions between bulk and nanostructured lead
compounds and ethylene vinyl acetate (EVA), the polymer most commonly used to laminate
commercial PV encapsulation architectures, and the toxicity of PbS QD and lead halide
perovskite PV device components.
These studies serve as a framework for future investigation of PV toxicity and regulatory
issues and the development of low-cost PV technologies with low environmental risk.
Thesis Supervisor: Moungi G. Bawendi
Title: Lester Wolfe Professor of Chemistry
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1 Introduction
1.1 The Need for Photovoltaics
Global communities currently have a fleeting chance to avoid the most dire consequences
of climate change, which threatens economies, ecosystems, and public health and well-being at
large.1 Stabilization of global temperatures will require significant reduction in the emission of
greenhouse gases such as carbon dioxide relative to present-day values, with greater reductions
yielding a greater likelihood of achieving less than 2 °C warming (Figure 1.1). Rapid and
widespread deployment of low-carbon energy technologies within the next few decades will be
necessary, as at current emissions rates, limiting the average global temperature increase to 2 °C
is impossible.2
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Figure 1.1: Projected CO2 emission scenarios (RCP 2.6,3 RCP 4.5,4–6 and RCP 8.57) and resulting global
temperature changes.8

Solar photovoltaic (PV) technologies are an attractive source of low-carbon energy due to
the scale and availability of the solar resource and the strong growth of PV capacity.9–11 The
12

International Energy Agency projects solar PV to have the single largest expansion potential
among renewable energy technologies, accounting for 60% of the projected 1,200 GW increase in
renewable power capacity by 2024 (Figure 1.2).9 However, more accelerated growth of PV
installations, which would yield greater reductions in greenhouse gas emissions and thus a greater
likelihood of achieving sub 2 °C warming, will require the rapid expansion of PV manufacturing
capacity. While the dominant PV module technology, crystalline Silicon (c-Si) has sufficient
material abundance to scale to tens of terawatts,10,12 sustainable growth above 1 TW of installed
capacity by 2030 will require dramatic reductions in the capital intensity and cost of PV module

Installed Capacity (GW)

manufacturing, improvements in panel power conversion efficiency, or external subsidies.11

700
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200
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Photovoltaics
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Figure 1.2: Projected growth in renewable energy resources from 2019-2024.9

1.2 Emerging Thin-Film Photovoltaics
Emerging thin film PV technologies that replace c-Si with more complex materials as the
main light absorbing layer show tremendous potential to overcome current shortfalls in solar panel
manufacturing capacity.10 Their solution-processability and compatibility with flexible substrates
could allow for low-cost, high-throughput production with decreased factory start-up costs relative
13

to c-Si PV, as well as deployment in new and underserved markets such as rural off-grid
communities.10,13 This thesis focuses on two materials: quantum dots (QDs) and perovskites. Both
materials are composed of earth-abundant elements,10 are compatible with low-cost, lowtemperature deposition methods such as spray and slot die coating,13,14 and have made significant
improvements in solar cell power conversion efficiency over the past decade (Figure 1.3).15 They
are also capable of boosting the module efficiencies of c-Si PVs through the fabrication of tandem
devices due to their favorable and tunable bandgaps.16–18

Record Efficiency (%)
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Figure 1.3: Best research cell efficiencies for c-Si, perovskite, and QD PV technologies.15

1.2.1 Quantum Dot Photovoltaics
QDs are quantum-confined semiconductor nanocrystals with widely tunable optoelectronic
properties. Because the diameter of QDs (typically on the order of 1-10 nm19) lies below the
exciton Bohr radius of the bulk semiconductor material, the electron and hole wavefunctions are
confined by the boundaries of the QD, resulting in discretized energy states and an increased
bandgap relative to the bulk material which decreases with increasing particle size.20
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Colloidal QDs can be easily synthesized in solution using a method called hot injection, in
which precursors are rapidly injected and mixed in a hot bath containing surface ligands, triggering
rapid nanocrystal nucleation followed by a growth period.19,21 QD size can be tuned synthetically
by adjusting parameters such as the reaction temperature, reaction time, and concentration of
surface ligands, with higher temperatures, longer reaction times, and higher ligand concentrations
yielding larger QDs.21,22
0.8

1.0
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1.6
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34

PCE (%)

32
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24

Energy (eV)
Figure 1.4: Theoretical maximum efficiencies for solar cells (top) and normalized absorption spectra of
PbS QDs (bottom) with different bandgaps. The red, orange, and green curves are from data courtesy of
Mark Weidman.

QDs can be synthesized from a wide variety of materials, including binary II-VI, III-V, and
IV-VI materials, ternary and quaternary alloys, and perovskites.23,24 For PV applications, lead
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chalcogenide QDs offer optimal bandgaps in the range of 1.1 to 1.4 eV (Figure 1.4), and PbS QDs
specifically offer high stability in air.22

1.2.2 Perovskite Photovoltaics
The term perovskite refers to a crystal structure with formula ABX3, where A and B are
cations and X is an anion.10,25,26 Halide perovskites, in which X is a halide anion such as iodide or
bromide, show semiconducting properties that are favorable for PV applications, with bandgaps
that can be tuned by varying the combination of halide anions in the perovskite formula.25,26
Polycrystalline perovskite films can be fabricated in situ via the mixing of precursors.
Fabrication techniques include two-step solution processing, in which precursor solutions are
sequentially deposited on the substrate,26–28 one-step solution processing, in which precursors are
combined and deposited in a single solution and perovskite crystallization is induced by a
quenching method such as the application of an anti-solvent29,30 or a stream of air,31 and
simultaneous or sequential vapor deposition.10,13,26,32,33
The most common and highest-performing perovskite composition for PV applications is
the hybrid organic-inorganic lead halide perovskite (CH3NH3, HC(NH2)2)Pb(Cl, Br I)3.10,25,34 Lead
halide perovskites are intrinsic semiconductors with high charge carrier mobilities, optical
absorption coefficients, and defect tolerances.25,35,36 Recent efforts to engineer the lead halide
perovskite composition and contact layers have yielded PVs that exhibit power conversion
efficiencies that exceed 25%15,34 and stable operation over thousands of hours.37–39
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1.3 Lead Regulation
1.3.1 Health Effects of Lead
As mentioned in the previous sections, the highest-performing QD and perovskite materials
for PV applications are lead-based, which could potentially negate their benefits as a source of
low-carbon energy due to the negative health impacts of lead. Lead is a particularly toxic
substance, as there is no evidence of the existence of a safe blood lead level below which there are
no with adverse human health effects.40 Lead exposure can result from inhalation, dermal contact,
or ingestion pathways (Figure 1.5), with dermal contact resulting in the lowest rates of lead intake
(the intake constant of lead in blood resulting from lead exposure is two orders of magnitude lower
for dermal exposure than inhalation or ingestion41) and inhalation the highest with nearly 100% of
inhaled lead entering the blood.40 Children are more vulnerable to lead than adults due to their
higher rates of lead absorption and greater likelihood of ingestion of contaminated soil and
dust.40,41

Soil

Food and Water

Air

Dermal Contact

Ingestion

Inhalation

Blood Lead
Figure 1.5: Schematic of lead exposure pathways. The reduced opacity of the arrow between dermal
contact and blood lead represents the lower rate of lead intake.
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Target systems for lead exposure include the renal, hematological, and neurological systems,
with potential health effects being reduced renal function, hypertension, anemia, peripheral
neuropathy, and deficits in auditory sensitivity, attention, and memory.40,42 Epidemiological
studies of lead exposure in children demonstrate a strong association between low-level lead
exposure and impaired mental development and behavioral issues.40,43 While most lead absorbed
by the body is excreted in urine, with a half-life of approximately 25 days for lead in blood,42 lead
can accumulate in bone and other calcified tissues and then mobilize during pregnancy or be
secreted during lactation, causing fetal and infant lead exposure.42,44

1.3.2 Historical Mitigation of Lead Exposure
While lead is a naturally occurring element in the earth’s crust,10,45 tissue studies of preindustrial populations reveal 1-2 orders of magnitude less lead than modern specimens, and
geochemical data reveal that absorption of naturally occurring lead is two orders of magnitude
below demonstrated lead absorption from modern diets, indicating that lead exposure is primarily
due to manmade pollution.42 While the industrial use of lead has dramatically increased lead
exposure above natural levels, blood lead levels have actually been declining over the past 40
years, with a 93.6% decline in geometric mean blood level in the United States (US) population
between 1976-1980 and 2015-201645 and similar trends observed across Europe and in several
low- and middle-income countries.46,47
As blood lead level is indicative of lead exposure, this dramatic decline in blood lead levels
indicates a reduction in lead sources and emissions, which has been achieved through the enaction
of regulations.41,45 The 1970s largely marked the beginning of the modern era of lead regulation,
with the introduction of legislation aimed at removing lead from gasoline, paint, food packaging,
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drinking water, toys, and consumer products.45,48,49 A summary of implemented lead control
measures and geometric mean blood lead levels in the US from 1970-2012 is depicted in Figure
1.6. Some such lead regulations have now been widely adopted globally, as only six countries
continue to use leaded gasoline46 and over 70 countries have legally binding limitations on lead
paint production and distribution.50
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Figure 1.6: Selected lead control measures implemented in the US and resulting decline in blood lead
levels.45,49

Despite the success of lead regulations at decreasing population-wide blood lead levels,
lead exposures still persist, especially in older homes, areas with high population density, and lowand middle-income countries.40,45,46 Global lead consumption has actually increased since the
enaction of modern lead regulations due primarily to the growing demand for lead-acid batteries,
which has led to point source exposures in communities near battery manufacturing and recycling
facilities.40,45,46 Other recurring sources of environmental lead exposure include hazardous waste
19

sites, soil contaminated by pre-regulation vehicle exhaust, metal smelters, and paint and plumbing
installed in the absence of lead regulations.40,45,46 Occupational lead exposures can also result from
work in industries such as mining, construction, and recycling.40,45

1.3.3 Regulation of Lead in PVs
The cleanup, replacement, and removal of sources of lead exposure is an ongoing global effort
spread across a variety of industries and products. PVs as a product category are typically grouped
with other Electrical and Electronic Equipment (EEE) or classified more generally as hazardous
or nonhazardous waste at the end of life.51 While various nations differ in specific implementation
procedures, the primary goal of EEE and hazardous waste lead regulations is to prevent lead
exposure in unsorted municipal waste streams such as recycling facilities and unsanitary
landfills.52–54
China, the European Union (EU), and the US lead the world in installed solar PV capacity.55
The EU has adopted two regulations directly applicable to lead-containing PVs that have resulted
in similar policies in China: the Waste Electrical and Electronic Equipment (WEEE) Directive and
the Restriction of Hazardous Substances (RoHS) Directive.56,57 The WEEE Directive requires that
75% of PV modules by weight be recovered and 65% by weight be recycled,54,55 which will
therefore require the development of new recycling protocols in tandem with new PV module
technologies. The RoHS Directive limits the amount of lead used in commercial EEE to 0.1% by
weight, although there are exemptions for certain PV product categories.53 These policies may
negatively impact the deployment of lead-based emerging thin-film PVs by increasing their cost
due to mandated recovery or recycling in the case of the WEEE Directive, or outright banning
their sale in the case of the RoHS Directive.57
20

In the US, there are neither nationwide RoHS-style bans on lead-containing EEE, nor
mandates on PV recovery or recycling.51,58 Instead, end-of-life PVs are regulated by the Resource
Conservation and Recovery Act (RCRA), which creates a framework for hazardous waste
management in the US.52 Once decommissioned, PVs are categorized as either hazardous or
nonhazardous waste based on their potential to leach hazardous substances including lead into the
surrounding environment.52 The methodology for categorizing and examining RCRA compliance
of wastes is compiled in the Environmental Protection Agency (EPA) Test Methods for Evaluating
Solid Waste: Physical/Chemical Methods compendium.59 Classification of lead-based emerging
thin-film PVs as hazardous waste could negatively impact their deployment by increasing the cost
due to mandated hazardous waste disposal.
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1.4 Thesis Overview
This thesis analyzes the regulatory requirements of emerging lead-based thin-film solar cells
based on lead halide perovskites and PbS QDs, and offers two strategies for improved compliance
and reduction of end-of-life environmental impacts: reduction of lead content and prevention of
lead leakage.
Chapter 2 provides a preliminary evaluation of lead halide perovskite PVs according to the
European Union Restriction of Hazardous Substances (RoHS) Directive and United States
Resource Conservation and Recovery Act (RCRA) lead regulations. It also contains a risk
assessment of a worst-case, end-of-life-disposal scenario for lead halide perovskite PVs into an
unlined landfill to determine the greater source of risk for public lead exposure under catastrophic
failure: the solubility of lead or the physical lead content.
Chapter 3 presents an alternative PbS QD PV fabrication procedure based on ligand exchange
with lead-free tetrabutylammonium iodide (TBAI) rather than lead halides. In addition to reducing
the total and leached lead concentrations of PbS QD PVs, this ligand exchange protocol offers a
72% reduction in synthesis costs, an 80% reduction in solvent volumes, and a nearly 250-fold
reduction in lead waste generated compared to the previous PbX2-based protocol for highestperforming QD PVs.
Chapter 4 demonstrates reductions as high as 99% in perovskite PV lead leaching via the
introduction of a chemical barrier film based on scaled, non-toxic polymers and calcium
phosphate. The barrier film is robust against physical and chemical degradation and could be used
to recycle the lead it captures into new compounds.
This thesis also contains two appendices. Appendix A: Effects of EVA on Lead Solubility
contains PbS QD capture and bulk lead compound solubility experiments with the polymer
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ethylene-vinyl acetate (EVA). Appendix B: Bacteria Toxicity Screen of Lead-Based PVs describes
a primary toxicity screen of lead-based PV device components with the bacterium Shewanella
oneidensis MR-1.
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2 Regulatory Assessment of Lead Halide Perovskite
Photovoltaics
The majority of this chapter has been submitted as a manuscript for publication in Joule and is
currently under review.

