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ABSTRACT: Bismuth oxyhalides (Bi,O,X. X = Cl, Br, I) are promising
layered photocatalysts that can produce H, using solar light. The layered
crystal structures minimize electron—hole recombinations in these materials
and provide compositional flexibilities that allow for band gap tuning. Current
literature highlights developments in synthetic routes and improved
performance metrics; however, an analysis of the sustainability of these
compounds is missing. In this Perspective, we use the life cycle assessment
framework as a guide to evaluate the sustainability of each stage of the
bismuth oxyhalide life cycle, from raw material extraction (mining,
refinement, purification) all the way through the end of the material’s life
and consider ways to recycle and/or reuse the spent photocatalyst. Here, we
gather and unite information from the bismuth oxyhalide field with
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information from the sustainability literature in the first attempt to evaluate the sustainabilities of these materials as photocatalysts
for H, production. We present our own perspective on the future of the field and make recommendations for researchers interested

in this class of materials and photocatalysts more broadly.
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B INTRODUCTION

Overview. Bismuth oxyhalides are valuable photocatalytic
materials for solar H, production. Through this Perspective, we
discuss these materials with a focus on their sustainability from
cradle to grave. With life cycle assessment (LCA) methodology,
we discuss the environmental impacts of each phase of bismuth
oxyhalide’s journey: from raw material extraction to the
synthesis and use of bismuth oxyhalides, and finally, the end
of the material’s life cycle (Figure 1). Our discussion reveals gaps
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Figure 1. Pictorial representation of the sustainability of the bismuth
oxyhalide life cycle.
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in knowledge that limit a full LCA but also facilitate a broader
critique of photocatalytic material selection. For example, our
literature survey revealed that many articles detail new synthetic
methods or improved metrics of material performance without
commentary of the environmental impact of the promoted
materials. Understandably, lab-scale efficiency studies are not
scalable to global markets, which will be required of future
photocatalyst systems, but material sustainability must be a part
of the conversation from the start, given that the overarching
goal is to use these materials for sustainable fuel generation.
Thus, this Perspective integrates current bismuth oxyhalide
research with sustainability metrics to begin evaluation of this
material class as a potential solution to the energy crisis.

H, Economy. Hydrogen (as H,) offers a promising
alternative to fossil fuels. H, has high energy content per unit
mass (142.0 MJ/kg)," is lightweight, is storable for long periods
of time, and can be produced on a global scale making it
preferrable to electric batteries for many energy storage
applications.” A “hydrogen economy” has been envisioned
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with reduced fossil fuel dependence across all sectors and is
steadily becoming reality.” ™"

However, fossil fuels are used to produce nearly all the world’s
H,, with 6% of natural gas and 2% of coal going directly to the
production of H,. Such production results in 830 megatons of
CO, emissions per year (comparable to the combined CO,
emissions of Indonesia and the United Kingdom).2 Thus,
considerable research is underway to produce “green” H,
without carbonaceous byproducts using renewable energy
sources like solar and wind. The expansion of H, as an energy
carrier additionally benefits the continued development of the
global renewable energy infrastructure by providing a long-term
storage solution for solar and wind generated energy, whose
intermittent production does not always match energy
demand.'' Further, H, can be transported worldwide from
regions with abundant renewable energy sources to regions
where solar and wind resources are not economical."

LCAs of a H, economy have been conducted and provide
excellent guidance toward the possibilities and limitations of H,
production and utilization."*™" This analysis goes beyond the
scope of our Perspective, and we refer readers to the cited
publications. A detailed analysis of the efficiency of the
packaging, distribution, storage, and transfer of H, was
conducted by Bossel et al." Here, we discuss photocatalysts
designed to produce H, from solar water splitting, focusing first
on their broad operating principles then specifically the interest
in bismuth oxyhalides as a promising class of photocatalysts.

Solar-to-Hydrogen. Solar-to-hydrogen energy conversion
offers an incredibly advantageous method of storing sustainable
energy via water splitting. As water is an abundant resource on
our planet, water splitting provides a platform for sustainable H,
production. This renewable energy technology has the potential
to be scaled up to a commercial plant for H, generation and
consumption. But, to realize this technology, there are
challenges associated with achieving efficient, cost-effective
water splitting on a global scale.'” One particular advantage of
using particulate photocatalysts (heterogeneous catalysis) in
photocatalytic water splitting is the ease of separation of the
catalyst dispersion mixture after catalysis, making it viable for
commercialization compared to homogeneous counter-
parts.'”"” Further, powder suspensions of particulate photo-
catalysts provide an inexpensive approach compared to thin film
fabrication of heterogeneous photocatalysts by lowering the
special fabrication costs of uniform deposition of films.

Three crucial steps for photocatalytic water splitting reactions
with heterogeneous photocatalysts are (i) photon absorption,
(ii) separation and transportation of charge carriers, and (iii)
facilitation of the reduction and oxidation half reactions. The
efficiencies of these steps are dependent on the intrinsic
properties of the semiconductor photocatalyst, such as its band
gap, energies of conduction and valence bands, and charge
carrier effective masses. The overall water splitting reaction and
component half reactions are summarized in eqs 1—5 (h* and e~
denotes photogenerated holes and electrons, respectively):

Overall water splitting:
2H,00) = 2Hyg) + Oy (1)
Hydrogen evolution reaction (HER):

acidic: 2H" + 2¢” — Hy) 2)

alkaline: 2H20(1) +2 - H y + 20H" ()

2(g

Oxygen evolution reaction (OER):
acidic: ZHZO(I) + 4h+ d OZ(g) + 4H+ (4)

alkaline: 4OH™ + 4h" — O, + 2H,0;, (s)

The rate of gas evolution (H, and O,) is specified with a
standard unit, e.g,, umol h™' g™!, and the photocatalytic activity
differs based on the experimental conditions such as irradiation
light source, type of catalysis reactor, and electrolyte. Due to
these differences, the photocatalytic activities of photocatalysts
are often difficult to be directly compared with each other. To
mitigate this challenge, determination of quantum yield is a
viable and accepted solution by comparing the amount of
product (reacted electrons) and the incident number of
photons. The photon flux can be measured using a photodiode
or power meter, although we note that determination of the
exact number of photons absorbed by a photocatalyst in a
dispersed system is difficult owing to scattering of light by
particles. So, the obtained quantum yield is an apparent
quantum yield (AQY). The AQY is defined as the ratio

Number of reacted electrons

AQY (%) = X 100
Number of incident photons (6)

Further, to obtain a direct correlation between solar energy
absorbed to H, output in a large-scale panel-based reactor, solar-
to-hydrogen (STH) conversion efficiency can be used. STH is
defined by the ratio

Output energy as H,

STH (%)
Energy of incident solar light

H, rate (mmol s x (237.2K mol ™)
(100mWem ™) X Irradiaiton area (cm?)

(7)

Photocatalysts. Photocatalytic materials used in water
splitting are composed mainly of d° or d'* metal oxides, sulfides,
nitrides, etc., with recent emphasis moving toward metal
heteroanionic materials such metal oxyhalides, oxysulfides,
oxynitrides, etc.'”~'? Photocatalysts with layered crystal
structures have also gained significant attention, including
metal-containing and metal-free materials.””*" The electrostatic
stacking of oppositely charged layers makes layered materials
exciting due to in-plane charge carrier delocalization.'® Of this
class of materials, we focus our Perspective on layered bismuth

oxyhalides.

B BISMUTH OXYHALIDES (Bi,O.X,)

Bismuth oxyhalides Bi,0,X. (X = Cl, Br, and I) are promising
layered materials for solar energy harvesting owing to their
unique crystal structures and suitable electronic structures.
Bismuth oxyhalides are V—VI—VII ternary compound semi-
conductors that have layered crystal structures with alternating
charged layers of [Bi,O,]*" and z number of X~ layers. Their
strong intralayer covalent bonding coupled with weak interlayer
van der Waals interactions lead to greater anisotropic structural,
optical, electrical, and mechanical properties.”***

Research has been dedicated to the development of bismuth
oxyhalide nanostructures with well-defined structural features to
improve their photocatalytic performances. However, less
research has been dedicated to the fundamental role of the
unique layered structures on their photocatalytic activities. The
unique layered structures of BiOX nanomaterials offer many
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ACS Sustainable Chem. Eng. 2022, 10, 15622—15641


pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c05326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

advantages. One advantage is that the pH value of the
surrounding environment affects the layered structure.”
Changing the pH of the nanocrystal solution works as a
synthetic lever to access other Bi,OyX. stoichiometries,
generating new layered semiconductors. The crystal structures
of these materials (Figure 2) are layered, with different
compositions of the individual layers leading to different band
gaps and band structures, which may be favorable in terms of
light absorbance capability, charge carrier transfer, and band

positions.
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Figure 2. Crystal structures of different bismuth oxyhalides: (a) BiOC],
(b) Bi,OsBr,, (c) Bi;0,Cl, and (d) Bi,,05,Cl;, as examples. Images
generated from CIFs from refs 23—26 with permission. Copyright
2014, American Chemical Society; Copyright 2001, Walter de Gruyter
and Company; Copyright 1998, Walter de Gruyter and Company;
Copyright 2000, International Union of Crystallography. (e) Optical
absorption spectra of Bi,Op X, materials. Reproduced with permission
from ref 27. Copyright 2017, American Chemical Society.

