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ABSTRACT: MXenes are two-dimensional metal carbides
with promising applications in energy storage and sensors.
Guidelines for safe, scalable MXene synthesis are important
due to ongoing efforts to scale-up production of these novel
nanomaterials. Hazard identification before scale-up will allow
for inherently safer designs prior to actual implementation.
Here, we investigate hazards associated with MXene
production, including MAX phase synthesis from raw
materials, etching of the MAX phase to MXene Cclay,
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exfoliation to MXene nanosheets, and postprocessing of MXenes with Ti;C,T, as a model species. The major hazards in
MXene synthesis are the potential for dust ignition, runaway reactions, and toxic chemical exposure. Because the synthesis of
MXenes is a multistep process, safety guidelines for each step are evaluated, including preventive and mitigating measures, best
practices, and emergency procedures and responses. This includes handling of combustible powders, exothermic reactions, and
harsh chemical etchants. This study is intended to facilitate safer MXene synthesis across various levels of scale-up, from large

laboratory batches to commercial production.

1. INTRODUCTION

Nanomaterials are unique because they often present safety
hazards in both synthesis and health. Over the last several
decades, a number of studies on biological and health hazards
of nanomaterials have been published, and these studies are
crucial in understanding the effects of nanomaterials on
humans and the environment."” Despite these recent
advances, there is a stark absence of research assessing the
process safety of nanomaterials synthesis and scale-up. The
number of novel nanomaterials synthesized by researchers and
small-scale manufacturing companies is increasing; thus, an
intimate understanding of the process safety implications
during laboratory synthesis and its scale-up is vital for faster
and safer implementation of nanomaterials. A number of
process safety incidents have occurred during scale-up,
including several incidents in laboratories because of a lack
of proper hazard identification.” For example, in 2010, a
graduate student was injured when trying to scale-up a
conventional process involving hydrazine perchlorate deriva-
tives synthesis from 300 mg to 10 g.4

One of the primary causes of safety incidents in laboratories
is a lack of knowledge of safety issues arising during the
synthesis route; this is especially true in cases of new materials
synthesis and novel processes where the hazards of the
reactions are yet to be discovered. While most universities and
research laboratories rightfully require researchers to conduct a
safety analysis to identify and address potential hazards, these
analyses cannot be thorough if the crucial information such as
heat and gas generation rate by reaction, byproduct formation,
thermal stability, etc. are lacking. This crucial information is
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not immediately known for novel process development in the
laboratory. In addition, the guidance for completing a
thorough hazard assessment is often unavailable as the
scientific community only recently adopted the concepts of
process safety by the means of loss prevention. As a result of
these reasons, scaling up novel processes for nanomaterials
synthesis can result in catastrophic incidents as hazards can
compound if not done correctly. This work is intended to
highlight the importance of preventive measures in order to
reduce the number and severity of incidents associated with
the synthesis and scale-up.

MXenes are a growing family of atomically layered two-
dimensional metal carbides and nitrides with the chemical
formula M, , X, T,, where M is an early transitional metal in the
periodic table, X is carbon or nitrogen, and T is a combination
of several terminal groups (i.e., —F, —OH, —O, —Cl, etc.).
These materials are most frequently etched from M, AX,
(MAX) phase powders, which contain post-transition groups
13—1S5 in the metal layer that are located between M and X
layers in their crystal structure. Two-dimensional carbides can
have tremendous applications as MXenes have impressive
thermal and electrical conductivities. MXenes are currently
being evaluated for use in lithium and nonlithium ion energy
storage, fuel cell additives, superca%paators, humidity and pH
sensors, and lubricating additives.”® To date, over 60 MAX
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Figure 1. Schematic of Ti;C,T, synthesis from raw materials. Step 1 represents the synthesis and the milling processes of the Ti;AlC, phase, Step 2
is the etching of Al from the Ti;AIC, phase using a strong oxidizing agent such as HF, step 3 is the oxidizing agent (HF) washing, and step 4 is the

drying and postprocessing.

phases have been synthesized, plus over 80 MAX phase solid
solutions (where the M and/or X layers contain multiple
constituents). These “parent materials” can be used to
synthesize MXenes via etching, but this etching step typically
requires a harsh environment. One frequently used method
uses a highly concentrated hydrofluoric acid to dissolve the
M—A bonds, releasing heat and hydrogen gas as byproduct.
Although it is a relatively recent field, MXenes are a rapidly
growing family of materials, and new compositions must often
be accompanied by new etching techniques.” The etching step
is a unique requirement of MXene synthesis compared to that
of many other nanomaterials, and each type of MXene may
require a slightly different etching procedure.

Ti,C,T, is the best characterized and most studied MXene
species because of its relative ease of intercalation and
delamination, relatively low financial cost, and excellent
conductive properties.”” There is a growing interest in scaling
up Ti;C,T, production; in fact, at present, Ti;C,T, is being
produced in quantities of 100 g per batch scale.” Several
publications, including a recent review paper, have neatly
outlined various Ti;C,T, synthesis routes and their advantages
and disadvantages in terms of product quality.”'® However, the
process safety analyses associated with different synthesis
routes are nowhere to be seen, despite of the serious hazards
present in MXene production. Ti;C,T, synthesis is a multistep
process that includes handling of combustible powders like
aluminum and titanium carbide or graphite to synthesize the
Ti;AlC, MAX phase, followed by highly exothermic chemical
etching of the Ti;AlC, phase into the desired Ti;C,T, using a
strong oxidizing agent. The general, step-by-step synthesis of
Ti;AlC, and Ti;C,T, materials from raw materials is depicted
schematically in Figure 1 along with the major hazard
associated with each step.