2.1 Abstract
Regulation of commercial photovoltaic products that contain heavy metals and other hazardous
materials is essential for ensuring the safety of consumers and the health of the environment. In
this chapter, we 1) evaluate rigid and flexible lead halide perovskite PVs according to legal
regulatory frameworks in the European Union and United States, 2) determine critical sources of
risk and impacted media from lead exposure, and 3) provide future directions to ensure the safe
deployment of perovskite PVs. We conclude that substrate weight plays a substantial role in the
regulation of lead halide perovskite PVs by affecting the lead concentration by weight, thus
lightweight, flexible modules may face additional regulatory obstacles compared to more
traditional rigid glass modules.
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2.2 Introduction
Metal halide perovskite photovoltaic (PV) devices offer promising performance and
unique applications, with demonstrated power conversion efficiencies that exceed 20% with
various architectures, stable operation over thousands of hours, and compatibility with flexible
substrates.39 However, the highest-performing perovskite materials for PV applications contain
lead, which is regulated worldwide as a hazardous material.52,53
As several companies and research labs are now considering the possibility of large-scale
deployment of lead-based perovskite PV modules,39 the topic of regulatory compliance is of
critical importance but has been largely overlooked. Here, we present a preliminary evaluation of
lead halide perovskite PVs according to the European Union Restriction of Hazardous Substances
(RoHS) Directive53 and United States Resource Conservation and Recovery Act (RCRA) lead
regulations.52 The RoHS and RCRA both aim to reduce the risk of harm caused by hazardous
materials, and are legal regulatory frameworks that all commercial PVs are subject to. By
characterizing the lead concentration and lead leaching behavior of perovskite films on glass and
polyethylene terephthalate (PET) substrates using RoHS Directive and RCRA mandated protocols,
we find that some of the key advantages of lead-based perovskites as a solar technology,
specifically their potential for high specific power (W g-1), and lightweight and portable
applications, are at odds with the regulatory frameworks currently in place due to international
processing of waste on a per-weight basis.60 We further perform a risk assessment of a worst-case,
end-of-life-disposal scenario for lead halide perovskite PVs into an unlined landfill to determine
the greater source of risk for public lead exposure under catastrophic failure: the solubility of lead
or the physical lead content. We conclude from our regulatory analysis that that substrate weight
plays a substantial role in the regulation of lead halide perovskite PVs by affecting the lead
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concentration by weight, which could lead to additional regulatory obstacles for commercial
deployment of lightweight, flexible perovskite PV modules.

2.3 Restriction of Hazardous Substances (RoHS) Directive Regulation
2.3.1 RoHS Overview
In the European Union (EU), the RoHS Directive is the primary regulation that prevents
the distribution of potentially hazardous commercial electrical and electronic equipment (EEE).53
Its direct impact on the market is evident by the up to 94% reductions in lead content in items such
as laptops, printers, watches, gardening equipment, videogames, and beverage dispensers in the
EU,61 and the adoption of similar policies in China, South Korea, and Japan.56,57 The RoHS
Directive requires that the concentration of restricted hazardous substances in EEE be evaluated
on a per-weight basis, where the maximum tolerated weight concentration for lead in homogenous
materials according to the RoHS directive is 0.1%, or 1,000 mg kg-1.53 This value is simply
determined by first measuring the total amount of lead in the material and dividing by the total
weight of the sample. Importantly, the flow chart in Figure 2.1A shows that all EEE must comply
with this weight concentration limit or receive an exemption in order to be made available on the
EU market.53 For example, when applied to CdTe PV modules, the cadmium concentration by
weight in the PVs exceeds RoHS limits,57 but fixed-location PV modules are a product category
excluded from the RoHS Directive, so professionally installed, fixed-location CdTe PV modules
can placed on the EU consumer market.53,57 Although other common metrics for PV (i.e. $ m-2)
are determined on a per-area basis, regulation of waste is done per-weight because in bulk waste
is processed, tracked, and priced on the basis of weight.60,62,63
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2.3.2 RoHS Assessment of Lead Halide Perovskite PVs
Following the standard RoHS procedure applied to other PV, we measure the total lead
concentration of a perovskite film on a glass substrate compared to a flexible, thin PET substrate.
Both

films

have

the

same

surface

area

and

thickness

with

a

composition

of

FA0.95MA0.05Pb(Br0.05I0.95)3 (FA: formamidinium and MA: methylammonium), which has led to
PCEs of > 20%.64 We have chosen to ignore the other device transport layers as they have a
minimal effect on overall device weight compared to the substrate (Table 2.3). We also omit
encapsulation layers and analyze the perovskite film and substrate together as homogenous
materials as previously done for portable copper indium gallium selenide (CIGS) PVs.65
In order to determine the total lead concentration, we perform microwave digestion to
dissolve the lead and then analyze the lead concentration of the resulting solution with inductively
coupled plasma optical emission spectrometry (ICP-OES). Figure 2.1B and Table 2.1 show the
total lead concentration to be 344 ± 4 mg kg-1 for a perovskite thin film on glass versus 22,400 ±
100 mg kg-1 for a film on a PET substrate. Importantly, we observe no statistically significant
variation in the total amount of lead (p = 0.169) for each of the films and therefore attribute the
differences in lead concentration to the substrate weight. As evident in Figure 2.1B, the film on
the lighter PET substrate has a higher lead concentration by weight than the film on the heavier
glass substrate, making it less likely to be RoHS compliant when evaluating the perovskite layer
and substrate together as a homogenous material. Although this result appears to have major
implications for the commercial viability of flexible perovskite PVs, we will review alternative
pathways for commercialization in Section 2.6.
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Figure 2.1: Evaluation of Restriction of Hazardous Substances (RoHS) Directive regulation on perovskite
PVs. (A) Schematic of RoHS Directive regulatory framework. (B) Total lead concentration by weight of
1”x1” perovskite thin films on glass and polyethylene terephthalate (PET) substrates. Data are represented
as mean ± SD.

Table 2.1: Experimental details of lead concentration data depicted in Figure 2.1 and Figure 2.2. Data are
represented as mean ± SD. The uncertainty in total lead and percentage leached lead was determined via
error propagation.
Substrate
(1”x1”)

Substrate
Weight (g)

Total Pb
(mg)

Total Pb by Weight
(mg kg-1) a

Leached Pb
TCLP (mg L-1)b

Leached Pb
TCLP (%)

Glass

1.60 ± 0.02

0.55 ± 0.01

344 ± 4

14.2 ± 0.2

83±2

PET

0.0254 ± 0.0005

0.57 ± 0.01

22,400 ± 100

713 ± 5

64±1

a. The total Pb concentration by weight is significantly higher for the perovskite film on PET
despite equivalent total lead content to the film on glass due to the lower substrate weight.
b. The concentration of leached Pb is similarly much higher for the perovskite film on PET because
the Toxicity Characteristic Leaching Procedure (TCLP) is performed on a per weight basis
(extraction fluid is added to solid waste samples in a 20:1 ratio by weight extraction fluid to
sample, so with decreasing substrate weight, a smaller volume of fluid is added to the extraction,
leading to a higher leached lead concentration).
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2.4 Resource Conservation and Recovery Act (RCRA) Regulation
2.4.1 RCRA Overview
As discussed in Section 1.3.3, The RoHS Directive does not apply to United States (US)
markets,53 which are instead governed by a different set of regulations. The Resource Conservation
and Recovery Act (RCRA) creates a framework for hazardous waste management in the US.52 The
RoHS Directive primarily restricts the distribution of potentially hazardous products on total
content by weight,53 whereas RCRA regulates the disposal of products and categorizes waste as
hazardous or nonhazardous based on leaching potential (Figure 2.2A).52 The legally mandated
protocol used to determine this leaching potential is the Toxicity Characteristic Leaching
Procedure (TCLP),52 which for solid waste involves (see Section 2.9 for detailed experimental
procedures):
1) Product destruction to yield a particle size reduction of solid waste to < 1 cm;
2) Extraction with end-over-end agitation in a 20:1 ratio by weight of acetic acid buffer
solution to solids for 18 ± 2 hours;
3) Filtration of the extraction mixture through a 0.6 to 0.8 µm glass fiber filter to remove
solids;
4) Chemical analysis with appropriate analytical methods to determine the concentration of
the analytes.66
Similar to the RoHS Directive, RCRA incorporates the per weight basis for waste processing
through the addition of an acidic extraction fluid to the sample in a fixed ratio by weight.66 The
extraction fluid for non-alkaline solid waste is an acetic acid buffer solution meant to simulate
landfill conditions.67
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2.4.2 RCRA Assessment of Lead Halide Perovskite PVs
We perform the TCLP analysis of two FA0.95MA0.05Pb(Br0.05I0.95)3 perovskite films on glass
and PET substrates and measure the leached lead concentrations to be 14.2 ± 0.2 and 713 ± 5 mg
L-1, respectively (Figure 2.2B). Indeed, this result makes sense in the context of a fixed mass of
waste in a landfill with a fixed amount of acetic acid, where a high mass substrate will reduce
concentration of lead in comparison to a low mass substrate. Interestingly, Table 2.1 also reveals
that the percentage of leached lead for the perovskite film on PET is actually lower than for the
film on glass, likely because the extraction mixture for the PET sample produces a saturated
solution of lead (Figure 2.3, Table 2.2).
The higher concentration of leached lead for perovskite PVs on lightweight substrates means
a greater likelihood of end-of-life characterization as hazardous waste (Figure 2.2). Waste that
exceeds the 5 mg L-1 lead limit from the TCLP requires hazardous waste disposal rather
landfilling.52,68 Importantly, this difference in waste disposal requirements leads to significant costs
to the life-cycle of the PV system. For example, hazardous waste costs $1.50 lb-1 ($3.31 kg-1) on
average across waste management methods compared to $0.02 lb-1 ($0.04 kg-1) for non-hazardous
waste.69
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Figure 2.2: Evaluation of Restriction of Resource Conservation and Recovery Act (RCRA) regulation on
perovskite PVs. (A) Schematic of RCRA regulatory framework. (B) TCLP leached lead concentration of
1”x1” perovskite thin films on glass and polyethylene terephthalate (PET) substrates. Data are represented
as mean ± SD.

PET
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Figure 2.3: Photo of perovskite films on glass (left) and PET (right) substrates following TCLP extraction.
The PET substrate appears yellow while the glass substrate is colorless, indicating more PbI2 is retained in
the film following extraction, likely because the extraction mixture is saturated with lead.

Table 2.2: TCLP leaching experiments with PbI2 (s). Data are represented as mean ± SD.
Leached Pb (mg L-1)a

Extraction Contents
PbI2 (s)

721 ± 5

1”x1” FA0.95MA0.05Pb(Br0.05I0.95)3 perovskite film on PET substrate

713 ± 5

a. The concentration of leached lead for the solid PbI2 sample (which does not dissolve completely
in the extraction fluid in a 20:1 ratio by weight extraction fluid to PbI2) is similar to that of the
perovskite thin film on PET, indicating that both mixtures are likely saturated with lead.
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2.5 Risk Assessment of Flexible Perovskite Modules
Both the EU RoHS Directive and US RCRA aim to reduce the risk of harm caused by
hazardous materials in waste,52,53 but they characterize this risk using different criteria: total
concentration in the case of the RoHS Directive and leached concentration in the case of RCRA.
It is important to determine which of these two sources of impact poses the greater risk to human
and environmental health and safety to allow the development of strategies to mitigate potential
negative impacts of lead halide perovskite PVs.
The US Environmental Protection Agency’s (EPA) Delisting Risk Assessment Software
(DRAS) can be used to conservatively estimate the exposure point concentrations for various
media including soil, air, groundwater, and surface water following disposal of waste containing
hazardous material in an unlined landfill.70 This disposal scenario offers an advantageous test bed
for impact evaluation, as it presents a large concentration of perovskite PVs that have undergone
significant destruction, are not well shielded from the surrounding environment, and could impact
the general public rather than a smaller subset of the population such as recycling facility workers.
The soil, air, and surface water concentrations are determined by the total concentration of
hazardous material by weight in the waste, as exposure results from physical erosion and transport
of the hazardous material, while the groundwater concentration is determined by the leached
(TCLP) concentration, as exposure results from chemical leaching of the hazardous material from
the landfill into a downgradient well (Figure 2.4A).70 The determination of DRAS exposure point
concentrations can thus be thought of as a preliminary screen to determine which aspect of lead
halide perovskite PVs poses a greater risk to human and environmental health: the total lead
content, or the lead leaching potential.
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In order to estimate a worst-case scenario of perovskite landfill disposal, we calculate the
air, soil, groundwater (Figure 2.4C) and surface water (Figure 2.5) lead concentrations resulting
from the landfilling of a 5 MWDC-peak solar plant with flexible lead halide perovskite modules
(Figure 2.4B) (see Section 2.9.9 for calculation details). We observe that the contamination levels
for air, soil, and surface water are several orders of magnitude below the maximum acceptable risk
levels, and thus would not require remediation, but the lead concentration in groundwater is less
than a factor of 4 below the EPA drinking water lead limit for the landfilled modules.70 We
conclude that groundwater has the highest potential to exceed maximum acceptable risk levels for
lead contamination, and thus the lead leaching potential of perovskite PVs is a greater source of
risk than the lead content in this landfill disposal scenario.
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Figure 2.4: Lead contamination from landfilled perovskite modules. (A) Schematic illustration of
contamination pathways resulting from disposal in an unlined landfill.70 (B) Schematic illustration of PET
perovskite module architecture. (C) Estimated lead exposure point concentrations resulting from landfilling
a hypothetical 5 MWDC-peak perovskite solar project for air, soil, and groundwater media (gray squares)
relative to US Environmental Protection Agency target levels for acceptable risk (black lines).70
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Figure 2.5: Estimated lead exposure point concentrations resulting from landfilling a hypothetical 5
MWDC-peak perovskite solar project for 2nd and 5th order streams relative to the US Environmental Protection
Agency target level for acceptable risk. Stream order is based on Strahler's stream ordering system,71 with
the 2nd order stream assumed to be the smallest stream capable of supporting fish and the 5th order stream
assumed to be the smallest stream capable of serving as a community water supply.70

2.6 PV Market Implications
For EU markets, although our preliminary evaluation shows that flexible perovskite PVs
may not be RoHS compliant, their deployment may still be possible with exemptions, as shown
in Figure 2.1. Fixed-location PV panel installations are currently a RoHS-exempted product
category in the EU,53 so professionally installed, fixed-location perovskite solar panels could still
be commercially feasible. However, more portable applications that take advantage of the
lightweight form-factors of flexible perovskite PVs would likely need to be granted additional
exemptions, especially for non-professional use, making their widespread commercial
deployment extremely challenging under RoHS Directive regulatory framework, as exemptions
will require compelling evidence of socioeconomic advantages to be granted, and if they are
granted, this will be temporary.53
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For US markets, while flexible lead halide perovskite PVs are more likely to be
characterized as hazardous waste because of their higher lead content by weight, we note that
their hazardous waste disposal costs actually have the potential to be much lower than if they
were to exceed the TCLP lead limit with a more traditional rigid glass architecture. For example,
for a 15% power conversion efficient solar panel with 3 mm thick front and back glass
encapsulation (30 kg for a 2 m2 panel assuming the weight of the additional device components
is negligible), the hazardous waste disposal cost would be ~$99 per panel with 300 Wp, or $0.33
Wp-1. For a ten times lighter panel, hazardous waste disposal would drop to $0.03 Wp-1.