Facet-selective growth of these layered structures can
optimize the resulting surface exposure to facilitate water
splitting.”® That is, the interactions of adsorbed protons and
water with photogenerated electrons and holes, respectively, can
be tuned through selective surface expression, which allow for
selective manipulation of the activation processes.”’ Another
advantage of the layered crystal structure is that alternating
positive and negatively charged layers in the crystal structures
form static internal electric fields along the c-axis (perpendicular
to the charged layers). Photoinduced separations and transfers
of charge carriers from the bulk to the surface are promoted by
the internal electric fields generated by the characteristic layered
structures, which are advantageous to the ensuing surface
photocatalytic reactions. In addition, facile charge trans-
portation and enhanced separation efficiencies of the photo-
induced electron—hole pairs have also been achieved by
inducing oxygen vacancies in the crystal structures of bismuth
oxyhalides.”

The rate-determining step for water splitting is the oxidation
of water to produce O,. The reduction process involves two
electrons combining with 2H* to form H,. O, production,
however, is kinetically sluggish as four holes are required to
oxidize H,O to produce O,. Thus, improvement of the water
splitting oxidation half-reaction is necessary for the improved
efficiency of H, generation. Previous studies report O,
production from BiOX materials with different halogens.””*”
The valence band maximum (VBM) of BiOX changes as the
halide identity changes from Cl to Br to I.*" The upward shift of
VB from CI to I along with the conduction band minimum
(CBM) remains mostly unchanged, allowing for band gap
tuning. Likewise, Bi,O,X. materials can produce O, photo-
catalytically, owing to variable VB edges and tunable photo-
absorption capabilities by tailoring the stoichiometry.*”

Photocatalytic H, evolution is a promising platform to
convert unlimited solar energy to H,. Results show that Bi,O,X,
is photocatalytically active for evolution of H,.”® The possibility
of band structure tailoring of Bi,OX, owing to the composi-
tional changes possible by varying atomic ratios of Bi, O, and X
enables efficient HER. The CB can be modulated by the
variation of Bi content and the VB can be modulated by the
variation of O and halide contents.** Further, by engineering
surface oxygen vacancies, heterojunction formation, cocatalyst
loading, or doping into bismuth oxyhalides, enhanced H,
production has been reported.*

B INTRODUCTION TO LIFE CYCLE ASSESSMENTS

With understanding of the potential of bismuth oxyhalides as
photocatalysts, we now look at the environmental impact of
these materials.

LCA is a systematic evaluation of the environmental inputs
and outputs of a production process through time, including all
the actions to make, transport, use, and dispose of a product
(also known as “cradle to grave”) (Figure 3a).”* LCAs address
the need for consumers, industry, and governmental bodies to
monitor and protect the environment and minimize pollution
and waste. Further, LCAs can be used to compare product and
system costs and efficiencies. Simply, a LCA uses scientific data
to support decision making.

Early studies on the environmental impacts of products and
materials emerged in the 1960s and 1970s with broad areas of
focus. The need for the assessment across all life stages of a
product stems from the fact that a large part of the total
ecological impact of a product is not simply in the use of a

https://doi.org/10.1021/acssuschemeng.2c05326
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Figure 3. (a) Main stages and typical inflows and outflows in a LCA.
Adapted from ref 35. (b) Phases of a LCA. Adapted with permission
from ref 36. Copyright 2006, International Organization for Stand-
ardization.

product, but rather in its raw material extraction, production,
transportation, and ultimate disposal. LCA standardization
came in the 1990s and early 2000s with the publication of
International Organization for Standardization (ISO) 14040
and ISO 14044, which now outline the framework and
guidelines for LCAs.*>*” We note here that our analysis of
bismuth oxyhalides is modeled after these international
standards but is not a formal LCA as differences are present.
We place emphasis on where more data are needed to fully
evaluate these promising materials. Additionally, LCA does not
represent a comprehensive or complete assessment tool. Other
factors may be present such as costs, and such factors can change
over time. Therefore, subjective judgment is present at various
steps.

The LCA model includes four phases that are goal and scope
definition, inventory analysis, impact assessment, and inter-
pretation (Figure 3b). The goal of a LCA defines the aim,
intended audience, and application of the study, while the scope
of a LCA defines the system boundaries, functional unit, data
assumptions, and limitations. The inventory analysis phase
contains the data collection and quantifies all relevant inputs and
outputs of the system. The impact assessment phase weighs the
magnitude of the environmental effects from the data collected
in the inventory analysis. The interpretation phase analyzes the
data of the individual impact assessments in the combined

context of the entire life cycle. It further makes conclusions and
recommendations consistent with the data and discusses
limitations of the LCA. These four phases of the LCA model
are ultimately not linear, and a final LCA is achieved through a
very iterative process as shown in Figure 3b. As data are obtained
and evaluated, the goal and scope may change. New data may
need to be collected and reviewed, and conclusions may change.
Thus, it is important to be flexible in each phase to ultimately
deliver a LCA that is consistent and complete.

Having outlined the LCA and its phases, we now introduce
our study into the LCA of layered bismuth oxyhalides.
Acknowledging the need for novel and sustainable energy
production, photocatalysis has been promoted as a solution to
generate solar fuels (e.g., H,). By combining sunlight and a
proton source (such as water) in the presence of an appropriate
photocatalyst, H, can be readily formed. In the literature,
photocatalysts are commonly evaluated by their quantum
efficiencies, a metric that captures the effectiveness of light
absorption and energy conversion to usable form. This
oversimplification, however, neglects many other steps of a
photocatalyst’s life cycle beyond the use phase. Further, it
measures only performance and does not capture the
sustainability of the methods used. A more holistic analysis
would look deeper at the photocatalyst at all stages, from raw
material extraction and photocatalyst synthesis to use and end of
life disposal and the sustainability of each of these stages. If
photocatalysis is to be the solution to the looming energy crisis,
then photocatalysts must be able to be produced efficiently on a
global scale with minimal harmful waste streams, robust
recycling systems, etc.

Here, we create a qualitative LCA of layered bismuth
oxyhalides to support a deeper understanding of the
sustainability of a known potential photocatalyst and for later
comparisons to other materials. While the precise environmental
effect of any single step may not be quantitatively known, we aim
to find areas that need further optimization or limit the overall
use of bismuth oxyhalides in a qualitative sense. At the end of the
LCA, we conclude and make recommendations as to the future
of the field and the utility of bismuth oxyhalide materials as
photocatalysts.

This LCA is focused on bismuth oxyhalides for solar
photocatalysis only. Bismuth oxyhalides are less useful as
electrocatalysts, so these applications are not considered.”® We
further focus on water splitting as a route to produce H,. Other
proton sources such as formic acid are not considered. We define
bismuth oxyhalides as the class of compounds of the type
Bi,0,X. (where X = Cl, Br, I). Such compositions include
BiOClI, BiOBr, and BiO], as well as other stoichiometries such as
Bi;0,X, Bi,0:X,*, and Bi,;0;,X,,.”>*° *Note that Bi,O;Cl, is
not layered, but Bi,O4Br, and Bi,O;], are layered.”****’

Defining the functional unit of this study is challenging.
Metrics such as per mole or kg of H, produced are not possible,
as each compound has different performances, and these
additionally differ based on the synthesis method and factors
like cocatalyst loading. A simple weight unit such as per kg
photocatalyst could be used. However, there are multiple
formulas, so the composition varies between materials. Thus, a
functional unit of energy/resources/cost/etc. to produce 1 kg
BiOCl is used as an initial framework. As we explore other
materials with other halogens and stoichiometries, these
materials can be evaluated and “converted” to this functional
unit.

https://doi.org/10.1021/acssuschemeng.2c05326
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Our system boundary represents a “cradle to grave” analysis:
the acquisition of raw materials, manufacturing inputs and
outputs, photocatalyst synthesis techniques with inputs and
outputs (including the use/production of fuels, electricity, and
heat), photocatalyst use period, and ending with spent
photocatalyst reuse/repurposing/recycling/disposal (Figure
3a). We note that certain components of this analysis are
much more developed than others based on available
information. Moving into the second and third phase of a
LCA, inventory analysis and impact assessment, we look at each
stage of the life cycle individually to assess the relevant inputs
and outputs of each section and evaluate the sustainability of
each process step.

This Perspective concludes with the fourth phase of a LCA,
the interpretation phase. The strengths and weaknesses in the
sustainability of each life cycle step are assessed with respect to
the entire life cycle. We make conclusions and recommendations
on the future of bismuth oxyhalide production and the
sustainability that must be researched further before this
material can be used as a solution to the global energy crisis.
More broadly, we outline areas where more information is
needed and place this information within the field of
photocatalysis.

B RAW MATERIALS

Bismuth-based nanomaterials have been gaining interest as
promising photocatalysts as outlined in the Introduction and
Bismuth Oxyhalides (Bi,O,X.) sections. Bismuth has been
known since antiquity and was often mistaken as lead and tin.
Bismuth is found naturally as the native metal and in ores such as
bismuthinite (Bi,S;) and bismite (Bi,O;); however, due to the
rare occurrence of bismuth minerals in sufficient quantities to be
mined as the principal products, bismuth is mainly obtained
commercially as a byproduct from reﬁning ores of different
metals, mainly lead, but also copper and tin."' ~** Bismuth has a
crustal abundance of 0.1—0.2 ppm, making it the least abundant
element in the nitrogen group.” In the USA manufacturing
sector for 2016, bismuth possessed a mineral commodity supply
risk (SR) of 0.5 on a scale from 0 (very low risk) to 1 (very high
risk).*® SR is calculated as the geometric mean of three key
indicators: disruption potential, trade exposure, and economic
vulnerability. For comparison, lithium, selenium, and zirconium
have low SR scores (0.2—0.3). Indium, strontium, and tellurium
have moderate SRs (0.3—0.4), while bismuth, gallium, iridium,
and lanthanum have high SRs (0.5—0.6). Since bismuth is most
often produced as a byproduct of processing lead ores, world
reserves of bismuth are typically estimated from that contained
in lead ores.”* Historically, bismuth has only been mined as a
principal product in two places: the Tasna mine in Bolivia
(inactive since 1996) and a mine in China.** Annual global
production of bismuth in 2021 was 19,000 t, with dominant
production coming from Asia (Table 1)

The USA ended production of primary refined bismuth in
1997 and thus relies completely on imported bismuth.** The
USA maintains no government stockpile, despite being deemed
a critical mineral in 2018.*” Similarly, bismuth was named a
critical raw material by the European Commission in 2017.**
Bismuth is present in some lead ores mined in the USA, but even
this source is exported for smelting (the last primary lead smelter
in the USA closed in 2013). In 2021, the USA had a net import
reliance (as a percentage of apparent consumption) of 90%.**
This parameter is broken down by country of import in Table 2.
The price of bismuth in 2021 in the USA was $8.05 US per kg

Table 1. Global Refinery Production of Bismuth in 2021 by
Country in Metric Tons and Percent of Total”

2021 Refinery Production 2021 Refinery

Country (metric tons) Production (%)
China 16,000 84
Republic of Korea 1000 S
Laos 1000 S
Japan 600 3
Kazakhstan 240 1
Bolivia 60 0.3
Bulgaria 50 0.3
Canada 30 0.2
Mexico 10 0.05
Total 19,000

“Adapted from ref 44.

Table 2. Sources of Bismuth Imported to USA from 2017—
2020 by percent”

USA Import Sources (2017—2020) Percentage
China 67
Republic of Korea 16
Mexico
Belgium
Other 6

“Adapted from ref 44.

($3.65 US per pound). Globally, the average bismuth price from
2007 to 2014 was $17.28 US per kg ($7.84 US per pound).™*

A total of 90% of the world bismuth production is as a
byproduct of lead metallurgy.” Because the bismuth life cycle is
inherently linked with lead production, to understand the life
cycle of bismuth, we must also explore the refinement of lead to
produce pure bismuth. The processing and refining route of
bismuth-containing ores is based on the bismuth content of the
ore and the strategy for recovering the other metals, mainly lead
(Figure 4). Several methods of purifying lead ore include
electrorefining (Betts process), pyrorefining (Kroll—Betterton
process), ionometallurgy, and a combination of gravity,
flotation, and magnetic separation.”’ The first two of these
methods are the most commonly used, and the sustainability of
each is discussed in detail below. The Betts process (18% of all
bismuth processed) is preferred when the bismuth content of
the lead concentrate is >4%, while the Kroll-Betterton process
(61% of all bismuth processed) is preferred for 0.05%—3.5%
bismuth.>>'!

The Betts process for electrorefinement of lead involves using
an impure metal alloy as an anode that undergoes electro-
oxidation to remove lead, leaving other impurity metals
(including Bi) as an undissolved anode slime (~3—10 wt %
Bi)."™* In this process, lead fluorosilicate (PbSiF4) and
hexafluorosilicic acid (H,SiFs) are used as the electrolyte.
H,SiFy is used due to its low cost; however, it decomposes into
hydrofluoric acid and silicon tetrafluoride by the following
reaction:

HZSiFé d ZHF(g) + SIF4(g) (8)

Both HF and SiF, are corrosive, toxic gases which are
environmentally costly. The Betts process uses ~554 MJ per ton
lead for the electrolysis process and 166 MJ per ton lead for
other mechanical considerations for a total of 720 MJ per ton

https://doi.org/10.1021/acssuschemeng.2c05326
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lead (using the data from ref 52 by taking an average of seven
lead electrorefining plants weighted by annual lead production).

The Kroll-Betterton process for pyrorefinement of lead
involves the addition of magnesium (metallic) and calcium (as a
5% Ca in lead alloy) to the molten impure alloy.””** These
metals are stirred at 420 °C and then slowly cooled almost to the
lead freezing point of 327 °C. CaMg,Bi,, an intermetallic
compound with a higher melting point and lower density than
molten lead, forms as a solid dross on the surface of the molten
lead which can be skimmed off. The overall reaction is shown by
the equation

Ca + 2Mg + 2Bi — CaMg Bi, (9)

which has a solubility product constant in molten lead of
107737.>* This process can be performed in both continuous and
batch reactions. The resulting material is treated with chlorine to
remove the calcium and magnesium, leaving a lead—bismuth
alloy that is ~7 wt % bismuth.

The remaining bismuth alloy from either the Betts or Kroll—
Betterton processes is further refined to obtain pure bismuth.*
If the alloy contains excess copper (which remains through the

Betts process), sulfur drossing is performed to remove it.>>
Tellurium, tin, arsenic, and antimony can be removed with the
Harris process by mixing in molten NaOH and NaCl.>¢7>¢
Other metals are then removed by bubbling in chlorine gas.
Once the alloy reaches ~70% bismuth, desilvering takes place
using the Parkes process, aliquid—liquid extraction using molten
zinc which extracts any precious metals.”"**° Chlorine refining
is then continued to achieve >99.99% purity bismuth.

It is clear that bismuth production is interwoven with many
other systems, too many to be adequately addressed here. The
overall bismuth production process can be evaluated for its
sustainability by various metrics. No large database such as
Ecoinvent has data on bismuth metal, but others have put
together data on materials using or related to bismuth.’'~%*
Nuss and Eckelman have tabulated excellent, extensive data on
the LCA of metals including bismuth.®” We present some of
their bismuth-specific data in Table 3. Using 2008 data, they
summarize the global warming potential (GWP) of bismuth
production to be 58.9 kg CO,-eq/kg bismuth and the
cumulative energy demand (CED) to be 697 MJ-eq/kg bismuth
(cradle to gate values). Notably, both are broken down by
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Table 3. Environmental Impact of 1 kg of Bismuth
Production®

Metric Value Rank”
Global Warming Potential 58.9 kg CO,-eq/kg Bi 36
Cumulative Energy Demand 697 MJ-eq/kg Bi 34
Terrestrial Acidification Potential 0.38 kg SO,-eq/kg Bi 34 (Tied)
Freshwater Eutrophication 0.022 kg P-eq/kg Bi 32
Human Toxicity Impact 0.000017 CTUh/kg Bi 23

“Adapted from ref 62 which has a Creative Commons Attribution 4.0
International License, published by the Public Library of Science. "Of
63 metals studied in ref 62, values correspond to data from 2008 and
covering from cradle to gate only (ore mining, concentration,
purification, and refining). For all categories, the least harmful is rank
1; the most harmful is rank 63.

process steps and show that 95% of the GWP and 92% of the
CED come from the purification/refining processes alone.
Mining and concentration steps constitute the rest of the GWP
and CED. For context and comparison, the production of steel
has a GWP of 2.3 kg CO,-eq/kg and CED of 23 MJ-eq/kg,
whereas cradle-to-gate GWP of Pt, one of the best metal
cocatalysts for photocatalytic hydrogen evolution reaction, is
12,500 ng CO,-eq/kg with a CED value of 243,000 MJ-eq/
kg.®>°>% Delving deeper into the specific inputs and outputs of
bismuth production, Andrae et al. quantified many metrics
presented in Table 4.

The other main reagent of Bi,O,X, production is a source of
halide ions, mainly halide salts. Ecoinvent v2.0 (2007) has
reviewed LCA data for NaCl (Table 5).” LCA data for bromide
and iodide ions from salts are not tabulated in databases. It can
be qualitatively speculated, however, that the environmental
impact of bromide and iodide will be more severe due to relative
atomic abundancies and the ease in which NaCl can be
harvested from ocean water in addition to mineral sources.
World production, reserves, and salient statistics of bromine and
iodine can be found in ref 44.

Comparing the environmental impact of bismuth and halide
raw material production, bismuth is environmentally more
costly in most metrics. Its intrinsic association with lead
production is a serious concern. As global trends move away
from the use of lead for greener bismuth, the coproduction of
these two elements may change the metallurgical industry
landscape from mainly lead production, with the refinement of
impurity bismuth, to one that focuses more on bismuth
production/efliciency, etc. This outcome may affect mining
sites for bismuth-rich ores or even cause the restarting of mines
with bismuth as the primary product. Notably, the extremely low
toxicity of numerous bismuth compounds has earned bismuth
the status of a “green element” with many LDy, values greater
(less toxic) than that of table salt.*' Due to this reason, bismuth-
containing compounds and alloys are used for cosmetic,
industrial, laboratory, pharmaceutical applications and as
environmentally friendly substitutes for lead.**

B Bi,0,X. MATERIALS PRODUCTION

Originating from raw materials, common bismuth compounds
(e.g, Bi, Bi(NO;);, NaBiO;, Bi,O;, and BiX;) and halide
sources (e.g., NaX, KX, HX, or hexadecyltrimethylammonium
halide salts, and ionic liquids) are used as rea§ents in a variety of
synthetic methods toward BiOX materials.”® These methods
include hydrolysis of common salts as well as molecular
precursor pathways, being commonly coupled with hydro-

Table 4. Ecoprofile for 1 kg Bismuth Production (units in
kg)“

Inputs:

Resources:

Bismuth 1
Coals, various 3.5
Natural gases, various 0.47
Qils, various 43x107°
Outputs:

Bismuth 1
Emissions to water:

As 2.9x 1078
cd 22%x107°
Cr 9.5x 1076
Cu 59 %107
Cyanide 2.8 %107
Pb 2.8%x107°
Hg 2.0 x 1077
Ag 12x 1077
Sn 3.7 %1077
Emissions to air:

Cd 43 x107°
CO, 19.1
Cr 2.4 %107
Cu 49x107°
Cyanide 2.1x107%
N,O 3.7 %107
Dioxins (measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin) 93x 1071
Pb 52x107°
Hg 1.3x107°
Methane 0.025
NO, 0.047
Particulates, various 0.021
Ag 4.7 x 107"
SO, 0.1
SO, 9.9 x 107*
Sn 1.8 x107®

“Adapted with permission from ref 63. Copyright 2008, American
Chemical Society.