2.7 Risk Reduction Strategies
Because of our observation that leached lead is a greater public and environmental health
risk than lead content for lead halide perovskite PVs in catastrophic failure scenarios, we
recommend the investigation of TCLP leached lead concentrations and percentages of leached
versus total available lead to bolster the development of new perovskite encapsulation strategies.
In comparison to other perovskite lead leaching tests previously reported in the literature,72,73 the
TCLP uses an acid solution with a greater potential for lead extraction67 (Figure S3), requires a
greater degree of sample destruction and submersion in acid,66,72,73 and TCLP leaching
percentages are reproducible across a wide range of perovskite architectures (Figure S4, Table
S2). TCLP experiments could thus provide more comprehensive information about the chemical
capability of perovskite encapsulation architectures at preventing the leaching of hazardous
materials, rather than just the mechanical strength, in addition to reflecting the legally required
evaluation of hazardous waste.
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Figure 2.6: Lead leaching comparison of acid rain and TCLP extraction fluids. (A) Lead leaching
comparison of perovskite device using Synthetic Precipitation Leaching Procedure (SPLP) to simulate acid
rain and Toxicity Characteristic Leaching Procedure (TCLP) to simulate landfill conditions. (B) Primary
toxicity screen using the bacterium, S. oneidensis MR-1 exposed to 200-fold diluted SPLP and TCLP
extraction fluids after 1 week of storage for a perovskite solar cell (PSC) and a system blank of the same
device architecture without the perovskite layer. The decrease in bacterial viability (the number of bacteria
that survive the treatment) for the PSC sample, compared to the system blank, indicates that landfill
leachates are toxic to the bacteria at these concentrations while the acid rain leachates are nontoxic. Twoway ANOVA with Sidak’s multiple comparisons test was used to determine statistical significance between
each sample and its system blank. ***p<0.001. (C) Lead concentration of SPLP and TCLP extraction fluids
measured immediately after extraction and following 1 week of storage in ambient conditions. The decrease
in lead concentration for the acid rain sample following storage may explain the higher viability of bacteria
exposed to the SPLP leachate compared to the TCLP leachate. Data are represented as mean ± SD.
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Figure 2.7: Characterization of perovskite lead leaching behavior. TCLP lead leaching comparison of: (A)
A FA0.95MA0.05Pb(Br0.05I0.95)3 perovskite thin film and solar cell with architecture Glass/ITO/SnO2/
FA0.95MA0.05Pb(Br0.05I0.95)3 /Spiro-MeOTAD/MoOx/Ag on 1.1 mm glass. The perovskite film thickness is
400 nm. (B) A MAPbI3 perovskite thin film on 1.1 mm glass and solar cell with architecture
Glass/ITO/PEDOT:PSS/MAPbI3/PCBM/BCP/Ag on 0.5 mm glass. The perovskite film thickness is 450
nm. (C) Cs0.05FA0.79MA0.16PbI3 perovskite thin films with varying thicknesses. The gray portions of each
bar chart represent leached lead while the white portions represent total available lead. Data are represented
as mean ± SD. Leaching percentages (leached lead versus total available lead) are maintained for each
perovskite composition, indicating that the TCLP is broadly applicable to a range of perovskite films and
devices when adjusted for weight, and perovskite lead solubility is formulation dependent.

Table 2.3: Experimental details of Toxicity Characteristic Leaching Procedure (TCLP) data depicted in
Figure 2.7. Data are represented as mean ± SD. The uncertainty in total lead and percentage leached lead
was determined via error propagation.
Substrate
(1”x1”)
A
B

C

Substrate
Weight (g)

Total Pb
(mg)

Total Pb by Weight
(mg kg-1) a

Leached Pb
TCLP (mg L-1)b

Leached Pb
TCLP (%)

Thin Film

1.60 ± 0.02

0.55 ± 0.01

344 ± 4

14.2 ± 0.2

83±2

Full Device

1.739 ± 0.003

0.41 ± 0.03

236 ± 16

10.0 ± 0.2

85±6

Thin Film

1.644 ± 0.009

0.67 ± 0.01

410 ± 2

18.8 ± 0.2

92±2

Full Device

1.059 ± 0.001

0.50 ± 0.01

474 ± 14

21.9 ± 0.3

92±3

790 nm

1.66 ± 0.01

0.93 ± 0.02

562 ± 11

23.4 ± 0.4

83±2

600 nm

1.664 ± 0.007

0.75 ± 0.02

449 ± 9

19.2 ± 0.3

85±2

450 nm

1.66 ± 0.01

0.61 ± 0.07

370± 40

17.3 ± 0.4

90±10

A. The concentration of leached Pb decreases for the full device compared to the perovskite thin film
because of the removal of approximately 20% of the perovskite film from the substrate to allow
for better contact to the device electrodes.
B. The concentration of leached Pb increases for the full device compared to the perovskite thin film
because of a decrease in weight from the thinner glass substrate (extraction fluid is added to solid
waste samples in a 20:1 ratio by weight extraction fluid to sample, so with decreasing substrate
weight, a smaller volume of fluid is added to the extraction).
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2.8 Conclusions
We observe from our analysis of the EU RoHS Directive and US RCRA that substrate
weight plays a substantial role in the regulation of lead halide perovskite PVs by affecting the
lead concentration by weight, a key factor in the determination of regulatory compliance.
However, risk assessment of a hypothetical landfill disposal scenario reveals that it is the lead
leaching of perovskite PVs that poses greater risk to public human and environmental health than
the lead content itself.
With companies and research labs both focusing on testing larger area perovskite devices
and modules in the field39 as well as the recent finding that more frequent disposal and
replacement of modules may lead to a lower levelized cost of electricity,74 we believe that
increased focus should be placed on reducing lead leakage from perovskite modules. One such
strategy is discussed in Chapter 4 of this thesis.

2.9 Experimental Procedures
2.9.1 Total Lead Content Characterization
To determine total lead content by weight of perovskite films and devices, samples were digested
in a 1 M HNO3 solution in a fixed ratio by weight liquid to solid using a Milestone UltraWave
microwave sample-digestion system at 1500 W. The digestion consisted of two steps: 15 minutes
at 180 °C and 120 bar, and 10 minutes at 220 °C and 150 bar. Following digestion, samples were
diluted with ASTM Type II water to yield a final HNO3 concentration of 2%, filtered with 0.2
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µm PTFE syringe filters, and characterized using ICP-OES analysis as described in Section
2.9.8.

2.9.2 TCLP Extraction Fluid Determination
A TCLP extraction fluid determination was performed according to the literature.66 Briefly, 5.0 g
of perovskite films on glass were crushed with a hammer followed by a mortar and pestle to a
particle size of approximately 1 mm in diameter or less. The solids were then transferred to a 500
mL beaker, and 96.5 mL of ASTM Type II water was added. The beaker was then covered with
a watch glass and stirred vigorously for 5 minutes using a magnetic stirrer. The pH of the
solution was found to be > 5.0, so 3.5 mL of 1 N HCl was added. The resulting mixture was
slurried briefly, covered with a watch glass, and heated at 50 °C for 10 minutes. The solution
was then cooled to room temperature. The pH of the resulting solution was found to be < 5.0, so
TCLP Extraction Fluid #1 was used for all TCLP leaching experiments.

2.9.3 TCLP Extraction Fluid #1 Preparation
Glacial acetic acid (5.7 mL), ASTM Type II water (500 mL), and 1 N NaOH (64.3 mL), were
combined and then diluted to a volume of 1 L to create TCLP Extraction Fluid #1. The pH was
confirmed to be within the range specified by the literature: 4.93 ± 0.05.66 The extraction fluid
was monitored frequently for impurities using ICP-OES, and the pH was checked prior to each
use.
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2.9.4 SPLP Extraction Fluid #1 Preparation
Because of the scope of the study was to test the leachability of waste, SPLP Extraction Fluid #1
was selected.75 The solution was prepared by first preparing dilute acid solutions: 64 mL of 98%
H2SO4 was diluted to a volume of 250 mL using ASTM Type II water and 15 mL of ≥ 69.0%
HNO3 was diluted to a volume of 250 mL using ASTM Type II water. The dilute acid solutions
were then combined in a 60/40 weight percent mixture H2SO4/HNO3 by mixing 39.65 µL of the
H2SO4 solution and 27.2 µL of the HNO3 solution in 1 L of ASTM II water. The pH was
confirmed to be within the range specified by the literature: 4.20 ± 0.05.75 The extraction fluid
was monitored frequently for impurities using ICP-OES, and the pH was checked prior to each
use.

2.9.5 Particle Size Reduction
Perovskite films and devices on 1”x1” glass substrates were first weighed and then crushed by
placing the samples between two polystyrene weighing dishes and smashing with a hammer until
all pieces were reduced to be smaller than 1 cm in narrowest dimension and capable of passing
through a 9.5 mm standard sieve. Perovskite films on 1”x1” PET substrates were reduced to the
same dimensions by cutting with scissors rather than crushing.

2.9.6 Extraction with End-Over-End Agitation
Following particle size reduction, samples were transferred to polypropylene tubes. 50 mL tubes
with polyethylene lined caps were used for samples on glass substrates and 2.0 mL
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microcentrifuge tubes were used for samples on PET substrates. TCLP or SPLP extraction fluid
was then added in a 20:1 ratio by weight extraction fluid to sample. The extraction mixture was
then rotated in an end-over-end fashion using a tube rotator at 30 ± 2 rpm for 18 ± 2 hours.

2.9.7 Filtration of Extraction Mixture
Following the 18 ± 2 h sample agitation period, the extraction mixture was filtered with a 0.7 µm
borosilicate glass fiber filter. Because of the small extraction volumes, filtration did not follow
the literature specifications of a filter holder with minimum internal volume of 300 mL equipped
to accommodate a minimum filter size of 47 mm.66,75 Instead, Flipmate 50 assemblies were used
for samples on glass substrates and syringe filters were used for samples on PET substrates.
Immediately following filtration, all samples, with the exception of those used for the bacteria
toxicity screen (Figure 2.6B) and the extraction fluid stability test (Figure 2.6C), were acidified
with HNO3 to a pH of < 2 via a tenfold dilution (the final HNO3 concentration was 2%). If the
resulting extract could not be analyzed within 6 hours, samples were stored under refrigeration
(4 °C) until analyzed.

2.9.8 ICP-OES Analysis
Due to the concentration range (mg L-1) of the samples, inductively coupled plasma optical
emission spectroscopy (ICP-OES) was selected for chemical analysis. The acidified samples
were filtered with 0.2 µm PTFE syringe filters prior to ICP-OES analysis. Analysis was
performed with an Agilent 5100 system, with concentration standards of 1, 10, and 100 mg L−1
and lead characterization wavelengths of 179.605, 182.143, 217.000, 220.353, 261.417, 280.199,

41

and 283.305 nm. Because the extracts showed concentrations of lead in excess of regulatory
levels, the extracts were not digested prior to analysis and matrix spikes were not performed.
However, these quality assurance procedures would be required to demonstrate waste containing
lead is not hazardous.66,75

2.9.9 Lead Exposure Point Concentration Calculations
Lead exposure point concentrations are not directly provided by EPA Delisting Risk
Assessment Software (DRAS) because toxicity factors are not available for lead.70 We thus
developed a program to calculate lead exposure point concentrations using a series of equations
from the Resource Conservation and Recovery Act (RCRA) Delisting Technical Support
Document.70
For the perovskite module calculation, we employed the total lead concentration (22,400
mg kg-1) and TCLP lead concentration (713 mg L-1) for the perovskite film on PET reported in
Table 2.1. We chose a 5 MWDC-peak solar plant to represent the installed output peak power
capacity of a typical solar facility in the United States,76 and a common employed module
architecture for thin film PV (Figure 2.4B) consisting of UV barrier (10 µm)/front barrier films
(110 µm)/PET substrate (125 µm)/active layers (0.9 µm)/back barrier films (100 µm). While we
recognize that the introduction of additional encapsulation layers will decrease the lead
concentration by weight, and has the potential to decrease the concentration of leached lead for
an actual perovskite PV module, we still use the experimental values for an unencapsulated
perovskite film, as we wish to approximate a worst-case scenario. Assuming a nominal 15%
power conversion module efficiency, we calculate a total volume of 14.6 yd3 (11.6 m3) for
landfilled PET modules.
42

DRAS Version 3.0 was first used to calculate a waste-volume adjusted Dilution
Attenuation Factor (DAF) using a total waste volume of 14.6 yd3 for PET modules, a Cancer
Risk Level of 1E-5 and a Hazard Quotient (HQ) of 0.1 (the default values specified in the RCRA
Delisting Technical Support Document),70 a Landfill Waste Management Type, and a One Year
Batch Waste Management Unit Active Life. Lead was selected from the available chemicals in
the DRAS database. A TCLP concentration of 713 mg L-1 and total concentration of 22,400 mg
kg-1 were used. Once DRAS was run with these specifications, the “Maximum Allowable TCLP
Concentrations – Groundwater Exposure Pathways” box was selected, and the Dilution
Attenuation Factor (DAF) value was recorded: 18.5. The total concentration of Pb in mg kg-1,
TCLP concentration of Pb in mg L-1, total volume of waste in yd3, and Dilution Attenuation
Factor (DAF) were then entered into the exposure point concentration calculation program to
obtain the lead exposure point concentration for air, soil, groundwater, and surface water media.