Table 5. Production data for 1 kg NaCl (units in kg, except
where noted)”

Inputs Outputs
Electricity 0.61 MJ NaCl 1
Light fuel oil 0.00463 Waste (disposed) 0.03
Diesel 0.0001 Waste water, total 3.82
Ca0 0.01388 Water (cooling) 2.69
Na,CO, 0.01272
Water (process) 3.82
Water (cooling) 2.69

“Adapted with permission from ref 67. Copyright 2007, Ecolnvent.

thermal/solvothermal and templated techniques, among
others.®®~7° In this section, an overview of these approaches is
provided, giving insights to the key compositional and structural
benefits of each, as well as evaluating the sustainability of each
production method.

Hydrolysis Methods. One of the simplest methods to
synthesize BiOX materials is by hydrolysis of bismuth halides by
water or bismuth salts with halide salts in water.”'

https://doi.org/10.1021/acssuschemeng.2c05326
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Representative reactions are presented as eqs 10 and 11. Often,
such syntheses use mild conditions and would be easily scalable,
but the BiOX products are powders composed of particles with
nonuniform morphology. This outcome arises because of an
extremely fast rate of BiOX formation and would limit the ability
to leverage particle size, shape, and faceting effects in
photocatalysis.

BiCl, + H,0(; — BiOCl, + 2HCI (10)

BI(NO3)3 + NaCl + HZO(I)
- BIOCI(S) + NaNO3 + ZHNO3 (11)

Still, there are examples of BiOX materials produced through
modified hydrolysis methods that give rise to reasonably defined
microscale or nanoscale structures. For example, BiOCl
nanoflakes were synthesized by controlled hydrolysis of BiCl,
in the presence of acetylacetone (6 h at 65 °C).”” In this case,
acetylacetone was used as a strongly coordinating solvent to
coordinate with BiOCl, and the acidity of the solution was
controlled to yield bismuth oxychloride nanostructures from the
liquid phase. As a second example, BiOCI nanosheets were
produced by hydrolysis of Bi(NO,); in the presence of HCl and
Na,CO,.”* In this case, Bi(NO,); and HCIl were used as
precursors. Bismuth nitrate was dissolved in HCl to produce free
Bi** and CI~ ions with the pH adjusted to 2 using Na,CO; which
led to a slow growth rate of BiOCI to achieve nanosheets.

The selections of commodity salts as reagents and water as a
reaction solvent make hydrolysis a green and sustainable
approach to produce bismuth oxyhalide photocatalysts. More-
over, the low temperatures of these reactions and the ability to
create crystalline materials directly are attractive. However, the
reliance on additives to control hydrolysis rates and achieve
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structurally defined materials can limit the sustainability of such
syntheses.

Hydrothermal/Solvothermal Methods. The hydrolysis
chemistry outlined in the previous section is often integrated
into hydrothermal and solvothermal approaches. In these
approaches, a closed vessel is heated to create a high pressure
environment, which increases the solubility of precursors and, in
turn, their reactivities. This approach also makes use of organic
solvents more feasible as common reagents become more
soluble at higher pressure. This approach also is particularly
attractive to the preparation of BiOX materials in water as the
rapid hydrolysis conditions, even at atmospheric pressure, limit
control over nucleation and growth processes. However, at high
pressure, initial precipitates can be dissolved. This condition
yields greater control over the subsequent nucleation and
growth processes such that BiOX powders can be produced with
control of crystal size, shape, faceting, and stoichiometry. In
hydrothermal syntheses, Bi(NO;);-SH,0 is widely used as the
bismuth source. During the formation process, Bi*" cations
hydrolyze with H,O to yield BiONO; () and H". The formed
BiONOs; () reacts with halides to yield BiOX.

Like conventional colloidal syntheses, this synthetic control
over composition and structure is achieved by modulating the
thermodynamics and kinetics of the intermediates of BiOX
formation. For example, Zhang and co-workers reported two-
dimensional (2D) structures of BiOCl where the expressed
facets were determined by the pH of the hydrothermal
synthesis.”* Notably, low pH conditions gave rise to crystals
dominated by {001} facets, while a pH of 6.0 gave rise to crystals
dominated by {010} facets. The {001}-terminated BiOCI
crystals exhibited greater photocatalytic activity than the
{010}-terminated BiOCI crystals for pollutant degradation
under ultraviolet (UV) irradiation due to direct semiconductor
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photoexcitation. In contrast, the {010}-terminated BiOCl
crystals exhibited greater activity for pollutant degradation
with visible light irradiation caused by indirect dye photo-
sensitization.

Facet engineering of BiOX photocatalysts also has been
obtained by adjusting the hydrothermal temperature and
heating time with different additives. For example, nanoplates
with {001} facets exposed on the top and bottom and {110}
facets on the sides were achieved by addition of NaCl to
Bi(NO;); in a mannitol aqueous solution and autoclaved at 160
°C for 3 h.”> BiOCI nanospheres were achieved by heating
Bi(NO;); in ethylene glycol with KCl as a halide source for 12 h
at 160 °C.”° Here, the Bi** cations coordinate with ethylene
glycol to yield alkoxide complexes and H*. The {001} surface is
capped by H* due to the strong binding interaction between the
proton and oxygen leading to constrained crystal growth along
the c-axis leading to {001} facet exposure in the crystals.

Although hydrothermal and solvothermal methods can yield
high-quality BiOX nanocrystals, the biggest drawbacks of these
synthetic techniques are the high energy cost of heating and the
cost of infrastructure needed to generate a high pressure
environment. For a more sustainable approach, continuous-flow
hydrothermal synthesis with organic solvent minimization
(ideally using water instead) needs to be adopted. Further,
cost of input and energy consumption are high for these
techniques.

Molecular Precursors. Given the difficulty in controlling
nucleation and growth of BiOX materials during the hydrolysis
of simple salts, researchers have turned to designing molecular
precursors. BiOCl nanosheets were obtained by hydrolysis of
Bi,(Tu),Cly, (Tu = thiourea).”’ Adjustment of the BiCl;:Tu
feed ratio was shown to correlate with the percentage of {001}
facet exposure. The photocatalytic activity of the resultant
BiOCl was found to be proportional to the percentage of {001}
exposure on the particle surface. Recently, our group
demonstrated rapid and scalable ultrasonic spray synthesis of
BiOX (X = Cl, Br) using molecular precursors (Figure 5a).”* We
identified a bismuth lactate complex and organohalide
molecules as water-soluble bismuth and halide sources,
respectively. By spatially and temporally confining the
precursors in the aerosol phase with molten salt fluxes, these
precursors yielded single-crystalline BiOX nanoplates produced
in a continuous flow upon heating. Mechanistically, the
organohalide molecules react with water at elevated temper-
atures, releasing the halogen as X~ which immediately reacts
with Bi** to precipitate as BiOX.

The molecular precursor method is also an interesting
strategy to produce Bi,O,X. phases. Due to the easy phase
transformation with very small pH changes, obtaining high-
purity, single-phase Bi,OpX. stoichiometries are challenging
when a # b # c. Bi,OsX, (X = Br, I) was obtained by Ye et al.
using single-source precursors.*’ In this synthesis, the molecular
bismuth, halide, and glycerol precursors were synthesized by a
solvothermal process to form the complex precursor. Bi,OsX,
was then obtained via the hydrolysis of the complex precursor.
Two different morphologies were achieved by the authors via
this method, Bi;OsBr, microspheres and Bi,OsBr, nanosheets.
Hierarchical Bi,O4BrI, . was also obtained by this molecular
precursor method.

To achieve environmental sustainability with molecular
precursor methods, further development is still needed,
particularly by replacing organic complexes and solvents by
water-soluble precursors as we demonstrated. Current method-

ologies to obtain high quality nanostructures of bismuth
oxyhalides using single-source precursors still require high
input energy costs such as high temperature and pressure
conditions. Continuous-flow reactors such as ours will also add
to the sustainability and scalability of these methods. Further,
cost of input and energy consumption could be reduced in this
type of synthesis technique via atom economical routes.

Templated Methods. Bismuth oxyhalides have also been
produced by hard and soft templated methods. These methods
provide a preformed template on which nucleation can occur
through the previously described chemical pathways, lowering
the energy barrier to nucleation. Hard templates are solid state
materials with defined structures and stable morphologies, such
as silica, whereas soft templates have a less defined structure and
are able to undergo deformation, such as polymers. The sizes
and shapes of the resultant bismuth oxyhalide crystals depend on
the type of template used, making it a capable technique for
oxyhalide nanostructure synthesis.

Yu and co-workers used a hard template of carbonaceous
microspheres and calcined Bi(NO,); and HCI at 400 °C to
synthesize hollow microspheres of BiOCl with shell thicknesses
of 40 nm.”" The carbonaceous spheres were coated by adsorbed
Bi’* cations because of the many functional groups (—OH and —
COOH) on the carbon material as well as halide ions. This
adsorption process was followed by calcination. During heating,
the carbonaceous spheres contracted and combusted, leading to
hollow BiOCl seeds that nucleated and grew and volatilized any
excess halogen ions.