2.9.10 Bacterial Growth Conditions
S. oneidensis MR-1 were stored at -80 °C until they were ready to use, when they were then
streaked onto a Luria-Bertani (LB) agar plate and incubated overnight at 30 °C. Two colonies
were inoculated in 10 mL of LB broth overnight at 30 °C with shaking (300 rpm). The bacterial
suspension was then centrifuged (750×g, 10 min) and resuspended in Dulbecco’s phosphatebuffered saline and then centrifuged again (750×g, 10 min) and resuspended in HEPES buffer (2
mM HEPES, 25 mM NaCl, pH=7.4). The optical density in HEPES buffer was adjusted to 0.2
(~2×108 cells/mL) for the toxicity experiment in Figure 2.6B.
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2.9.11 Bacteria Toxicity Experiment
In order to measure the toxicity of the leachates to S. oneidensis MR-1, a published procedure
was adapted.77 Briefly, the bacteria were exposed to 200-fold diluted, un-acidified TCLP and
SPLP extracts (extraction fluid following the filtration step but prior to the acidification step was
used in order to better simulate environmental exposure conditions). The perovskite solar cell
(PSC) samples consisted of a 1”x1” solar cell with device architecture
FTO/SnO2/Cs0.04FA0.8MA0.16Pb(Br0.16I0.84)3/Spiro-MeOTAD/Au extracted with either TCLP or
SPLP extraction fluid. The system blank samples consisted of an identical 1”x1” sample with the
perovskite layer removed (i.e. an architecture of FTO/SnO2/Spiro-MeOTAD/Au) extracted with
either TCLP or SPLP extraction fluid. Shortly before the bacterial exposure to the extracts was
over, a control suspension of bacteria was serially diluted 2-fold with HEPES buffer to build a
calibration curve consisting of 100, 50, 25, 12.5, 6.25% viable bacteria. After exposure, 5 µL of
the samples were mixed with 195 µL of LB broth, and the OD600 was read every 20 min
overnight with a Biotek Synergy™ 2 multi-mode microplate reader, analyzing the resulting
growth curves using the R package provided in Qiu, et al.77
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3 Lead Reduction in Quantum Dot Ink Photovoltaics
The majority of this chapter is adapted with permission from:
Moody, N.; Yoon, D.; Johnson, A.; Wassweiler, E.; Nasilowski, M.; Bulović, V.; Bawendi, M. G.
Decreased Synthesis Costs and Waste Product Toxicity for Lead Sulfide Quantum Dot Ink Photovoltaics.
Adv. Sustain. Syst. 2019, 3 (10), 1900061. https://doi.org/10.1002/adsu.201900061.
© 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim

3.1 Abstract
Use of lead sulfide (PbS) colloidal quantum dot (QD) films as photoactive layers in photovoltaic
(PV) devices typically requires replacement of native QD ligands with lead-based capping ligands
(i.e. PbX2, X = Br, I) for the best-performing QD PVs. This ligand replacement process often
requires additional solvents and toxic reagents. In this chapter, an alternative PbS QD PV
fabrication method with a lead-free tetrabutylammonium iodide (TBAI) ligand source and lower
material requirements and toxicity is demonstrated, yielding 10% power conversion efficient PVs
with more than 1000 h of storage stability under ambient conditions. Evaluation of the economic
and toxicological benefits of this new ligand exchange protocol reveal a 72% reduction in synthesis
costs, an 80% reduction in solvent volumes, and a nearly 250-fold reduction in lead waste
generated compared to the previous PbX2-based protocol for highest-performing QD PVs. Most
significantly, it is shown that unencapsulated PbS QD PVs made from this TBAI method leach
less lead than U.S. Environmental Protection Agency limits and thus do not require hazardous
waste disposal at the end of life. This finding implies a further decrease in expected device costs,
extending progress towards large-scale production of commercial PbS QD PVs with low
environmental risk.
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3.2 Introduction
As described in Section 1.2.1, lead sulfide quantum dot (PbS QD) films show potential as
photoactive layers in the next generation of photovoltaic (PV) devices. The tunable QD
bandgaps,78–83 high film stability in air,79,80,82,83 and solution processability79–83 could allow for the
fabrication of low-cost, large-area devices.79,80,82 During synthesis, PbS QDs are typically capped
with long-chain oleic acid (OA) ligands in order to achieve colloidal stability and high
monodispersity.84 OA improves the surface passivation of QDs in organic solutions, however, it
also reduces the charge conductivity within the photoactive QD films, leading to poor QD PV
device performance.82 It has been shown that a significant improvement in QD PV performance
can be achieved if the deposited PbS QD films are chemically treated to undergo ligand exchange,
replacing OA with shorter ligands, such as halides and short-chain thiols, which leads to high
charge conductivities within QD films, boosting the power conversion efficiency of QD PVs.82

3.2.1 Solution-Phase Ligand Exchange
Solution-phase ligand exchange is currently the leading method of preparing the active
layers in top-performing PbS QD PVs. In a separate synthetic step, OA-capped PbS QDs are
exchanged with short ligands in solution and then suspended at a high concentration in a solvent
to form an ink.78–81 This ink can then be deposited on a substrate to form the QD PV device active
layer,78–81 with recently reported PbS QD PVs achieving 12% power conversion efficiency
(PCE).78 With this advancement, the fabrication of the active layer is now more facile, however,
the scalability of PbS QD solar cells is still uncertain. A recent report by Jean et al. revealed that
current solution-phase QD ligand exchange methods create an added cost of $6.30 per g of QDs,
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an expense that negatively impacts the commercial viability of QD PV modules.85 In addition to
this added cost, the toxicological properties, environmental impact, and end-of-life disposal of Pbbased QD PVs is of critical importance and has received only minimal attention.86–88 For example,
the leading PbS QD ligand exchange procedures employing lead halides such as lead(II)
bromide78–80 and lead(II) iodide78–81 have yet to be evaluated with regards to U.S. Environmental
Protection Agency and European Union regulatory limits.
In this chapter, we present a solution-phase ligand exchange method that reduces the
amount of utilized lead by employing tetrabutylammonium iodide (TBAI) as the source of iodide
ligands. The resulting PbS QD PVs have a 10% PCE under AM1.5 illumination, with more than
1000 h of storage stability when stored unpackaged in ambient conditions. Importantly, this
synthetic methodology is evaluated with regards to its ability to lower costs and toxicity compared
to the current champion lead halide (PbX2) based ligand exchange methods.78 This work provides
a potential pathway towards reduction of lead content and improved compatibility with industrial
scale thin-film PV device production for PbS QD PVs.

3.3 TBAI Solution-Phase Ligand Exchange
3.3.1 Ligand Exchange Procedure
PbS QD precursor solution is first synthesized with OA ligands, resulting in QDs with an
optical bandgap of 1.3 eV (corresponding to the absorption peak wavelength of λ = 956 nm) and
bright photoluminescence that peaks at 1.19 eV (λ = 1043 nm) (Figure 3.1). Next, TBAI ligand
exchange is performed by precipitating the OA-capped PbS QDs in octane with a solution of TBAI
in ethanol. This precipitation step replaces previous phase transfer exchange methods, which
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involve a phase transfer of PbS QDs in octane into a solution of lead halides dissolved in N,Ndimethylformamide (DMF).78–81 The QDs are then resuspended in DMF, precipitated with ethanol
a second time for further purification, and finally suspended in DMF to form a concentrated ink
solution. The TBAI ligand exchange process leads to a slight red shift in the band-edge absorbance
and emission peaks, as would be expected due to the increased dielectric environment from
reduced interdot spacing89,90 as well as an 11% increase in the full-width-at-half-maximum
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Figure 3.1: Normalized absorbance (solid line) and photoluminescence (dashed line) spectrum of assynthesized OA-capped PbS QDs in octane.
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Figure 3.2: Absorbance (a) and photoluminescence (b) spectra of PbS QDs with native OA ligands in
octane and following ligand exchange with TBAI in DMF.
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3.3.2 PV Device Fabrication and Performance
The QD ink formed by the TBAI ligand exchange method can be deposited in a single step
to form the active layer of PbS QD PVs. Figure 3.3a shows a schematic diagram of the layers
comprising the QD PVs from TBAI ink, including a thin layer of PbS QDs capped with 1,2ethanedithiol (EDT) that is often required to suppress interfacial recombination.83 Figure 3.3b
shows the forward and reverse current-voltage sweeps of the same device, showing minimal
hysteresis and demonstrating a current density (Jsc) of 26 mA cm-2, open circuit voltage (Voc) of
0.62 V, and fill factor (FF) of 0.62, resulting in a PCE of 10%. This value is approaching the
highest-performing PbS QD ink solar cells fabricated to date.78–81 Key differences in device
performance between the TBAI ink device and the current certified champion PbS QD ink solar
cell fabricated with PbX2-based ligand exchange methods likely arise from less efficient QD
surface passivation following ligand exchange with the TBAI method. The 30 mV lower Voc for
the TBAI ink device compared to the champion PbX2 ink device is likely due to increased QD
polydispersity, nonradiative losses, and aggregation following ligand exchange with the TBAI
method compared to the PbX2 method (Figure 3.4 and Figure 3.5), and the 3 mA cm-2 lower Jsc
likely arises from a lower exchange percentage of native OA ligands with iodide (Figure 3.6, Table
3.1, and Table 3.2).78
Figure 3.3c shows that the PV performance is maintained after more than 1,000 h of
unencapsulated storage in ambient conditions, matching the storage stability of similar PbS QD
PVs.79 Furthermore, favorable optoelectronic properties, such as a low shunt current and an
absence of radiative sub-bandgap states are revealed by dark device J-V characteristics (Figure
3.7a) and film photoluminescence (Figure 3.7b), respectively.
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Figure 3.3: TBAI QD ink device. (a) Device architecture. (b) J-V curve. (c) Stability test of device stored
in air.
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Figure 3.4: Absorbance (a) and photoluminescence (b) spectra of PbS QD ink solutions prepared with
TBAI (black) and PbX278 (red) ligand exchange methods. The peak broadening and slight red shift suggest
increased polydispersity for the TBAI ink compared to the PbX2 ink,91 and the lower photoluminescence
quantum yield of the TBAI ink indicates greater nonradiative losses,92 both of which can limit device open
circuit voltage (Voc).91,92
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Figure 3.5: Transmission electron microscopy (TEM) images of PbS QDs prepared using TBAI (left) and
PbX2 (right) ligand exchange methods, revealing increased aggregation for the TBAI exchanged QDs. The
ink solutions used for preparing the TEM grids were prepared simultaneously at the same concentration.
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Figure 3.6: Analysis of native OA ligand removal for TBAI and PbX2 ligand exchange methods. The
presence of carboxylate peaks in the Fourier transform infrared (FTIR) spectrum (a) of the TBAI ink that
are absent for the PbX2 ink indicates incomplete removal of OA ligands. The incomplete replacement of
OA ligands with iodide ligands is further evidenced by higher intensity C 1s (b) and O 1s (c) and lower
intensity I 3d (d) XPS signals for the TBAI ink compared to the PbX2 ink. This incomplete replacement of
OA with iodide can negatively impact device short circuit current (Jsc) by reducing the electric coupling
strength between QDs and film carrier mobility.17,78,91,93
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Table 3.1: Atomic percentages of significant elements from XPS analysis of three scans of two samples.
Element

TBAI Method

PbX2 Method

Pb 4f

9.9 ± 0.9

25 ± 1

S 2p

12 ± 2

25 ± 1

5.4 ± 0.6

24.4 ± 0.8

C 1s

63 ± 2

20 ± 2

O 1s

9.1 ± 0.4

4.7 ± 0.5

TBAI Method

PbX2 Method

Pb 4f

1.0

1.0

S 2p

1.3

1.0

Halogens (I 3d for TBAI and I 3d and Br
3d for PbX2)

0.5

1.0

C 1s

6.3

0.8

O 1s

0.9

0.2

Halogens (I 3d for TBAI and I 3d and Br
3d for PbX2)

Table 3.2: Atomic ratios from XPS analysis.
Element

(a)

(b)
3

1.0

2

Normalized PL Intensity

Current Density [mA cm-2]

10
10

1

10

0

10

-1

10

-2

10

-3

10

0.8

0.4
0.2
0.0

-4

10
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Voltage [V]

FWHM = 148 nm

0.6

1000

1200
1400
Wavelength [nm]

1600

Figure 3.7: J-V characteristics of a PbS QD PV device in the dark (a) and the photoluminescence spectrum
of a PbS QD film (b) prepared with the TBAI ligand exchange method.
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3.4 QD Ligand Exchange Cost Analysis
3.4.1 Materials Cost
The TBAI ligand exchange method replaces several of the key precursors and solvents used
in previous PbX2 based ligand exchange methods.78–81 Figure 3.8 outlines the precursor and solvent
amounts of the TBAI ligand exchange method and the PbX2 method reported by Xu et al.78 and
estimates the nominal material costs to prepare the PbS QD ink. Material costs are based on the
largest purchase volumes available across leading commercial suppliers including Sigma Aldrich,
EMD Millipore, and TCI, and draw from the framework for calculating Monte Carlo input
parameters provided by Jean et al.85 The values in Figure 3.8 reveal significantly lower synthesis
costs for the TBAI QD ink preparation method compared to the PbX2 method reported by Xu et
al.,78 with nominal costs of $1.82 g-1 and $6.40 g-1, respectively. This lowered cost for the TBAI
method is due to factors such as the usage of smaller solvent volumes, lower cost of ink solvent,
and lower mass of iodide salt for ligand exchange. In addition to lower synthesis costs, the TBAI
method offers improved chemical stability (Figure 3.9) and colloidal stability (Figure 3.10) of
ligand-exchanged PbS QD ink solutions with storage in ambient conditions due to replacement of
the PbX2 method’s amine solvent mixture with DMF (Figure 3.11). As PbX2-exchanged QDs
cannot be suspended in DMF without aggregating over time,78 the TBAI ligand exchange method
offers improved solvent compatibility, which allows for increased air stability of PbS QD ink
solutions and potentially lower yield losses during PV manufacturing. The TBAI-based ligand
method thus provides promising progress towards commercially viable QD solar cells.
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Figure 3.9: Chemical stability comparison of TBAI and PbX2 QD ink preparations. X-ray powder
diffraction (XRD) pattern of TBAI (a) and PbX2 (b) PbS QD inks deposited immediately after preparation
and after 1000 h of storage in ambient conditions. Photo of TBAI (c) and PbX2 (d) PbS QD inks after 1000
h of storage in ambient conditions.
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Figure 3.11: Effects of solvent on TBAI QD ink stability. Normalized absorbance of TBAI exchanged PbS
QDs suspended in DMF (a) and a 20:1 ratio of butylamine to DMF (b) at a low concentration of 10 mg
mL-1. The greater loss in the excitonic feature with higher amounts of butylamine implies that colloidal
stability of the ink solution is solvent-dependent. The XRD pattern of the TBAI exchanged QDs following
overnight storage in the different solvents (c) shows similarities between the TBAI exchanged ink solvated
in a butylamine and DMF mixture and the PbX2 exchanged ink solvated in an amine mixture (Figure 3.9),
indicating a solvent-dependent degradation mechanism likely arising from the short chain amines acting as
competing ligands that inefficiently passivate the QD surface, leaving it susceptible to oxidation.94,95

3.4.2 Synthesis Byproduct Disposal Cost
In addition to the raw materials costs, the byproduct disposal costs should be considered to
achieve a comprehensive understanding of synthesis costs. In the United States, the Environmental
Protection Agency (EPA) restricts the disposal of hazardous wastes such as contaminated solvents
in municipal landfills based on their potential to leach toxic substances into the surrounding
environment.52 For liquid samples, waste is regulated based on the concentration of hazardous
contaminants.59 Above threshold regulatory limits (5 mg L-1 in the case of lead)68 waste cannot be
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disposed by using municipal waste streams, and instead requires costly hazardous waste removal
methods.88,96
To determine the concentration of hazardous contaminants, and thus the disposal
requirements for the synthesis byproducts of PbS QD ligand exchange using both TBAI and PbX2
methods, elemental analysis was performed using inductively coupled plasma optical emission
spectroscopy (ICP-OES). As lead is the only EPA-regulated contaminant present in the synthesis,
only the lead concentrations of the byproducts are reported. Table 3.3 shows the lead concentration
and content of the synthesis byproducts of the TBAI and PbX2 ligand exchange methods. While
the first phase transfer exchange step of the PbX2 ligand exchange leaves the octane phase
uncontaminated with a detectable amount of lead, thereby not requiring hazardous waste disposal,
the high concentration of lead halides and large solvent volumes used in the second precipitation
step cause the total lead content in the PbX2 ligand exchange byproducts to be nearly 250 times
that of the TBAI method for the same mass of PbS QDs. Based on the U.S. EPA’s Pollution
Prevention (P2) Cost Calculator, the reduction in hazardous waste generated with the TBAI
method would lead to further cost savings of $0.48 g-1 compared to the PbX2 method,69 making
the TBAI method a more scalable alternative for fabricating a deposition-ready PbS QD ink.
Table 3.3: Lead content of ink synthesis byproducts.