Zhang and co-workers demonstrated hierarchical BiOCl by
employing butterfly wing scales as soft biotemplates (Figure
5b).”” The scales had 3D hierarchical photonic structures. They
showed that the BiOCl nanosheets can evenly grow on the
templated surface and imitate the fine structural features of the
butterfly scales through an amination treatment followed by an
electroless deposition procedure. They used 6-chloro-1-hexanol
as the chloride precursor to achieve uniform replication, with
aqueous ethanol as the solvent to reduce the rate of CI™ release.

Templated methods excel at producing BiOX nanocrystals
with well-defined morphologies; however, the production rate
and overall yields are low. Continuous-flow templated synthesis
with solvent minimization/recycling could be a potential
solution, with reducing the cost of the template and energy
consumption needed for this type of synthesis technique. Also,
the judicious use of biowaste-derived or recyclable templates is
another strategy to cut the production cost to yield high quality
BiOX nanocrystals for energy harvesting and environmental
remediation applications.

Comparative Sustainability of Synthesis Methods. To
compare the sustainability of the various synthetic methods and
techniques, we look at the process steps that make up each
method. Hydrolysis syntheses are the most sustainable with
simple reagents, water as the solvent, and little to no heat
applied. As a trade-off, the resulting products often lack
structural control, which can impact the performance and thus
sustainabilities of BiOX materials in the use stage. Hydrothermal
methods similarly use simple reagents and water in their
processes; however, the application of high temperature heating
makes this step less sustainable assuming conventional means of
energy input. For solvothermal methods, the energy associated
with heating remains similar to hydrothermal methods, but now,
the sustainability of the solvent system must be considered,
which is anticipated to be less than water. Molecular precursor
methods and templated methods are harder to directly compare
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with other methods, but their ultimate environmental impacts
depend again on the reagents/template used, solvent system,
and application of heat/pressure. Thus, we rank the first three
methods in order of hydrolysis < hydrothermal < solvothermal,
from least to most environmentally harmful.

We can look to the literature for LCA analyses of synthetic
methods of other materials.**~*> Ntouros et al. explored five
synthetic routes toward ZIF-8 nanomaterials.*> They showed
that the use of methanol as a solvent accounts for 35% of the
mean environmental impact, while this metric increases to 58%
using DMF as a solvent. The use of deionized water as a solvent
resulted in only 2% of the mean environmental impact, showing
the negative impact of nonaqueous solvents. Wu et al. evaluated
seven routes to TiO, nanoparticles across physical, chemical,
and biological space.” Across all 10 impact categories measured
(including GWP, fossil fuel depletion, and ecotoxicity), the sol—
gel route (similar to hydrolysis methods discussed previously)
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was less impactful than hydrothermal syntheses, which were less
impactful than solvothermal methods, consistent with the trend
we presented.

Finally, we must acknowledge the differences in the resulting
materials produced by the synthesis methods presented in this
section. Using a functional unit of 1 kg BiOCI, the effects of the
structural features on photocatalytic activity are not explored
within this context but are important to the use stage analysis of
BiOX sustainability. As outlined in the Characterization/Use
Phase section, often the materials prepared by the least
sustainable methods perform best in application, highlighting
a balance that must be struck. With a different functional unit
such as material surface area (enough material to have 1 m” of
material surface exposed) or photocatalytic performance
(enough material to produce 1 ymol H, per h), the conclusions
drawn here may differ.
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B CHARACTERIZATION/USE PHASE

Bi,0p X, (X = Cl, Br, I) materials with 2D layered structures have
gained a lot of attention toward solar-to-chemical energy
conversion, due to their enhanced optoelectronic properties
compared to many oxide photocatalysts.*® In addition, the
strong internal static electric fields along the c-axis facilitate the
effective separation of the photoinduced charge carriers.””
Zhang et al. conducted the first investigation of the photo-
catalytic activity of an oxyhalide.”® BiOCl was prepared by
hydrolysis, and evaluation of the photodecomposition of methyl
orange revealed that BiOCI exhibits better performance than
TiO, (P25, Degussa) in aqueous medium under UV irradiation.
However, the poor absorption of visible light due to the wide
band gap of BiOCI limits its sustainability and commercial
photocatalytic applications. The band gap of BiOX (X = C, Br,
I) can be narrowed with larger halides, from BiOCl (3.2 eV),
BiOBr (2.7 eV), to BiOI (1.7 eV), leading to more efficient
visible light absorption.*” The VBM of each of these oxyhalides
makes the OER favored. Unfortunately, the positive CB position
of BiOX (X= Cl, Br, I) makes them unsuitable for photocatalytic
H, evolution (PHE). For PHE to take place, the conduction
band minima should be more negative than the redox potential
of H'/H, (H,/H*= 0.00 V vs NHE at pH 0).”° In order to
obtain efficient PHE, the conduction band edge of BiOX
materials needs to be shifted to more negative voltages. This
challenge has been addressed in the literature by tuning the
Bi,OpX. composition. As has been shown, many bismuth-rich
Bi,OX. materials have the capacity to perform overall water
splitting. Other methods toward efficient overall water splitting
include the formation of heterostructures which combine
Bi, O, X, materials with a second absorbing material more suited
toward HER. Both of these strategies and more will be discussed
below. Currently, the reported photocatalytic approaches for H,
production are more focused on superior performance,
especially using sacrificial reagents or foreign elements as
dopants or cocatalysts compared to the bare photocatalysts. In
this section, we focus on evaluating the sustainability of different
strategies employed to impart superior photocatalytic H,
evolution efficiency to bismuth oxyhalide materials, namely,
composition, crystal size, shape, faceting, and heterostructures.
We also discuss the sustainability of the use phase of a
photocatalyst’s life cycle.

Composition. Adding cocatalysts, altering stoichiometry,
introducing dopants, and developing multimetallic oxyhalides
are some of the commonly used strategies for band structure
engineering. While these methods primarily aim toward superior
photocatalytic performance, this section evaluates the sustain-
ability of the composition-based modifications on Bi,OyX, (X =
Cl, Br, I) materials toward PHE.

Strong adsorption of H, on Bi,O X, materials makes it
difficult to evolve H, in an efficient manner. Strategies involving
cocatalyst loading on the surface of the material have been used
to tackle this problem and further boost the efliciency of
photocatalysts.”’ Photoabsorbing materials like bismuth oxy-
halides are good at generating electron—hole pairs, but usually
do not have the ideal surface adsorption energies to facilitate
water splitting redox reactions. Cocatalysts like noble metals can
be used to provide appropriate reaction sites with ideal
adsorption energies for carrying out photocatalytic processes.
Additionally, the lower Fermi levels of noble metals when
compared to those of photocatalysts can lead to the transfer of
photoexcited electrons from the CB to the deposited metal.””

Suitable Gibbs adsorption energies of H atoms (AGy) can also
lead to efficient PHE.” In particular, 1 wt % Pt was observed to
be a good cocatalyst as it minimized the charge carrier
recombination rate and provided an ideal surface for HER
reactions.”*”*™% In addition, cocatalysts can prevent photo-
corrosion of materials by timely consumption of photogenerated
charges.97 Noble metals, however, are not earth abundant and
are costly, leading to sustainability concerns. Investigations into
these problems have led to the discovery of many useful
transition metal cocatalysts that are considerably more
sustainable. For instance, metallic Bi acts as a cocatalyst to
improve the PHE in Bi/Bi;O,I/Sn;O, compared to the
unmodified photocatalyst.”® The PHE of the material was up
to 326 umol h™' g™', which was 5 times higher than that of
Sn;0,. If the loaded cocatalyst is earth abundant, cheap,
nontoxic, enhances PHE, and can be recycled/reused, then the
strategy of loading cocatalysts onto bismuth oxyhalides will
enhance the overall material’s sustainability.

The PHE of bismuth oxyhalides can also be boosted by
fabricating bismuth-rich oxyhalides.*””” Since the CB position
of BiOX is mainly composed of the bismuth 6p orbitals,
adjustment of the bismuth content can modulate the CB
position of BiOX as shown in Figure 6a.”” For example,
Bi,,O3,Br), has a negative CB position relative to the BiOBr CB
position and thus a stronger reducing ability of the photo-
generated electrons. The uplifting of the CBM is due to the
bismuth 6p and Br 4s orbital hybridization resulting from the
stoichiometry of elements.”” Furthermore, sp hybridization
leads to highly dispersive band structures, leading to lower
effective masses of electrons and holes, which makes photo-
induced charge carrier transfer more efficient.'”” There is greater
tunability of surface atomic types, atomic quantities, and atomic
distances in bismuth-rich materials compared to pristine
BiOX.”> The tunability of these parameters enables the
feasibility of using the material for diverse applications. Apart
from these advantages, the larger interlayer spacings and dipole
moments of the bismuth-rich materials result in better
polarization spaces and polarization forces, leading to larger
internal electric fields, which minimize recombination of
photogenerated electron—hole pairs.”® Thus, the bismuth-rich
strategy enables good n-type conductivity, larger intrinsic
internal electric field, improved stability, enhanced photo-
reduction ability, and better harvesting of visible light in
comparison to BiOX.'”" A chemical precipitation method was
used to synthesize the Bi,;O3Br;y, material by combining an
acidic bismuth nitrate solution with a basic surfactant solution to
control pH. The use of this material for PHE resulted in the
generation of 66.95 umol h™' g~' of H, under visible light
irradiation. The constant PHE driven by visible light over long
durations of time (experiment was conducted over a S-day
period) is promising in terms of sustainable use of the
photocatalyst. The disadvantages stem from the usage of
multiple reagents including Bi(NO;);-SH,0, HNO;, NaOH,
and hexadecyltrimethylammonium bromide for the synthesis of
the material, requirement for high temperature of about 500 °C
for postannealing, and use of methanol as a sacrificial reagent
during PHE.