TBAI Method

PbX2 Method

Byproduct
Description

Concentration
Pb
[mg L-1]

Solution Volume
[mL]

Total Pb from
Byproduct [mg]

Supernatant from
1st Crash Out

380± 30

3.88

1.5

Supernatant from
2nd Crash Out

140± 30

8

1.1

Supernatant from
Octane Rinse

≈0

25

≈0

Supernatant from
Crash Out

21600 ± 100

30

648
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3.5 Comparative Regulatory Assessment of QD Ink Solar Cells
3.5.1 RoHS Directive Assessment: Lead Content
Because the ink active layer of PbS QD solar cells also contains lead, the toxicity of the
fully fabricated solar cell should also be characterized to understand the end-of-life disposal
regulations and requirements and their impact on the commercializability of QD PVs. As discussed
in Chapter 2, in the European Union, electrical and electronic equipment (EEE) is regulated based
on its total lead concentration by weight by the Restriction of Hazardous Substances (RoHS)
Directive, as a higher lead content is likely to pose a greater risk to human and environmental
health.53,88 To characterize the total lead concentration by weight of solar cells fabricated with a
device structure of ITO/ZnO/PbS-ink/Au prepared with the TBAI and PbX2 ligand exchange
methods, the solid lead in the devices was first fully dissolved into a solution of nitric acid added
in a fixed ratio by weight using microwave digestion. The concentration of lead in the nitric acid
solution was then determined using ICP-OES. Table 3.4 reveals that QD PVs made with the TBAI
ink preparation method have a 46% lower lead content by weight than those made with the PbX2
method. This is likely due to the introduction of additional lead from lead halides during the PbX2
ligand exchange78 that does not occur during the TBAI ligand exchange. The lower content of lead
in PbS QD films prepared with the TBAI method compared to those prepared using the PbX2
method is consistently evidenced by a 60% lower atomic percentage of lead obtained using X-ray
photoelectron spectroscopy (Table 3.1).
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Table 3.4: Total lead concentration by weight and leached lead concentration of PbS QD solar cells
(ITO/ZnO/PbS ink/Au) made with TBAI and PbX2 ink preparations.
Total Pb [mg kg-1]

Leached Pb [mg L-1]

Percentage Leached Pb

TBAI

250 ± 10

4.0 ± 0.3

32%

PbX2

460 ± 40

10.5 ± 0.4

46%

Ink Type

3.5.2 RCRA Assessment: Lead Leaching
Unlike the European Union, the United States Resource Conservation and Recovery Act
(RCRA) regulates waste EEE based on the leaching potential of hazardous material rather than
total concentration by weight.52 This leaching potential is determined using an analytical method
called the Toxicity Characteristic Leaching Procedure (TCLP).52 It involves a particle size
reduction to < 1 cm, an extraction in acetic acid buffer solution, filtration to remove solids
remaining in the extract, and finally, chemical analysis of the filtered extract to determine the
analyte concentration.59 Waste that yields an extraction fluid with analyte concentration greater
than the regulatory limits specified by the RCRA (5 mg L-1 in the case for lead)68 cannot be
disposed of using municipal waste streams, and instead requires more expensive hazardous waste
removal methods.88,96
To perform a preliminary analysis of the mobility of lead and the subsequent disposal
requirements of QD PVs made with TBAI and PbX2 ligand exchange methods, TCLP was
performed on solar cells fabricated with a device structure of ITO/ZnO/PbS-ink/Au with matched
photoactive layer thickness based on short-circuit current (Jsc) values. As shown in Table 3.4, QD
PV devices made with the PbX2 method leach more than double the RCRA lead limit (10.5 mg
L-1 compared to 5 mg L-1) and would thus be characterized as hazardous waste. The devices made
with the TBAI ligand exchange however leach less lead than the EPA limit (4.0 mg L-1 compared

60

to 5.0 mg L-1) and as a result are more likely than the PbX2 films to have the option of municipal
waste as an end-of-life disposal pathway.
This lowered lead leaching for the TBAI ligand exchange method is due to both a lower
total lead content and a lower solubility of lead components in the device. By comparing the
concentration of leached lead measured during TCLP analysis to the total lead content of the
devices measured following microwave digestion, matching the extraction volume and device
active layer thickness across measurements, it is revealed that the percentage of lead leached versus
the total lead available is lower for devices prepared with the TBAI ligand exchange method
compared to the PbX2 method (Table 3.4). The percentage of leached lead, and thus the solubility
of lead in devices with TBAI ink active layers is 30% lower than those with PbX2 active layers,
likely due to the absence of a PbI2 matrix element for the TBAI PbS QD ink films,78 as PbI2 has
two orders of magnitude greater leaching potential than PbS based on TCLP analysis (Table 3.5).
Due to the lower lead content and lead leaching, the TBAI ligand exchange protocol leads to QD
PVs that are significantly less toxic compared to the leading PbX2 ligand exchange protocol.78
Table 3.5: Lead leached from solid bulk PbS and PbI2 using TCLP analysis.
Leached Pb [mg L-1]

Extraction Contents
PbS (s)

1.1 ± 0.5

PbI2 (s)

629 ± 4
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3.6 Conclusions and Future Work
In summary, this solution phase ligand exchange method with TBAI as the source of iodide
ligands improves the scalability and regulatory compliance of PbS QD solar cells. The lower
solvent volumes, lower precursor expenses, and decreased potential yield losses all lower the PV
device production costs with the TBAI method compared to lead-halide-based methods. Further,
because the tetrabutylammonium cation is not a source of lead, both synthesis byproducts and the
resulting PbS QD PVs are less toxic when using the TBAI QD ink preparation method compared
to lead-halide-based methods, hence are less likely to require costly hazardous waste disposal.
Remarkably, the TBAI PbS QD ink PVs are both RoHS compliant when evaluating the
lead concentration by weight of the entire solar cell (250 ± 10 mg kg-1, which is less than the RoHS
Directive lead limit of 1,000 mg kg-1)53 and leach less lead than the RCRA hazardous waste limit
with no encapsulation (4.0 ± 0.3 mg L-1, less than the 5 mg L-1 RCRA lead limit),68 leaching less
lead with TCLP testing than perovskite films likely due to the lower solubility of PbS compared
to PbI2, the lead compound formed when lead halide perovskite decomposes in aqueous
solution72,97 (Table 3.5). Unfortunately though, this lower likelihood of classification of hazardous
waste hardly outshines the more impressive power conversion efficiencies of lead halide
perovskite PVs,15 and even with the 72% synthesis cost reductions offered by this alternative
ligand exchange procedure, the cost of synthesizing the starting OA-capped PbS QDs is still
prohibitively high for low-cost PV applications.85 The decreased toxicity and cost offered by this
TBAI ligand exchange method provides a step towards scalable deposition-ready QD inks and
low-cost, large-area QD PV device production, but the path forward will require new QD synthetic
methods and further optimization of QD PV device performance.
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3.7 Experimental Procedures
3.7.1 Ligand Exchange of PbS QDs
Oleic-acid-capped PbS QD with a first absorption peak at λ = 956 nm were synthesized using
previous methods.83 The tetrabutylammonium iodide (TBAI) solution-phase ligand-exchange
process was carried out in a glass vial in air. TBAI (360 mg) was first dissolved in ethanol (1.8
mL). PbS QDs (2.08 mL, 60 mg mL−1) were then added to the TBAI solution. The vial was
mixed vigorously for 30 s and then centrifuged to form a pellet of PbS QDs. The QDs were then
resuspended in DMF (2 mL) and re-precipitated with ethanol (6 mL), centrifuging to form a
pellet. After 5 min of drying, the PbS QDs were then redispersed in DMF (200-400 mg ml−1) to
achieve TBAI ligand-exchanged PbS QD ink. The lead halide (PbX2) ligand-exchanged PbS QD
ink was prepared according to the literature.78

3.7.2 PbS QD PV Device Fabrication
Patterned ITO glass substrates (Thin Film Device Inc.) were cleaned with solvents and then
treated with oxygen plasma. ZnO layers (120 nm) were fabricated by spin-coating a solution of
ZnO nanoparticles synthesized according to the literature83 onto ITO substrates and annealing at
165 °C for 10 min. The ligand-exchanged PbS QD ink was deposited by single-step spin-coating
at 1,000 r.p.m. for 60 s and then annealing at 75 °C for 15 min. For the 10% PCE TBAI ink
device, a hole transport layer was applied on top of the active layer (440 nm) based on literature
methods.83 Briefly, PbS QD solution (~15 μl diluted to a concentration of 50 mg ml−1) was
spincast onto the substrate at 2,500 rpm for 30 s. A 1,2-ethane dithiol (EDT) solution (0.02 vol%
in acetonitrile) was then applied to the substrate for 30 s, followed by three rinse-spin steps with
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acetonitrile. The layer-by-layer spincoating process was repeated twice to achieve a hole
transport layer thickness of 46 nm. All the spin-coating steps were performed under ambient
conditions. The films were stored in air and then transferred to a nitrogen-filled glovebox for
electrode evaporation. Au electrodes (100 nm thick) were thermally evaporated onto the films
through shadow masks at a base pressure of 10−6 mbar. The nominal device areas are defined by
the overlap of the anode and cathode to be 5.44 mm2.

3.7.3 ICP-OES
Chemical analysis was performed using an inductively coupled plasma analysis system (Agilent
5100). The concentrations of the standards were 1, 10, and 100 mg L−1 and the Pb emission
wavelengths used for characterization were 179.605, 182.143, 217.000, 220.353, 261.417,
280.199, and 283.305 nm.

3.7.4 TCLP
The Toxicity Characteristic Leaching Procedure was performed according to the literature.59
Briefly, devices were smashed to reduce particle size to < 1 cm in the widest diameter. The
shards where then added to an acetic acid buffer solution (0.1 M, pH = 4.98) in a 20:1 ratio by
weight liquid to solid and agitated end-over-end in a polypropylene centrifuge tube for 18 ± 2
hours. The mixture was then filtered with a 0.7 µm glass fiber filter to remove solids for
chemical analysis via ICP-OES.
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3.7.5 Microwave Digestion
Devices were digested in a nitric acid solution (1 M) in a 20:1 ratio by weight liquid to solid
using a Milestone UltraWave microwave sample-digestion system at 1500 W. The digestion
consisted of two steps: 15 minutes at 180 °C and 120 bar, and 10 minutes at 220 °C and 150 bar.

3.7.6 Device Characterization
Current density–voltage characteristics of devices were measured using a Keithley 2636A
sourcemeter. Simulated solar light illumination (1-Sun, 100 mW cm−2) was generated by a
Newport 96000 solar simulator equipped with an AM1.5G filter. The light intensity was
calibrated with a Newport 91150 V reference cell before each measurement. The relative error in
efficiency measurements is estimated to be below 7%.

3.7.7 XRD
Powder X-ray diffraction patterns were collected with a PANalytical X'Pert Pro diffractometer.
The samples were prepared by drop casting PbS QD ink (40 µL) on a silicon wafer. Cu Kα1
irradiation was used.

3.7.8 XPS
X-ray photoelectron spectroscopy was performed on a Thermo Scientific K-Alpha+ using a 400
µm spot size. Sample charging was corrected by shifting peaks to align with the 284.8 eV
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adventitious carbon peak. Atomic ratios were calculated through integrating and comparing high
resolution elemental scans in the Thermo Avantage software.
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4 Lead Capture with Chemical Barrier Films
A manuscript containing more details of this work will soon be submitted for publication.

4.1 Abstract
Lead (Pb) halide perovskite photovoltaics (PVs) show potential as a low-cost source of renewable
solar energy. However, the solubility of Pb in perovskite thin films threatens the commercial
viability of perovskite PVs, as it could necessitate expensive hazardous waste disposal, and poses
a risk of public Pb exposure in the event of catastrophic failure of PV encapsulation. In this chapter,
we present a chemical barrier film capable of capturing and containing leached Pb, thereby
preventing its release into the surrounding environment. The barrier film, based on inexpensive,
non-toxic polymers and calcium phosphate, is able to reduce Pb leaching of perovskite films below
the United States Resource Conservation and Recovery Act hazardous waste limit and reduce the
risk of Pb exposure from landfilled perovskite modules by three orders of magnitude. In addition
to demonstrating successful Pb capture from aqueous solution, the barrier film exhibits promising
robustness against physical and chemical degradation and could allow for the recycling of captured
Pb into new compounds.
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4.2 Introduction
4.2.1 Hazardous Waste Disposal
Lead (Pb) halide perovskite photovoltaics (PVs) have the potential to produce dramatic
progress towards low solar levelized costs of electricity (LCOE). Their solution-processability and
compatibility with flexible substrates could allow for low-cost, high-throughput production with
lower CAPEX costs relative to crystalline silicon PV, as well as deployment in new and
underserved markets.10,13 While rapid advancements in the performance of metal organic
perovskite PV devices have achieved, with demonstrated power conversion efficiencies that
exceed 25%15 and stable operation over thousands of hours,39,98 we find when performing
regulatory assessment on unencapsulated lab-scale solar cells that that while polycrystalline silicon
cells do not exceed the United States Resource Conservation and Recovery Act (RCRA) hazardous
waste limit for Pb and could be disposed of using municipal waste streams, perovskite solar cells
do exceed the limit, and would thus require hazardous waste disposal, as shown in Figure 4.1.
Based on the U.S. Environmental Protection Agency’s Pollution Prevention (P2) Cost Calculator,
this hazardous waste disposal costs $1.50 on average per pound of waste.69 For a for a 15% power
conversion efficient solar panel with 3 mm thick front and back glass encapsulation, this would
add an additional $0.33 Wp-1 onto the cost of the module just for disposal.