Using a similar strategy, Bai et al. developed Bi,OsX, (X = Br,
I) nanosheets with {101} facet exposure using a molecular
precursor hydrolysis route, which was then further loaded with 1
wt % Pt as the cocatalyst by an in situ photodeposition method.*’
The few-layered structure of Bi,OsX, nanosheets can induce
strong internal electric fields, resulting in high photoinduced
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carrier separation efficiency, leading to efficient PHE. Bi,OBr,
yielded a PHE of 167.5 umol h™' g~' with an apparent quantum
efficiency of 0.93% at 420 nm. However, Bi,O;l, displayed a
lower photoinduced carrier separation efficiency than Bi,O;Br,,
resulting in a slightly lower PHE rate of 101.25 ymol h™' g™!
with an apparent quantum efficiency of 0.52% at 420 nm.
Although the material shows stable PHE over the course of 4 h,
the durabilities of the photocatalysts for further elongated
periods were not reported. Another disadvantage affecting
sustainability is the usage of methanol as a sacrificial reagent
during PHE and the requirement for an elongated period of
heating at 160 °C for 16 h for the synthesis of a complex
precursor. Along with this, a noble metal cocatalyst increases the
activity but lessens the material’s sustainability. As the
photocatalyst is synthesized and further modified, the chemicals
and energy used can contribute significantly to their environ-
mental impact. Therefore, the substitution of the precursor
materials and organic solvents with the greatest impact for
another with less impact should be evaluated for the sustainable
application of material toward PHE.'”* For instance, the
environmental, health, and safety (EHS) assessment for the 26
pure organic solvents are given in Figure 6b."”* Good candidates
as “green solvents” include methyl acetate, ethanol, and
methanol, having low scores due to their particularly low
environmental and health hazards, whereas formaldehyde,
dioxane, formic acid, acetonitrile, and acetic acid possess overall
high scores, making them less sustainable solvents. If a synthesis
technique with a less environmentally impactful solvent can be
developed to modulate composition and perform stable PHE
without any sacrificial reagents or cocatalysts for elongated
durations of time, it can be one of the most sustainable ways to
achieve band structure engineering.

Doping with foreign elements is an efficient path to tune the
electronic structure, enhance the wettability properties, reduce
the kinetic energy barrier, and introduce additional active sites,
which will lead to improved photocatalytic activity.'”> By
doping, additional energy levels can be introduced into the band
structure, which can be used to trap photogenerated electrons
and holes to minimize charge carrier recombination.'’ In this
way, photogenerated charge carriers lifetimes can be lengthened
by doping, resulting in an increased photocatalytic activity. The
synergistic effect of doping could confer the photocatalyst with
improved morphological characteristics, increased specific
surface area, optimal light absorption capability, enhanced
charge transfer, suppressed charge carrier recombination, and an
increased amount of surface oxygen vacancies.'’”'® The
oxygen vacancies can act as trap states for CB electrons
curtailing direct recombination of charge carriers and addition-
ally serve as active sites to accelerate surface redox kinetics.'*
Importantly, photocatalytic dopants should be selected such
that they are earth abundant and made of nontoxic elements in
order to achieve greater sustainabilities. A balance must be
struck between improved PHE performance and potential
adverse environmental impacts introduced by doping.'**

Li et al. observed that homogeneous carbon doping led to
enhanced PHE with BiOCl nanosheets having high exposure of
{001} or {010} facets."'* Specifically, the carbon-doped BiOCl
material was optimally loaded with a 3 wt % NiO, cocatalyst and
evaluated in the presence of triethanolamine (a hole scavenger)
under simulated solar light irradiation. Homogeneous carbon
doping enhanced the PHE rate by a factor of 3.6 (to 240 gmol
h™ g™") for {001}-faceted BiOCI nanosheets and by a factor of
8.1 (to 420 umol h™" g™') for {010}-faceted BiOCI nanosheets.

There was a strong correlation between the final carbon doping
amounts in the BiOCl nanosheets and the resulting specific facet
exposure. Doping of the photocatalyst with an abundant
nonmetal like carbon makes the method attractive in terms of
sustainability. In addition, using a NiO, cocatalyst is a good
choice as Ni is an earth abundant metal.

Mi et al. hydrothermally synthesized Fe(III)-doped BiOCl
ultrathin nanosheets.'”” Fe(IIl) doping and surface grafting
facilitate the interfacial charge transfer as well as narrow the band
gap compared to undoped BiOCL. In addition, the self-induced
electric field within BiOCl nanosheets, along with its five atomic
layer thickness could efficiently enhance the separations and
transfer efficiencies of charge carriers. A scheme of the proposed
photocatalysis process is shown in Figure 6¢. The trap levels
from doping with Fe(III) allow for excitation of electrons under
visible light irradiation. The static internal electric field due to
the characteristic layered structure of BiOCIl and the shortened
transport route offered by the thin nanosheet morphology can
enable the facile separation and transfer of the photogenerated
electrons and holes to the surfaces of the nanosheets to mediate
the surface redox reactions. The Fe(IlI)-doped BiOCl nano-
sheets displayed a PHE rate of 141.6 yumol h™' ¢! under visible
light irradiation for 8 h, whereas the undoped sample exhibited a
PHE rate of about 62.4 yumol h™! g™" under the same conditions.
The doping resulted in an increase in PHE by ~2.3 times
compared to the undoped sample, and the long-term PHE
demonstrates the photocatalytic stability of the material. Given
the earth abundant nature of the dopant and increased PHE, Fe
doping improves the sustainability of the material.

Recent studies have revealed that multimetallic oxyhalide
materials such as Bi;MOgX (M = Nb, Ta; X = Cl, Br) are
attractive photocatalysts for water splitting.""'~"'* The unit cell
of Bi;MOgX is composed of charged layers of fluorite-type
[Bi,0,]*" intergrown with alternating layers of [MO,]*>~ and
[X]~. Like BiOX, the alternating layers provide an internal static
electric field, leading to effective charge separation. Destabilized
O 2p orbitals, rather than halide orbitals, comprise the VBM as
proposed by the revised lone pair (RLP) model."'® According to
the RLP mode], filled bismuth 6s orbitals interact strongly with
the filled O 2p states in the valence band, leading to filled
antibonding orbitals that are stabilized by their interaction with
bismuth 6p orbitals."'” The result is a VBM composed mainly of
O 2p orbitals which significantly curtails photooxidation of the
halide ions (2C1~ + 2h* — Cl,), thereby providing photostability
over long operating conditions.

Wei et al. synthesized the visible-light absorbing photocatalyst
Bi,MO¢X (M = Nb, Ta; X = Cl, Br)—a perovskite oxyhalide—
via a solid-state method for efficient PHE."'" The best PHE
(98.3 umol h™" g™') was observed for Bi;NbOBr when glycerol
was used as a sacrificial reagent and Pt as a cocatalyst under
simulated sunlight (300 W Xe lamp). The superior PHE of
niobium-based samples compared to the tantalum-based
samples could be attributed to the lower twisting degree of the
[Bi,0,]** layer which is favorable for the mobility of the
photocarriers. When the same experiment was conducted under
visible light irradiation (>420 nm), the Bi,NbOgBr photo-
catalyst yielded a PHE rate of 83.3 yumol h™' ¢! with a quantum
efficiency of 0.4%, which was larger than for typical bismuth-
based oxyhalides (0% for both BiOCl and BiOBr). This
achievement is commendable since more than 40% of the
solar spectrum is visible light, while UV-light only represents
49%.""" Of course, these advances in visible light absorption and
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durability must be weighed against the sustainability of the
added metals and increased synthetic complexity.

Crystal Size, Shape, and Faceting. By controlling crystal
sizes, shapes, and/or facetings of BiOX materials, a single
platform can be provided to control the reactivity and selectivity
of a photocatalyst by controlling its physicochemical proper-
ties."'® For instance, constructing nanostructures can minimize
the charge carrier traveling distance to reach the surface of the
material, minimizing recombination and aiding in better PHE.
Photocatalytic reactivity varies among exposed surfaces due to
the anisotropic layered structure. Bi,O,Cl. materials can
potentially have surfaces terminate with layers expressing Bi,
O, or Cl. Thermodynamic calculations have revealed that O
terminations are most stable for the {001} facets of BiOCl rather
than Cl or Bi terminations.''” On the edges of the layers ({010}
facets of BiOCl, for example), the surface termination is less
definite. Crystal facet engineering can efficiently modulate
atomic rearrangement and coordination and hence result in
different surface electronic structures, electrical conductivity,
reaction centers, and reactant adsorption sites.''®

Ye et al. have synthesized black ultrathin BiOCl nanosheets in
a glycerol-based system.”” The alcohol groups in glycerol can
react with the exposed oxygen on the {001} surfaces of BiOC],
leading to the formation of oxygen vacancies that can lead to
high PHE. On the other hand, the high viscosity of glycerol can
affect ion diffusion efficiency, resulting in the formation of the
2D BiOCl nanosheets with thicknesses of ~3 nm. The expanded
d-spacings of the {001} crystal planes and oxygen vacancies of
the photocatalyst enhanced the internal electric field intensity,
separation of charge carriers, and photon absorption efficiency.
In addition to these advantages, the higher CBM and lower
VBM of ultrathin samples when compared to bulk BiOCI can
result in higher oxidizing and reducing powers of photo-
generated holes and electrons, respectively. These nanosheets
showed enhanced PHE activity (50.2 ymol h™' g™') when
compared to bulk BiOCI (2.4 umol h™" g™") under 4 > 420 nm
light irradiation for S h in the presence of 10 vol %
triethanolamine as a hole scavenger.”” The photocatalyst can
perform efficient PHE even without any cocatalyst, making it a
suitable candidate for sustainable photocatalysis. Loading Pt as
cocatalyst led to further enhancement of PHE (79.2 ymol h™*
g™'). The repeatability was also very excellent with these
ultrathin nanosheets, exhibiting PHE activity of 49.6 ymol h™!
g~". One drawback of the synthesis technique is the requirement
of heating at 160 °C for 16 h.