In contrast,

nonhazardous municipal waste disposal would be $0.02 lb-1 or $0.004 Wp-1 for the same panel (75
times lower cost).
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Figure 4.1: Pb leaching comparison of Si and perovskite solar cells. TCLP Pb leaching analysis is
performed on a lab-scale polycrystalline Si solar cell and a perovskite solar cell with architecture
Glass/ITO/PEDOT:PSS/CH3NH3PbI3 (MAPbI3)/PCBM/BCP/Ag. The gray portions of each bar chart
represent leached Pb, while the white portions represent total available Pb. Data are represented as mean ±
SD. The Si solar cell has a lower total Pb content, a lower percentage of leached Pb, and unlike the
perovskite solar cell, leaches less Pb than the RCRA hazardous waste limit and thus would not require
hazardous waste disposal.

4.2.2 Current Perovskite Encapsulation Strategies
While encapsulation has the potential to reduce Pb leaching of perovskite solar cells below
the U.S. RCRA hazardous waste limit and allow for municipal waste disposal, current
encapsulation materials fail to do so. We provide an overview of current encapsulation strategies
in the following sections and their performance under RCRA-mandated Toxicity Characteristic
Leaching Procedure (TCLP) testing in the following sections.

4.2.2.1 Ethylene Vinyl Acetate (EVA)
The most common commercial PV encapsulation architectures involve lamination with the
polymer ethylene vinyl acetate (EVA), which has previously been shown to allow perovskite solar
cells to pass 1,000 h damp-heat performance testing.99 While glass/EVA/glass encapsulation
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protects perovskite solar cells from performance degradation while fully intact, with the size
degradation required by the TCLP (Figure 4.2), it does not reduce Pb leaching, with 98% of the
total Pb available in the perovskite film solubilizing during the extraction (Figure 4.3).
While the TCLP leached Pb concentration decreases for the glass/EVA/glass-encapsulated
film, this decrease is only due to the added weight from the EVA and glass, and the leached Pb
concentration is still above the RCRA hazardous waste limit of 5 mg L-1.68

Figure 4.2: Schematic illustration of the TCLP performed on a perovskite PV device. The TCLP requires
product destruction to yield a particle size of < 1 cm, extraction with acetic acid buffer solution added in a
20:1 ratio by weight extraction fluid to sample with end-over-end agitation for 18±2 hours, and filtration to
remove solids prior to chemical analysis.
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Figure 4.3: Perovskite Pb leaching behavior with EVA encapsulation. TCLP Pb leaching analysis is
performed on a bare MAPbI3 perovskite thin film on glass and a MAPbI3 perovskite thin film with
glass/EVA/glass encapsulation. The gray portions of each bar chart represent leached Pb while the white
portions represent total available Pb. Data are represented as mean ± SD, and the total available Pb and
leaching percentages (leached Pb versus total available Pb) are adjusted for the added weight of the EVA
and glass, since the TCLP is performed on a per weight basis.
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4.2.2.2 Ultrabarrier Film
Flexible perovskite modules may employ ultrabarrier films such as those used in organic
PVs in their encapsulation architecture, which offer low oxygen and water vapor permittivity
rates.100 However, with TCLP testing, state of the art ultrabarrier film is unable to reduce Pb
leaching below the RCRA hazardous waste limit for perovskite films on flexible substrates (Figure
4.4).
While the addition of the ultrabarrier film reduces Pb leaching by nearly 96%, the resulting
leached Pb concentration is still above the RCRA hazardous waste limit because of the high
starting concentration of Pb. Much greater reductions in Pb leaching will be required to push
perovskite films on flexible substrates below the RCRA hazardous waste limit, as the per weight
basis for TCLP testing leads to much higher leached Pb concentrations for perovskite films on

-1

[Leached Pb] (mg L )

flexible substrates compared to glass substrates (see Section 2.4.2).

100

10

100

Pb Limit = 5 mg L

-1

1

10

1
Bare Film

Ultrabarrier

Figure 4.4: Perovskite Pb leaching behavior with ultrabarrier film encapsulation. TCLP Pb leaching
analysis is performed on a bare MAPbI3 perovskite thin film on PET and a MAPbI3 perovskite thin film
encapsulated on both sides with ultrabarrier film. Data are represented as mean ± SD.

71

4.2.2.3 Epoxy Resin
Jiang et al. recently investigated Pb leakage from damaged perovskite solar modules by
simulating acid rain with water drip tests, in which an aqueous acid solution was applied dropwise
onto a perovskite film or device and the Pb content of the runoff solution was analyzed.73 Although
the modules in the study were cracked prior to the solution being applied, the pieces of the panel
were not reduced to < 1 cm or extracted in acetic acid buffer solution with end-over-end agitation
as required by the TCLP, which could lead to very different leaching behavior. Hailegnaw et al.
for example observed the irreversible conversion of CH3NH3PbI3 (MAPbI3) into PbI2 when a film
was submerged in water compared to the case if the water was gradually applied,72 and as we
observe in Figure 2.6, perovskite films are more soluble in the TCLP extraction fluid than in a
nitric and sulfuric acid solution at the same pH as the solution used by Jiang et al.73
Indeed, if we evaluate the performance of the encapsulation architecture of Jiang et al.,
which consists of one layer of glass adhered to a perovskite device with ultraviolet-cured resin
(UVR) and a second layer of glass adhered to the previous layer with epoxy resin (ER),73 we
observe very different leaching behavior with TCLP testing than what and was observed with
water drip tests. Jiang et al. reported that the addition of ER/glass encapsulation reduced the Pb
leakage rate by a factor of 375 compared to glass/UVR/glass encapsulation alone.73 However, we
observe that the percentage of TCLP leached Pb vs. total available Pb does not decrease by a factor
of 375, or even decrease at all with this extra ER/glass layer. The TCLP Pb leaching percentage
remains the same with the additional ER/glass encapsulation, and surprisingly, neither the
glass/UVR/glass encapsulation nor glass/UVR/glass/ER/glass encapsulation architectures reduce
the Pb leaching percentage by a statistically significant amount relative to a completely
unencapsulated MAPbI3 film.
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While the TCLP leached Pb concentrations decrease for the encapsulated films, this
reduction is only due to the added weight from the extra layers of resin and glass, and none of the
leached Pb concentrations are below the RCRA hazardous waste limit of 5 mg L-1.68 The reduction
in the Pb leakage rate under water drip testing observed by Jiang et al. was due to the mechanical
strength of the resin and glass encapsulation, with the encapsulation architecture acting only as a
physical barrier to prevent Pb leaching.73 With a greater degree of sample destruction, simulating
a catastrophic failure scenario such as landfill disposal, the resin and glass encapsulation does
nothing to prevent chemical Pb leaching.
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Figure 4.5: Perovskite Pb leaching behavior with ultraviolet-cured and epoxy resin encapsulation. TCLP
Pb leaching analysis is performed on a bare MAPbI3 perovskite thin film on glass, a MAPbI3 perovskite
thin film with glass/ultraviolet-cured resin (UVR)/glass encapsulation, and a MAPbI3 perovskite thin film
with glass/ UVR/glass/epoxy resin (ER)/glass encapsulation. The gray portions of each bar chart represent
leached Pb while the white portions represent total available Pb. Data are represented as mean ± SD, and
the total available Pb and leaching percentages (leached Pb versus total available Pb) are adjusted for the
added weight of the resin and glass, since the TCLP is performed on a per weight basis.
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4.2.3 Ion Exchange Barrier Films for Perovskite PVs
Based on our observations that chemical Pb leakage poses a greater risk of public harm
than the physical spread of Pb for perovskite PVs (see Section 2.5), the development of an
encapsulation strategy that reduces chemical leaching of Pb from perovskite PVs is critically
important. One strategy for reducing Pb leakage is to reduce the solubility of Pb released during
the chemical degradation of Pb halide perovskite in aqueous solution. This can be easily achieved
via a cation exchange reaction, combining aqueous Pb2+ ions with anions from another compound
to form a precipitate, thereby removing Pb from solution.101
Compounds containing phosphates have demonstrated excellent efficiency at precipitating
Pb2+. Orthoposphate is used in municipal drinking water treatment applications to produce more
insoluble forms of Pb in pipes, typically added as orthophosphoric acid (H3PO4) or a sodium salt
such as monosodium phosphate (NaH2PO4).102,103 Hydroxyapatite (Ca10(PO4)6(OH)2), the primary
inorganic component of bones and teeth, is a promising adsorbent material for divalent heavy metal
ions and has been demonstrated to remove of over 99% of solvated Pb in aqueous solution.86,104,105
Calcium phosphate compounds are particularly advantageous for capturing and containing leached
Pb, as they are biocompatible, environmentally friendly, and are inexpensive with purchase prices
as low as $0.001 g-1.86,105
In this chapter, we present a chemical barrier film for Pb halide perovskite PVs
consisting of an ion exchange polymer filled with calcium phosphate. The barrier film is designed
to convert dissolved Pb2+ into more stable, less soluble forms, preventing Pb from leaching out
into the surrounding environment from damaged perovskite PVs.
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4.3 Lead Capture from Aqueous Solutions
4.3.1 Lead Concentration Dependence
To test the efficacy of the barrier film at removing Pb2+ ions from solution under
catastrophic failure conditions of perovskite PVs, we use solutions of PbI2 in TCLP extraction
fluid. PbI2 is the Pb compound formed when Pb halide perovskite decomposes in aqueous
solution,72,97 and TCLP extraction fluid has a high potential for Pb extraction67 and is legally
required for hazardous waste evaluation in the United States.52 We first prepare a saturated solution
of PbI2 in TCLP extraction fluid, and then dilute the solution with clean, Pb-free extraction fluid
to vary the concentration of Pb2+ in the solution in order to examine the effect of Pb concentration
([Pb]) on the Pb capture of the calcium phosphate barrier film.
Figure 4.6 plots the [Pb] and concentration of calcium ([Ca]) over an interval of 18 h
resulting from the extraction of Pb-containing TCLP extraction fluid and barrier film in a 20:1
ratio by weight as required by the TCLP procedure.66 The relative [Pb] for each of the extractions
inversely correlates with the relative [Ca], indicating that a cation exchange reaction is taking place
between Ca2+ from the calcium phosphate in the barrier film and Pb2+ in solution to form less
soluble lead phosphate. Importantly, at each initial concentration of Pb ([Pb]i), the barrier film is
able to reduce the [Pb] below the US RCRA hazardous waste limit of 5 mg L-1, revealing promising
potential for improving the regulatory compliance of perovskite PVs.68
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Figure 4.6: Barrier film Pb capture with varied [Pb]i. (A) [Pb] and (B) [Ca] over 18 h extraction of barrier
film and TCLP extraction fluid with varied concentrations of dissolved Pb. Data are represented as mean ±
SD.

We note that the final [Ca] ([Ca]f) for each extraction indicates that the barrier film is not
dissolving completely and releasing all of the calcium phosphate it contains into solution over this
18 h interval. There are ~300 mg of Ca per g of barrier film, which in a 20:1 ratio by weight TCLP
extraction fluid to barrier film would yield a [Ca] of 15,000 mg L-1 if all of the calcium phosphate
in the barrier film were released during the extraction. However, the ratio of [Ca]f to [Pb]i in mol
L-1 (Table 4.1) does not indicate a direct one-to-one exchange of Ca2+ and Pb2+ either, as the ratio
increases with decreasing [Pb]i. Instead, the calcium phosphate in the barrier film is likely partially
soluble in the extraction matrix, releasing additional Ca2+ into solution during extraction that does
not result from direct cation exchange with dissolved Pb.

Table 4.1: Analysis of initial and final Pb and Ca concentrations depicted in Figure 4.6. Data are
represented as mean ± SD.
[Ca]f/[Pb]i

Captured Pb:
[Pb]i – [Pb]f (mM)

Excess Ca not involved in
Pb capture:
[Ca]f – ([Pb]i – [Pb]f) (mM)

[Pb]i (mM)

[Ca]f (mM)

3.48 ± 0.02

6.46 ± 0.07

1.86 ± 0.02

3.47 ± 0.02

2.99 ± 0.08

1.56 ± 0.01

6.6 ± 0.1

4.20 ± 0.07

1.55 ± 0.01

5.0 ± 0.1

0.115 ± 0.004

4.94 ± 0.05

43 ± 2

0.093 ± 0.004

4.85 ± 0.05
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4.3.2 pH Dependence
Although US hazardous waste regulation mandates a specific pH range and extraction
matrix to test the mobility of Pb,52,66 we study the performance of the calcium phosphate barrier
film under alternative conditions to determines its efficacy at Pb capture in a wide range of
environments.

4.3.2.1 Low pH
To study the performance of the barrier film under more acidic conditions (low pH), we
prepare a solution of lead nitrate (Pb(NO3)2) dissolved in 7.9 mM nitic acid (HNO3), and compare
the [Pb] and [Ca] over the course of an 18 h extraction of calcium phosphate barrier film with this
solution to an extraction of barrier film with PbI2 dissolved in TCLP extraction fluid. Figure 4.7
reveals that despite similar [Pb]i (721 ± 5 mg L-1 for the solution of PbI2 dissolved in TCLP
extraction fluid and 701 ± 9 for the solution of Pb(NO3)2 dissolved in 7.9 mM HNO3), the barrier
film more effectively captures and contains dissolved Pb in the low pH extraction matrix. The [Pb]
drops below the RCRA hazardous waste limit in 30 min for the HNO3 matrix compared to 8 h for
the TCLP extraction fluid matrix, and the [Ca] also increases more rapidly, indicating that the
cation exchange reaction between the Ca2+ in the calcium phosphate barrier film and Pb2+ in
solution is faster under these low pH conditions. Interestingly, while calcium phosphate is typically
more soluble at lower pH,106 the [Ca]f is similar for both extractions. The [Pb]f however is an order
of magnitude lower for the low-pH extraction, likely because the TCLP extraction fluid is more
effective at dissolving Pb.67
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Figure 4.7: Barrier film Pb capture at low pH. (A) [Pb] and (B) [Ca] over 18 h extraction of barrier film
and pH 4.9 or pH 2.3 extraction fluid. Data are represented as mean ± SD.