Likewise, Zhang et al. synthesized ultrathin BiOCl nanosheets
with surface/subsurface defects toward solar-driven water
splitting using a shorter duration of solvothermal heating (160
°C for 4 h).” The layered crystal structure of BiOCl inherently
favors plate-like morphologies with large {001} facets, but the
addition of polyvinylpyrrolidone (PVP) into the mannitol-based
solvothermal synthesis promotes the formation of ultrathin
nanosheets. PVP serves as a surfactant and shape controlling
agent restricting growth along the c-axis. Ultrathin BiOCl
nanosheets of thicknesses of ~3.6 nm were used for PHE under
500 W Xe light irradiation resulting in the production of 34.8
umol h™ g™ of H, gas. Photocatalytic stability was observed
also for the same conditions over multiple cycles of PHE.
Moreover, no obvious activity loss was observed for as long as
100 days. Excitingly, no cocatalysts or sacrificial reagents were
required, providing promise toward a sustainable BiOCl system.
Density functional theory calculations showed that the oxygen

vacancies in the ultrathin nanostructures facilitated H,O
adsorption, followed by dissociation and H, formation.

Hierarchical bismuth oxyhalides of the type BiOX with
flower-like structures were synthesized by Lee et al. by a facile
one-pot microwave-assisted solvothermal method using Bi-
(NO;);-SH,0 along with ethylene glycol and ethanol as
solvents.'”* The microwave-assisted solvothermal synthesis is
superior over the conventional hydrothermal synthesis since the
former method can elevate the rate of reaction by 1 to 2 orders of
magnitude through rapid heating, and novel phases can be
formed. Rapid heating along with rapid kinetics makes this
method more sustainable due to plausible energy savings.'**'*!
Other benefits arise from the hierarchical structure, including
high surface area, thermal stability, enhanced photon
absorption, and better diffusional ability. Notably, BiOI
achieved a PHE rate of 1316.9 umol h™' g™' under visible
light irradiation without any hole scavenger or cocatalyst. The
enhanced PHE is due to not only to reduced charge carrier
recombination rates (lowest photoluminescence intensity), but
also a more appropriate conduction band position to reduce H*
to H, than the other BiOX congeners.

Di et al. have adopted another strategy based on tuning local
atomic arrangement and electronic structure by tailoring surface
defects.”> They designed single unit cell thick Bi;O,Br
nanosheets with unique surface defects, resulting in control of
the local atomic arrangement and electronic structure, boosting
PHE by about 4.9 times (380.0 ymol h™' g™") when compared
to bulk Bi;O,Br, due to the increased charge separation
efficiency.”® The atom-scale thicknesses and appearances of
new defect levels uplifted the CB edge of the photocatalyst by
~0.61 eV relative to that of bulk Bi;O,Br, leading to the
production of more reductive photogenerated electrons to
involve in PHE. Although the synthesis involves heating of
precursors in an oven for an extended period (24 h at 160 °C),
usage of 10 vol % methanol as a hole scavenger, and 1 wt % Pt as
the cocatalyst, it is promising to have no significant activity loss
of PHE after three cycles.

Pan et al. have conducted theoretical studies of Janus bismuth
oxyhalide (Bi,O,XY, where X/Y = Cl, Br, or [, and X # Y) with
asymmetric halogen surfaces on both sides as shown in Figure
7a—c.'** The Janus asymmetry induces an electrostatic potential
difference, leading to a staggered band alignment, which enables
efficient PHE. The strong internal electric field endowed by in-
plane asymmetry of the 2D layered Janus materials was cited to
provide efficient separation of the photogenerated charge
carriers and improvement of the photocatalytic performance
when compared to pristine BiOX. The smaller electro-
negativities of the terminal halogens lead to more suitable
Gibbs free energies of hydrogen adsorption when compared to
monohalogenated BiOX. Since the work done by Pan et al.
entails theoretical studies, although superior PHE can be
expected, the sustainability aspect cannot be fully evaluated.
Nevertheless, the phonon spectra calculation of Janus
Bi,O,CIBr, Bi,O,Brl, and Bi,O,CIl showed no imaginary
frequencies, which supports the stabilities of the structures. In
turn, these results suggest they may be prepared experimentally.

Heterostructures. A heterostructure consists of different
materials which are physically or chemically bonded together,
exhibiting a complex geometry and a distinct junction interface
that ideally leads to superior performances of semiconductor
heterostructures compared to the individual semiconductor
materials."** Each component has its own crystal structure,
potentially with different orientations, and when combined, a
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Figure 7. Layered structure monolayers of (a) Bi,O,CIBr, (b)
Bi,0,Br], and (c) Bi,O,ClI with distances between oxygen and
halogen layers. Reproduced with permission from ref 122. Copyright
2022, Elsevier. Schematic illustration of the crystal structure of
Bi;,0,,C,-MoS, (d) and of the charge flow processes within
Bi},0,,Cl,-MoS,, including the electron—hole separation within
monolayer Bi;;0,;,Cl, (e) and the interfacial electron transfer from
monolayer Bi;;0,,Cl, to monolayer MoS, along the Bi—S bonds (f).
Reproduced from ref 123 which has a Creative Commons Attribution
4.0 International License, published by Springer Nature.

distinct interface with different energy alignments is formed." '®
Proper band alignment at the interface between the two
components of a heterostructure is crucial for interfacial charge
transfer and separation. Type-II band heterostructures are
extensively studied for photocatalytic applications. A typical
type-II heterojunction has staggered band gap energies, with the
conduction and valence bands energies of one semiconductor
relatively higher than the other semiconductor. This alignment
leads to photoexcited electrons and holes being driven in
opposite directions, separating the two redox half reactions and
leading to minimized recombination and outstanding solar
conversion efficiency.'*®

Kandi et al. modified BiOI microplates with CdS quantum
dots (QDs) for efficient PHE under visible light irradiation."°
CdS QDs are capable of allowing multiple exciton generations
from a single photon and has a band gap that is tunable by its
size, maximizing the range of visible light absorption.
Unfortunately, CdS QDs cannot be used as a standalone
photocatalyst due to self-oxidation. This problem can be
resolved by creating composites with BiOI microplates. Further,
the composite enhances the separation of electron—hole pairs
through the type-II heterostructure band alignment, leading to
PHE at the CdS surface. Among the photocatalysts studied, the
4% CdS QDs/BiOI composite generated 4060 ymol h™" g™' of
H, under visible light irradiation. The BiOI microplates were
prepared by a simple hydrolysis method, while the CdS QDs
were synthesized using a two-step precipitation deposition
method. Although photocatalytic experiments involved 10 vol %
methanol solution as the hole scavenger, absence of any
additional cocatalyst is beneficial toward sustainability. Even

though very high efficiency for PHE under visible light
irradiation was achieved, one disadvantage is the use of
thioglycolic acid as a capping agent for prevention of
agglomeration of the extremely small QDs. Thioglycolic acid
is reported to be a chemical of high toxicity, which can be
absorbed through skin and cause damage to organs or systems in
animals.'”” In addition, CdS itself can be cytotoxic.'”® To
circumvent these limitations, biocompatible biopolymers like
chitosan can be used to modify CdS. These biopolymers
improve QD solubility and lessen the cytotoxicity of xenobiotic
elements such cadmium ions while maintaining photocatalytic
properties.129

Li et al. have crafted Janus Bi;,0,,Cl,-MoS§, bilayer junctions
as a new 2D motif.'** A facile hydrothermal process resulted in
oriented anchoring of MoS, monolayers on the [Bi;,O,,]** layer
of Bi;;0,,Cl,. The key to the assembly is the metallic
characteristics of MoS, monolayers and the asymmetric
structure of Bi;,0,,Cl, composed of [Cl,]*” layers and oxygen
deficient [Bi;;,O,,]*" layers. Atomic-level directional charge
separation is possible due to the internal electric field created
between the [Bi;;O,,]** and [CL,]*" end faces (Figure 7d—f),
resulting in the flow of electrons to [Bi;,Oy,]*" end faces."”” In
addition, Bi—S bonds formed between the [Bi;,O,,]** and MoS,
monolayers enable further electron migration to MoS, for PHE
to take place. The more negative CBM of Bi;,0,,Cl, compared
to MoS, suggests that electron transfer from [Bi;,O;,]*" to
MoS, is thermodynamically favorable. The internal electric field
also drives holes to the [Cl,]*” layer, leading to the oxidation of
the organic scavengers (ascorbic acid). Steering of charge flows
endows the material with an ultralong carrier lifetime of 3446 ns
and hence a remarkable PHE rate of 33,000 yumol h™' g™ and a
quantum yield of around 36% under visible light irradiation. The
exceptional PHE and stability in activity over 100 h of light
irradiation indicates the robustness of the photocatalyst.