We note the faster cation exchange reaction of the low pH extraction matrix is unlikely to
be due to the alternative anion of the dissolved Pb compound (NO3- rather than I-), as an extraction
of calcium phosphate barrier film with similar [Pb]i (642 ± 4 mg L-1 Pb from dissolved PbI2 and
670 ± 10 mg L-1 Pb from dissolved Pb(NO3)2) and the same TCLP extraction fluid matrix yields
nearly identical Pb capture behavior (Figure 4.8).
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Figure 4.8: Barrier film Pb capture with different Pb compounds. (A) [Pb] and (B) [Ca] over 18 h extraction
of barrier film TCLP extraction fluid with dissolved PbI2 or Pb(NO3)2. Data are represented as mean ± SD.
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4.3.2.2 High pH
To study the performance of the barrier film under more basic conditions (high pH), we
prepare a solution of lead acetate (Pb(CH3COO)2) dissolved ASTM Type II water, and compare
the [Pb] and [Ca] over the course of an 18 h extraction of calcium phosphate barrier film with this
solution to an extraction of barrier film with PbI2 dissolved in TCLP extraction fluid. Figure 4.9
reveals that the barrier film is ineffective at capturing and containing dissolved Pb in the high pH
extraction matrix that despite similar [Pb]i (325 ± 2 mg L-1 for the solution of PbI2 dissolved in
TCLP extraction fluid and 422 ± 5 mg L-1 for the solution of Pb(CH3COO)2 dissolved ASTM Type
II water). The [Pb] never approaches the RCRA hazardous waste limit for the high pH extraction
matrix, only decreasing to 284 ± 4 mg L-1 after 18 h of extraction with barrier film, while the TCLP
extraction matrix achieves a [Pb] of 220 ± 3 mg L-1 after just 5 min. The [Ca] is similarly stagnant,
indicating that the cation exchange reaction between the Ca2+ in the calcium phosphate barrier film
and Pb2+ in solution is much slower in the high pH extraction matrix. This decreased reactivity is
likely due to the lower solubility of calcium phosphate at high pH.106
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Figure 4.9: Barrier film Pb capture at high pH. (A) [Pb] and (B) [Ca] over 18 h extraction of barrier film
and pH 4.9 or pH 9.7 extraction fluid. Data are represented as mean ± SD.
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4.3.3 Barrier Film Robustness
An ideal chemical barrier film for perovskite PVs should be able to effectively capture and
contain Pb even after significant weathering. To investigate the robustness of the calcium
phosphate barrier film against mechanical agitation and chemical digestion, we first investigate
barrier film Pb capture after multiple extractions with PbI2-saturated TCLP extraction fluid.
Following one 18 ± 2 h extraction with end-over-end agitation, barrier film is recollected, allowed
to dry in air for 8 h, and then placed into a second solution of PbI2-saturated TCLP extraction fluid
solution and extracted for a second 18 ± 2 h interval. This process is then repeated again with a 10
day rather than 8 h drying time.
As shown in Figure 4.10, for the first two extractions, the barrier film successfully
decreases the [Pb] below the EPA hazardous waste limit, reducing the amount of Pb in solution by
over 99%. However, upon the third extraction, the barrier film only reduces the [Pb] by 60%.
While further improvements could be made to the barrier film robustness, the maintained
performance at Pb capture across two TCLP extractions is still quite promising, as the TCLP is
meant to simulate the entire lifetime of waste degradation in a landfill.67
Next, to determine the efficacy of the barrier film at containing captured Pb, we first extract
barrier film with PbI2-saturated TCLP extraction fluid for 18 ± 2 h, then dry the film in air for 8 h
and extract with clean, Pb-free TCLP extraction fluid for a second 18 ± 2 h interval. Figure 4.11
reveals that less than 1% of the Pb captured by the barrier film is released during this second
extraction, and the [Pb] leached by the barrier film is below the RCRA hazardous waste limit,
indicating that the barrier film would not require hazardous waste disposal following Pb capture
from perovskite PVs.52,68 Furthermore, the similar [Pb] following the extraction of the barrier film
with PbI2-saturated and clean TCLP extraction fluids indicates that all of the Pb in solution is likely
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reacting with the calcium phosphate in the barrier film to form lead phosphate during the 18 ± 2 h
extraction interval, and the [Pb] of the solution is therefore determined by the solubility of the
resulting lead phosphate compounds.
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Figure 4.10: Barrier film Pb capture after multiple TCLP extractions with PbI2-saturated TCLP extraction
fluid. Data are represented as mean ± SD.

100

-1

[Pb] (mg L )

100
10

10

Pb Limit = 5 mg L -1

1

1

0.1
0.01

0.1

PbI2 Solution

Barrier Film and
PbI2 Solution

Barrier Film and
Pb-Free Solution

0.01

Figure 4.11: Barrier film Pb containment. Barrier film is first extracted with PbI2-saturated TCLP
extraction fluid to capture Pb, and then extracted with clean, Pb-free TCLP extraction fluid to determine
the efficacy of the barrier film at containing captured Pb. Data are represented as mean ± SD.

4.3.4 Maximum Capture of Lead
As discussed in Section 4.3.1, there are ~300 mg of Ca per g of calcium phosphate barrier
film. This would correspond to a theoretical maximum capture of 15.5 g of Pb per g of barrier film,
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but as we observed, the Ca in the barrier film is not fully soluble in any of the extraction matrices
tested, and indeed most Pb2+ absorbents do not achieve their theoretical maximum
adsorption.104,105
To determine the experimental maximum Pb capture of our barrier film, we perform an
extraction with a solution of 10,000 mg L-1 Pb in dilute HNO3, combining the solution and barrier
film in a 20:1 ratio by weight and extracting for 18 ± 2 h. Figure 4.12 reveals that while the barrier
film was unable to reduce the [Pb] below the hazardous waste limit of 5 mg L-1,68 over 98% of Pb
was removed from the solution by the barrier film, yielding a sorption capacity of 197 mg Pb per
g of barrier film for this interval, which exceeds the performance of previous Pb-absorbent
polymers evaluated at similar pH but with longer contact times between the polymer and Pb
solution (120 h instead of 18 h).104,105
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Figure 4.12: Barrier film Pb capture in 10,000 mg L-1 Pb solution. Data are represented as mean ± SD.

4.4 Lead Capture from Perovskite PVs
Having observed the calcium phosphate barrier film’s promising performance at extracting
Pb from aqueous solution, we investigate the efficacy of the barrier film at preventing the release
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of Pb from perovskite PVs under the catastrophic failure conditions simulated by the TCLP. By
Performing the TCLP on MAPbI3 perovskite films with and without barrier film applied to the
surface, we observe reductions in Pb leaching below the 5 mg L-1 hazardous waste limit for both
glass and flexible substrates (Figure 4.13), with an 84% reduction in Pb leaching for the perovskite
film on glass and 99.8% reduction for the film on PET adjusted for weight.
Importantly, these reductions in Pb leaching are achieved with the barrier film alone. No
additional layers of glass are added to the encapsulation architecture.
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Figure 4.13: Perovskite Pb leaching behavior with calcium phosphate barrier film. (A) TCLP Pb leaching
comparison of a bare MAPbI3 perovskite thin film on glass and a MAPbI3 perovskite thin film with barrier
film applied. (B) TCLP Pb leaching comparison of a bare MAPbI3 perovskite thin film on PET and a
MAPbI3 perovskite thin film with barrier film applied. The gray portions of each bar chart represent leached
Pb while the white portions represent total available Pb. Data are represented as mean ± SD, and the total
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weight of the barrier film, since the TCLP is performed on a per weight basis.

4.4.1 Lead Exposure Risk Reduction
The reduction in perovskite Pb leaching achieved by the addition of calcium phosphate
barrier film reduces the risk of Pb exposure, preventing the Pb in perovskites from solubilizing
and contaminating the surrounding environment. To quantify the magnitude of Pb exposure risk
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reduction, we perform a conservative, worst-case estimation of the Pb concentration in
groundwater following the landfilling of a 5 MWDC-peak solar plant with flexible MAPbI3
perovskite modules with and without barrier film applied, following the approach in Section 2.5.
We observe that for MAPbI3 perovskite modules without calcium phosphate barrier film,
the [Pb] in groundwater is only a factor of 4 below the EPA drinking water Pb limit, but when the
barrier film is applied, the [Pb] drops by 3 orders of magnitude (Figure 4.14). The calcium
phosphate barrier film is thus an effective means of reducing the risk of Pb exposure from
landfilled perovskite PVs.
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Figure 4.14: Estimated Pb exposure point concentrations for groundwater (gray squares) resulting from
landfilling a hypothetical 5 MWDC-peak MAPbI3 perovskite solar project with and without calcium phosphate
barrier film relative to the U.S. Environmental Protection Agency target level for acceptable risk (black
line).70

4.4.2 Recycling of Captured Lead
Once Pb is captured from perovskite films and contained within the polymer matrix of the
calcium phosphate barrier film, it can be converted into other Pb compounds, since Pb infinitely
recyclable.107 Recycling captured Pb is indeed an important endeavor, as the Waste Electrical and
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Electronic Equipment (WEEE) Directive mandates the recycling of PV module components,54 and
reuse of captured Pb would prevent its release into the environment should the barrier film
disintegrate under extreme conditions.
One particularly advantageous compound to form from captured Pb is PbI2, as it can be
used to form new perovskite PVs. To form PbI2 from Pb captured by our calcium phosphate barrier
film, we first dissolve the polymer matrix of the film in tetrahydrofuran (THF), separating it from
the inorganic lead phosphate via centrifugation. The lead phosphate is then dissolved into its
component ions with 0.1 M HNO3. Finally, PbI2 is precipitated from the Pb2+ in solution via the
addition of KI. The formation of a yellow precipitate (Figure 4.15) indicates that PbI2 is
successfully formed with this synthetic process.

Figure 4.15: PbI2 formed from Pb captured by calcium phosphate barrier film.

4.5 Barrier Film Cost Analysis
By reducing Pb leaching below the RCRA hazardous waste limit, the calcium phosphate
barrier film lowers the cost of perovskite PVs, as more expensive hazardous waste disposal is no
longer required.52,69 The decrease in PV cost is quite significant, because the barrier film is
composed of the scaled polymers Poly(methyl methacrylate-co-methacrylic acid) (PMMA),
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Poly(ethylene oxide) (PEO), and Butylated hydroxytoluene (BHT) binder, as well as calcium
phosphate salt. These composite materials are advantageously inexpensive, with a cost of $0.002
per g of barrier film with bulk purchasing from commercial suppliers (Table 4.2). For a 15% power
conversion efficient solar panel, this would equate to a materials cost of $0.002 Wp-1 for a 50 μm
thick barrier film, much lower than the $0.33 Wp-1 hazardous waste disposal cost for glass
perovskite modules.

Table 4.2: Barrier film component amounts and costs with bulk purchasing.
Barrier Film
Component

Bulk Purchase
Price ($ g-1)

Weight Percentage in
Barrier Film (%)

Price
($ g-1 barrier film)

Price
($ W-1)

PMMA

0.003

20

0.0006

0.0005

PEO

0.010

5

0.0006

0.0004

BHT

0.003

0.025

0.0000

0.0000

Calcium Phosphate

0.001

74.975

0.0006

0.0006

4.6

Conclusions and Future Work
In summary, we introduce an ion exchange polymer barrier film based on inexpensive,

non-toxic polymers and calcium phosphate that captures and contains leached Pb. The barrier
film is able to reduce the [Pb] from aqueous solutions of HNO3 and TCLP extraction fluid and
reduce Pb leaching from MAPbI3 perovskite films below the RCRA hazardous waste limit of 5
mg L-1, and shows substantial robustness against physical and chemical degradation.
While the barrier film shows potential for recycling of captured Pb into PbI2 to form new
perovskite films, further optimization of the synthesis may be needed depending on the purity of
the PbI2 formed. The barrier film also underperforms under basic conditions, although we note
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that acidic conditions are more likely to be encountered in catastrophic failure scenarios of
perovskite PVs.67,75,97
The promising performance of the calcium phosphate barrier film provides a step towards
low-cost Pb halide perovskite PVs with low environmental risk. The barrier film may
furthermore prove to be useful for Pb capture in other materials and products such as industrial
waste and lead acid batteries, broadly reducing the risk of Pb exposure and mitigating the
environmental and public health impacts of Pb-based industries.

4.7 Experimental Procedures
4.7.1 Total Lead Content Characterization
To determine total Pb content by weight of perovskite and polycrystalline silicon thin films and
solar cells, samples were digested in a 1 M HNO3 solution in a fixed ratio by weight liquid to
solid using a Milestone UltraWave microwave sample-digestion system at 1500 W. The
digestion consisted of two steps: 15 minutes at 180 °C and 120 bar, and 10 minutes at 220 °C
and 150 bar. Following digestion, samples were diluted with ASTM Type II water to yield a final
HNO3 concentration of 2%, filtered with 0.2 µm PTFE syringe filters, and characterized using
ICP-OES analysis as described in Section 4.7.12.

4.7.2 TCLP Extraction Fluid Determination
A TCLP extraction fluid determination was performed for both the perovskite films and the
barrier film in separate experiments according to the literature.66 Briefly, 5.0 g of perovskite
films on glass and barrier film were each crushed to a particle size of approximately 1 mm in
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diameter or less. The solids were then transferred to a 500 mL beaker, and 96.5 mL of ASTM
Type II water was added. The beaker was then covered with a watch glass and stirred vigorously
for 5 minutes using a magnetic stirrer. The pH of the solution was found to be > 5.0 in both
cases, so 3.5 mL of 1 N HCl was added. The resulting mixture was slurried briefly, covered with
a watch glass, and heated at 50 °C for 10 minutes. The solution was then cooled to room
temperature. The pH of the resulting solution was found to be < 5.0 in both cases, so TCLP
Extraction Fluid #1 was used for all TCLP leaching experiments.

4.7.3 TCLP Extraction Fluid #1 Preparation
Glacial acetic acid (5.7 mL), ASTM Type II water (500 mL), and 1 N NaOH (64.3 mL), were
combined and then diluted to a volume of 1 liter to create TCLP Extraction Fluid #1. The pH
was confirmed to be within the range specified by the literature: 4.93 ± 0.05.66 The extraction
fluid was monitored frequently for impurities using ICP-OES, and the pH was checked prior to
each use.

4.7.4 PbI2-Saturated TCLP Extraction Fluid Preparation
Following the preparation of TCLP Extraction Fluid #1, solid PbI2 powder was extracted in a
20:1 ratio by weight extraction fluid to sample. The extraction mixture was then rotated in an
end-over-end fashion using a tube rotator at 30 ± 2 rpm for 18 ± 2 h. At the end of the extraction
period, solid PbI2 powder remained in solution, but it was observed that the concentration of Pb
in the supernatant did not increase even after several weeks of storage, indicating that the 18 ± 2
h extraction interval was sufficient to achieve a saturated solution at room temperature.
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Following extraction, the supernatant solution was filtered with a 0.7 µm borosilicate glass fiber
filter.

4.7.5 Low pH Extraction Fluid Preparation
1.05 mL of 10,000 mg L-1 Pb dissolved from Pb(NO3)2 in 0.5% v/v nitric acid (HNO3) was
diluted to a concentration of 700 mg L-1 Pb via the addition of 13.95 mL of ASTM Type II
water, resulting in a solution pH of 2.3.

4.7.6 Pb(NO3)2 TCLP Extraction Fluid Preparation
1.05 mL of 10,000 mg L-1 Pb dissolved from Pb(NO3)2 in 0.5% v/v HNO3 was first diluted to a
concentration of 700 mg L-1 Pb via the addition of 13.95 mL of TCLP Extraction Fluid #1. The
pH of the solution was then adjusted to 4.93 ± 0.05 via the addition of 158 μL of 0.8 M NaOH.

4.7.7 High pH Extraction Fluid Preparation
33 mg of lead (II) acetate was dissolved in 50 mL of ASTM Type II water, resulting in a solution
pH of 9.7.

4.7.8 10,000 mg L-1 Pb Extraction Fluid Preparation
10,000 mg L-1 Pb dissolved from Pb(NO3)2 in 0.5% v/v nitric acid (HNO3) was purchased as an
ICP standard and used with no further alterations to the solution.
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4.7.9 Particle Size Reduction
Perovskite films and devices on glass substrates were first weighed and then crushed by placing
the samples between two polystyrene weighing dishes and smashing with a hammer until all
pieces were reduced to smaller than 1 cm in narrowest dimension and capable of passing through
a 9.5 mm standard sieve. Perovskite films on PET substrates were reduced to the same
dimensions by cutting with scissors rather than crushing. Barrier film samples were reduced to
the same dimensions by breaking larger pieces apart with tweezers.

4.7.10 Extraction Procedure
Following particle size reduction, samples were transferred to polypropylene tubes. 50 mL tubes
with polyethylene lined caps were used for samples of perovskite films and devices on glass
substrates, 15 mL centrifuge tubes were used for the ultrabarrier film study, and 2.0 mL
microcentrifuge tubes were used for all other perovskite samples on PET substrates and all
extractions in Section 4.3. Extraction fluid was then added in a 20:1 ratio by weight extraction
fluid to solids. The extraction mixture was then rotated in an end-over-end fashion using a tube
rotator at 30 ± 2 rpm for the desire time interval.

4.7.11 Filtration of Extraction Mixture
Following the sample agitation period, the extraction mixture was filtered with a 0.7 µm
borosilicate glass fiber filter. Because of the small extraction volumes, filtration did not follow
the literature specifications for the TCLP procedure of a filter holder with minimum internal
volume of 300 mL equipped to accommodate a minimum filter size of 47 mm.66 Instead,
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Flipmate 50 assemblies were used for perovskite samples on glass substrates and syringe filters
were used for all other samples. Immediately following filtration, all samples were acidified with
HNO3 to a pH of < 2 (the final HNO3 concentration was 2%). If the resulting extract could not be
analyzed within 6 hours, samples were stored under refrigeration (4 °C) until analyzed.

4.7.12 ICP-OES Analysis
Due to the concentration range (mg L-1) of the samples, inductively coupled plasma optical
emission spectroscopy (ICP-OES) was selected for chemical analysis. The acidified samples
were filtered with 0.2 µm PTFE syringe filters prior to ICP-OES analysis. Analysis was
performed with an Agilent 5100 system, with concentration standards of 1, 10, and 100 mg L−1,
Pb characterization wavelengths of 179.605, 182.143, 217.000, 220.353, 261.417, 280.199, and
283.305 nm, and Ca characterization wavelengths of 183.944, 315.887, 317.933, 318.127,
370.602, 373.690, 396.847, and 422.673 nm. Quality control procedures included routine matrix
spikes, which showed 90-95% recovery, laboratory control samples, which were within ±10% of
the target element spike values, and duplicate samples, which showed < 2 RPD.

4.7.13 Groundwater Pb Concentration Calculations
Estimated groundwater Pb concentrations following the landfilling of MAPbI3 perovskite
modules with and without calcium phosphate barrier film were calculated following the approach
described in Section 2.9.9. Briefly, DRAS Version 3.0 was first used to calculate a waste-volume
adjusted Dilution Attenuation Factor (DAF) using a total waste volume of 14.6 yd3, a Cancer
Risk Level of 1E-5 and a Hazard Quotient (HQ) of 0.1 (the default values specified in the RCRA
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Delisting Technical Support Document),70 a Landfill Waste Management Type, and a One Year
Batch Waste Management Unit Active Life. Pb was selected from the available chemicals in the
DRAS database. TCLP Pb concentrations of 561 mg L-1 for the bare MAPbI3 film and 1.3 mg L-1
for the MAPbI3 film with the calcium phosphate barrier film were used, reflecting the data in
Figure 4.13B. Once DRAS was run with these specifications, the “Maximum Allowable TCLP
Concentrations – Groundwater Exposure Pathways” box was selected, and the Dilution
Attenuation Factor (DAF) value was recorded: 18.5. The total concentration of Pb in mg kg-1,
TCLP concentration of Pb in mg L-1, total volume of waste in yd3, and Dilution Attenuation
Factor (DAF) were then entered into the exposure point concentration calculation program to
obtain the Pb exposure point concentrations for groundwater.

4.7.14 Synthesis of PbI2 from Captured Pb
Calcium phosphate barrier film was first saturated with Pb by soaking the film in the
10,000 mg L-1 Pb solution described in Section 4.7.8 for 1 week. The barrier film was then
removed from the solution and dried in air for 24 h. The polymer matrix of the barrier film was
separated from the inorganic lead phosphate component by dissolving the barrier film in THF to
achieve a concentration of 50 mg mL-1 and then centrifuging at 8,000 rpm for 1 min. The
supernatant solution was discarded, and the pellet was dissolved in 0.1 M HNO3 to achieve a
concentration of 107 mg mL-1. A solution of 38.3 mg mL-1 KI dissolved in 0.1 M HNO3 was
then added in a 1:1 ratio by volume, causing the instant formation of a yellow precipitate.
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Appendix A: Effects of EVA on Lead Solubility
While ethylene-vinyl acetate (EVA) is unable to reduce lead (Pb) leaching for MAPbI3
perovskite thin films during Toxicity Characteristic Leaching Procedure (TCLP) testing (See
Section 4.2.2.1), the acetate groups in the polymer could potentially act as chelating ligands for
PbS quantum dots (QDs), allowing the capture of QDs from solution.
When extracting both thin films and solutions of iodide-capped PbS QDs with the TCLP
procedure, the concentration and percentage of leached Pb decreases with the addition of EVA
(Table A.1). Surprisingly, this reduction is achieved when the EVA is both applied directly to the
surface of the PbS QD film and added separately into the extraction mixture.

Table A.1: TCLP extraction of PbS QDs with EVA. Data are represented as mean ± SD. The uncertainty
in relative leached Pb percentages was determined via error propagation. The percentages are corrected for
added weight, since the TCLP is performed on a per-weight basis.66
Extraction Contents

Leached Pb (mg L-1)

Relative Percentage Leached Pb
with addition of EVA (%)

PbS QD film on glass

10.8 ± 0.3

-

PbS QD film on glass
with glass/EVA/glass encapsulation

2.4 ± 0.1

57 ± 4

PbS QD film on glass
with EVA added to extraction mixture

2.9 ± 0.1

72 ± 3

PbS QDs dissolved in TCLP extraction fluid 407 ± 2

-

PbS QDs dissolved in TCLP extraction fluid 94 ± 1
with EVA added to extraction mixture*

23 ± 1

*Extraction fluid was added based on the weight of the PbS QDs alone, not accounting for the additional
weight of the EVA.

We observe when extracting PbS QD films on glass substrates that the brown color of the PbS
QD film is transferred to the colorless EVA, indicating that the decrease in solution Pb
concentration ([Pb]) is due to capture of the PbS QDs within the EVA polymer matrix (Figure
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A.1). This capture of PbS QDs is likely due to interactions between the acetate groups of EVA and
the QD surface, as acetate has previously been demonstrated to act as an effective surfacepassivating ligand for PbS QDs.108

A

C

EVA

B

Glass
Figure A.1: EVA and PbS QD thin film on glass before and after TCLP extraction. (A) EVA prior to TCLP
extraction. (B) PbS QD thin film on glass prior to TCLP extraction. (C) Extraction mixture of PbS QD thin
film and EVA following 18 ± 2 h TCLP extraction.

The Pb capture behavior of EVA appears to be exclusive to PbS QDs, as Pb leaching is not
reduced substantially for bulk PbS (Table A.2).

Table A.2: TCLP extraction of solid bulk PbS with and without EVA.
Extraction Contents

Leached Pb (mg L-1)

PbS (s)

1.1 ± 0.5

PbS (s) and EVA

0.7 ± 0.5
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Interestingly, EVA may actually increase the solubility of PbI2, the Pb compound into which
Pb halide perovskite degrades in aqueous solution,72,97 by stabilizing Pb2+ released into solution
with its carboxylate groups. We observe that despite identical extraction conditions, the [Pb]
leached during a TCLP extraction of PbI2 and EVA is 46% higher than an extraction of PbI2 and
polyolefin, a polymer with no such active groups capable of cation passivation (Table A.3). This
increase in Pb leaching is similarly achieved with the addition of acylate polymer, providing
further evidence that carboxylate groups of EVA are responsible for the increased solubility of
PbI2.

Table A.3: TCLP extraction of solid PbI2 with polyolefin, EVA, and acrylate polymers. The PbI2 and
polymers are combined in a 2:1 ratio by weight for TCLP extraction.
Extraction Contents

Leached Pb (mg L-1)

PbI2 (s) and polyolefin

715 ± 4

PbI2 (s) and EVA

1024 ± 5

PbI2 (s) and acrylate

1020 ± 6
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Appendix B: Bacteria Toxicity Screen of Lead-Based PVs
This work is in collaboration with Dr. Joseph T. Buchman.

The primary focus of this thesis has been on the lead (Pb) layer of emerging thin-film
photovoltaics (PVs). This is because Pb is the only substance of concern in the PV device
architecture from a regulatory perspective. Neither the United States Resource Conservation and
Recovery Act (RCRA) nor the European Union Restriction of Hazardous Substances (RoHS)
Directive currently regulate the other compounds that comprise the QD and perovskite PVs studied
in this thesis.52,53 However, the toxicity of other PV device components has not been well
characterized, and could also pose a risk to human and environmental health. For example, ZnO
nanoparticles, which comprise the electron transport layer of the PbS QD PVs studied in Chapter
3, have been shown to have a size-dependent cytoxicity, which could render them more dangerous
than bulk forms of zinc.109
To perform a preliminary investigation of the toxicity of the device components of PbS
quantum dot (QD) and Pb halide perovskite PVs, we perform a primary bacteria toxicity screen
with Toxicity Characteristic Leaching Procedure (TCLP) leachates and Shewanella oneidensis
MR-1 bacteria. TCLP leachates were chosen because we observe that chemical leaching into
groundwater poses a higher public Pb exposure risk than physical erosion of landfilled Pb-based
PVs (see Section 2.5), and TCLP leachates are shelf stable without additional acidification (see
Figure 2.6C). S. oneidensis was chosen because of its important role in reducing and cycling metals
including Pb in soils and aqueous environments.110,111
We begin by performing the TCLP on perovskite solar cells with device architecture
FTO/SnO2/Cs0.04FA0.8MA0.16Pb(Br0.16I0.84)3/Spiro-MeOTAD/Au (FTO: fluorine-doped tin oxide;
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FA: formamidinium; MA: methylammonium; Spiro-MeOTAD: N2,N2,N2′,N2′,N7,N7,N7′,N7′octakis(4-methoxyphenyl)-9,9′-spirobi[9H-fluorene]-2,2′,7,7′-tetramine) and PbS QD solar cells
with device architecture ITO/ZnO/PbS-I/PbS-EDT/Au (ITO: indium tin oxide; PbS-I: PbS QDs
capped with iodide ligands; PbS-EDT: PbS QDs capped with 1,2-ethanedithiol ligands). The
resulting leached Pb concentrations are provided in Table B.1.
We then expose S. oneidensis MR-1 to the TCLP extracts diluted 200-fold, following the
experimental procedure described in Section 2.9.11. Figure B.1 reveals that the bacterial viability
(the number of bacteria that survive the treatment) with exposure to both types of solar cell TCLP
leachates decreases compared to the system blank of Pb-free TCLP extraction fluid diluted by the
same factor, indicating that the TCLP leachates are toxic to the bacteria at these concentrations.
Table B.1: TCLP extraction of Pb halide perovskite and PbS QD solar cells.
Extraction Contents

Leached Pb (mg L-1)

Perovskite Solar Cell

13.8 ± 0.4

QD Solar Cell

9.7 ± 0.3

Figure B.1: Primary toxicity screen of S. oneidensis MR-1 exposed to TCLP extraction fluids of perovskite
and QD solar cells. Two-way ANOVA with Sidak’s multiple comparisons test was used to determine
statistical significance between each sample and the system blank. ***p<0.001, ****p<0.0001.
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To determine if the Pb layer is responsible for this decrease in viability and not the other
device components, control solar cells with the Pb layers removed were extracted with the TCLP
procedure (i.e. device architectures of FTO/SnO2/Spiro-MeOTAD/Au and ITO/ZnO2/Au). A
device

architecture

of

ITO/PEDOT:PSS/PCBM/BCP/Ag

(PEDOT:PSS:

poly(3,4-

ethlyenedioxythiophene):poly(styrenesulfonate); PCBM: [6,6]-phenyl C61 butyric acid methyl
ester; BCP: bathocuproine) (Ag Ctrl) was also extracted to determine the toxicity of the non-Pb
components of an alternative perovskite device architecture. S. oneidensis MR-1 bacteria were
then exposed to these TCLP extracts diluted 200-fold, following the same procedure as above.
Figure B.2 reveals that the bacterial viability does not decrease for any of the Pb-free device
architectures tested, revealing that the toxicity of the TCLP solar cell leachates is due to the Pb
layer, not the other device components.

Figure B.2: Primary toxicity screen of S. oneidensis MR-1 exposed to TCLP extraction fluids of perovskite
and QD solar cells with the Pb layers removed.

We note that further investigation is required to determine the toxicity of PV components with
a physical rather than chemical degradation process, as TCLP extraction may chemically alter the
compounds in the PV device architecture and thus their toxicity.
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