B END OF LIFE

The largest share of a material’s environmental impact is often in
the other phases beyond the use phase.'*’ Therefore, plans must
be made for what happens to the used bismuth oxyhalides at the
end of the photocatalyst life cycle. Sustainable methods to reuse,
recycle, or repurpose the waste can minimize the potential wide-
ranging harmful effects of the material’s life cycle. Unfortunately,
these areas are the least developed of all for bismuth oxyhalides.
Currently, less than 1% of bismuth is recycled."*""** Recycling
bismuth has proven challenging due to its use in dissipative
applications (i.e., pigments, cosmetics, and pharmaceuticals).
Efforts to recycle bismuth have increased since the European
Commission classified it a critical raw material in 2017 and the
USA designated it a critical mineral in 2018."”"** Part of the
motivation for improved recycling of bismuth is the fact that
nearly 100% of USA and European demand for bismuth is met
by imported sources, mainly from China."”" This sourcing
bottleneck can be ameliorated by diversifying the raw material
supply to include recycled bismuth sources.

Alongside developing photocatalytic bismuth oxyhalides from
pristine reagents, we should also promote the synthesis of such
materials using degraded materials. These can include bismuth
oxyhalides with halide deficiencies after leaching and particles
with poor morphologies being restored to their optimal
conditions. Incorporating bismuth oxyhalides into existing
supply chains would also be sustainable, such as used
photocatalysts being sold as pigments. Improved recycling and
reusing of bismuth materials would lessen the need for virgin
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bismuth ore mining which is inherently tied to toxic lead
production as described in the Raw Materials section. If
refurbishment or reuse is not feasible, an ideal end of life process
would be to reintroduce the material back into the environment
in a harmless, safe manner.

The toxicity of bismuth oxyhalides entering the environment
must also be considered. Bismuth is generally immobile in the
soil as it forms solid bismuth oxides and hydroxides.** Further,
bismuth is nontoxic to humans and poses a minimal threat to the
environment. Potentially more dangerous is the downstream
effect of halide ions and secondary metals. Halide ions can
gradually be leached from bismuth oxyhalide materials and due
to their high solubility can spread quickly. Halides are found
naturally in the environment; however, these anions can become
toxic to aquatic organisms at high levels as has been shown in
runoff after winter road salt application."*?

As an aside, major end of life concerns have been discussed
regarding silicon photovoltaic (PV) waste. As the PV industry is
farther ahead toward commercialization and global implemen-
tation than photocatalysis, we can look at the issues faced by the
PV community to anticipate future challenges to photocatalysis
and address them proactively rather than reactively. A 2022
C&EN article highlighted this issue, warning that 8 million tons
of PV waste will be generated by 2030 and 80 million tons by
2050."**7"13° This waste is of great concern not only for the loss
of valuable materials (silver, copper, and high purity silicon), but
for the release of toxic components like lead."*” In the USA, a
lack of federal regulations addressing PV recycling has caused a
recycling rate of <10%, and even when “recycled”, the bulk
materials by mass like aluminum frames and glass are often only
repurposed. The rest, which contains two-thirds of the monetary
value is commonly incinerated. Since half the energy utilized in
PV production goes toward producing the solar module,
recycling these components would significantly improve the
material’s sustainability. Other reviews and LCAs proPerly
address recycling issues with PV systems in depth."”*~'*' We
highlight this topic to learn and anticipate what may be to come
regarding photocatalyst waste, including bismuth oxyhalides.

Solutions that can be implemented now during the design and
research and development phases include funding innovative
businesses that address sustainability of emerging materials and
legislating recycling programs. The USA state of Washington has
initiated new regulations requiring companies to have state-
approved plans for end of life care before producing or selling
any PV modules."* Such an example directly ties together
product commercialization with end of life sustainability. As
scientists, we too can contribute to these efforts by addressing
the end of life sustainability of our approaches in our novel
research publications.'*> We must ask the question, who is
responsible for these issues? At the core, we are responsible for
the materials that we produce and sell. This stewardship must
not end at the point of sale but also include the eventual end of
life stage of a product.

B CONCLUSION AND PERSPECTIVE

Bismuth oxyhalides are a promising class of layered materials
with photocatalytic applications toward H, production. Bismuth
oxyhalides are advantageous due to their compositional
flexibilities, nontoxic natures, and layered crystal structures.
The layered structure allows photogenerated holes and electrons
to be spatially separated into the charged layers of the crystal
structures, leading to longer charge carrier lifetimes and
diminished recombination. The potential of bismuth oxyhalides

as a solution to the energy crisis requires that we also evaluate
them on their sustainability. Through this Perspective, we have
detailed the sustainability of bismuth oxyhalide systems at each
stage across its cradle to grave life cycle.

The sustainability of the raw material stage is dominated by
bismuth’s intricate relationship with lead and lead’s toxicity. To
use bismuth oxyhalides as photocatalysts on a global scale, the
production of refined bismuth must be sustainable. This
indicates that bismuth production must be separated from
lead production as much as possible. As the world transitions
further away from the use of lead, there may come necessary
changes where bismuth ores are mined and how it is refined and
purified. Metallurgic research should be directed toward finding
new ways to maximize sustainable bismuth production with
minimal harmful byproducts such as lead. As the overwhelming
majority of the GWP and CED of bismuth production comes in
the refinement and purification stages, improvements of these
sustainability “bottlenecks” will be paramount. The United
States is almost fully reliant on bismuth imports and maintains
no government stockpile. Therefore, strong international
political and industrial relationships will be crucial to maintain
fair, economical, and sustainable access to bismuth broadly.

The most sustainable methods to synthesize bismuth
oxyhalides use minimal energy inputs such as heat, water as
the solvent, and sustainable cocatalysts and additives. Since
bismuth oxyhalides can be produced simply at room temper-
ature with hydrolysis methods, the benefits of additional energy/
resource inputs, processing steps, and postsynthetic modifica-
tions must be weighed against the lower sustainability of these
actions. For example, templated methods to synthesize bismuth
oxyhalides should weigh the overall performance improvement
imparted by the template against the sustainability of producing
and using the template. Among the directly comparable
synthesis methods discussed, we find hydrolysis methods to be
more sustainable than hydrothermal methods, which are more
sustainable than solvothermal methods. This is not to say that
there is no value in researching hydrothermal and/or
solvothermal methods, but rather that these extra steps must
be evaluated to be worth performing in terms of the overall
sustainability and offset with improvements in PHE.

Improvements to the PHE of bismuth oxyhalides can be
imparted further by modifications to the materials’ crystal sizes,
shapes, facetings, compositions, and architectures. These
modifications each affect the product’s ultimate sustainability.
Doping or inclusion of an additional element into the structure
can have major effects on the material’s electronic properties and
overall stability. Formation of heterostructures and cocatalyst
loading of bismuth oxyhalides with other materials can lead to
improved charge carrier separation and add superior surfaces to
facilitate surface redox reactions. Because of the nature of these
modifications from pure bismuth oxyhalides, the sustainability
of each is hard to compare. We make a similar conclusion to that
of the Comparative Sustainability of Synthesis Methods section,
namely, that the sustainability “cost” of additives or strict
synthesis conditions required to modify the size, shape, faceting,
composition, and architecture must be outweighed by improved
performance of the material enough to justify their use.

The end of the material’s life represents the largest area for
sustainability improvements. As less than 1% of bismuth is
currently recycled, the development of processes to reuse,
recycle, and repurpose spent bismuth oxyhalide photocatalyst
materials is critical.'>"'** This emphasis will also reduce the
significance of the raw material stage with time. As most
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photocatalysts degrade with use, having a method to regenerate
an active photocatalyst or an application where used bismuth
oxyhalides can be repurposed will limit the need to process and
refine more bismuth ores. Researchers should attempt to
produce quality photocatalytic materials from degraded
materials. Advancements in this area have the potential to
transform the viability of using bismuth oxyhalides as photo-
catalysts for H, production.

The conclusion and perspective we present is not absolute.
Researchers are encouraged to refine and provide new ideas and
solutions to fast-track bismuth oxyhalides as a sustainable
solution to the energy crisis. We note that our life cycle
assessment lacks quantitative data at many key process steps. We
hope future researchers will help fill these gaps to visualize a
more complete picture of the life cycle assessment of bismuth
oxyhalides.

Looking forward, the future development of bismuth
oxyhalides for photocatalytic H, production is bright. Research
into synthetic control of the materials’ crystal sizes, shapes,
facetings, compositions, and architectures, as well as research
into postsynthetic modifications with cocatalysts and hetero-
structures, will be key to maximize performance metrics
including H, production. Future developments can also address
bismuth oxyhalide limitations, such as its photostability and
CBM positioning. As these materials near commercialization,
device development and fabrication will play important roles as
well. All this future work, however, must include sustainability
considerations at each stage.

Reviewing recent literature in the field of bismuth oxyhalides
shows that this area continues to expand via demonstrations of
enhanced performance metrics and new synthetic routes with
structural control; however, there is a noticeable lack of
consideration for the sustainability of these materials. By
exploring the life cycle of bismuth oxyhalides, we hope to
initiate more conversation in the field and encourage researchers
to assess the sustainability of their own work in future
publications. Further improvement of performance metrics is
valuable, but only within a deeper context in which sustainability
is evaluated concomitantly. By including sustainability alongside
performance assessments in future publications, researchers will
then be able to compare diverse materials to find the best
candidates for sustainable and efficient photocatalysts for H,
production.
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