In this paper, we identify and discuss hazards in each of
these steps for Ti;C,T, synthesis, labeled 1 through 4 in Figure
1. The focus of this paper is to address hazards in small-scale
synthesis (grams of Ti;C,T,) and consider the implications for
scale-up to kilogram quantities. As the scale of Ti;C,T,
synthesis increases, a rigorous evaluation is necessary, and we
anticipate that this paper will provide a guide on conducting
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such hazard identification studies for the future. A similar
approach can be taken to assess the hazards of other
nanomaterials in the MXene family. This paper focuses on
the hazards encountered with Ti;C,T,, including handling of
constituent MAX phase powders, MAX phase synthesis,
various etching methods for synthesizing MXenes, and
postprocessing methods of exfoliation and optional delamina-
tion.

2. METHODOLOGY: THE SAFETY TRIAD:
PREVENTION, MITIGATION, RESPONSE

A strong safety program in a laboratory or industry should
contain all elements of a robust “safety triad”: prevention,
mitigation, and response.'' In addressing safety events, the first
priority is to prevent the undesirable events such as spill, fire,
explosion, etc. In order to implement preventive measures to
avoid such safety incidents, hazards in a process have to be
identified throughout the process, for example, identifying
synthesis steps with the presence of combustible dust, potential
for runaway reaction, toxic gas formation, and others. Only
after identification can prevention measures be implemented. If
the preventive measures fail and an undesirable event (spill,
fire, explosion) occurs, mitigating systems should be employed
to minimize the outcome of the undesirable event. Finally,
effective response mechanisms need to be planned to minimize
the consequence of an undesirable incident.'”"? The above
sequence of considerations is very important to implement in
early stages of process development to avoid safety incidents as
an incident can have catastrophic effects. The importance of
process safety is often undervalued as it has traditionally been
seen as an “add-on” component after completion of the process
design. However, the inclusion of process safety in the design
stage is proven to result in an inherently safer, simpler, and
more economical method."*"® This paper will discuss the
safety triad in the safer synthesis of Ti;C,T, as and when
applicable.

2.1. Preventive Measures. Identification of hazards is the
first step in applying preventive measures, typically begun by
reviewing the safety data sheets (SDS) of each chemical
involved in the process; this identifies key hazardous chemicals
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Figure 2. Relative quantities (by mass) of reactant materials required to produce Ti;C,T, MXene. *The quantity of 6 M HCI required is 6 times

the amount shown in the figure.

and dangerous situations to avoid. However, the SDS
information may not be suflicient because it may not contain
all the hazard information, particularly for novel materials such
as MXene nanosheets. Instead, the chemical structure, previous
incidents with analogous materials, and methodical hazard
identification tests should be considered in addition to
consulting an SDS. In the next step, the process conditions
need to be evaluated, such as heat of reaction, pressure
generation rates, temperature range, toxic or instable by-
product formation, and thermal stability of materials involved.
Once known, these parameters can be managed through
several prevention methods."”

There are four unique types of hazards preventive measures
that can be employed to manage the hazards discussed above:
(i) inherently safer designs, (ii) engineering controls, (iii)
administrative controls, and (iv) personal protective equip-
ment. These preventive measures are listed in order of
decreasing effectiveness. The most effective is the inherently
safer design (ISD), and the elements of ISD are to minimize
hazards, substitute hazardous materials with less hazardous
materials, moderate the amount of hazardous material, and
simplify the process. These ISD elements should be utilized
whenever possible, but they are more effective when they is
employed in the design stage of process development.'®

In processes requiring use of hazardous materials and
operation, engineering controls such as physical protection, a
detection system, controllers, and safety interlocks should be
implemented. In a laboratory setting, implementing ISD or
engineering controls can be quite challenging; therefore,
administrative controls such as supervision, proper training,
best available work practices, manuals, and procedures should
be prioritized. Finally, the use of proper personal protective
equipment is the last line of defense should a safety incident
occur.

2.2. Mitigation Measures, Emergency Planning, and
Response. The main goal of implementing mitigating
measures is to reduce the impact of undesirable events that
cannot be prevented. Some of the mitigating measures that can
be implemented in laboratories are training, familiarization
with the surroundings, placement of hood, sensors and alarm
systems, and evacuation plans. Automation of the most
hazardous steps or maintaining supervision of the operators
is key in avoiding safety accidents from occurring.

Finally, emergency response plans are paramount when any
significant hazards are present, and these plans must be
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established before the experiments are carried out. Planning is
especially important in scaling up Ti;C,T, synthesis, as hazards
such as metal fires and toxic gas release can escalate quickly.
The emergency plans should include communicating the
hazards and risks present in every step of the process with
individuals working directly or indirectly in the facility, access
to emergency response personnel, and repair and recovery
plans.

3. HAZARDS ANALYSIS OF TI;C,Ty MXENE
SYNTHESIS

In this section, each step outlined in Figure 1 is discussed, and
as a basis for the study, a laboratory production of Ti;C,T,
MXene is investigated. Figure 2 shows relative quantities of
material by mass of reactant materials used in the most
common Ti;C,T, synthesis route. As seen in Figure 2,
significant quantities of raw materials are required to get the
final product. The yields below each step are generous
estimates, and so, significantly less MXene clay may be
produced depending on the available equipment. An
optimization of each step to increase the yield will decrease
the amount of hazardous materials required on-site for
handling. The analysis for each synthesis step is shown in
following subsections.

3.1. Hazards Analysis for Ti;AlC, MAX Synthesis. To
date, parent MAX phases have been synthesized by nearly a
dozen routes, including most notably hot isostatic pressing
(HIP), self-propagating high-temperature synthesis (SHS),
pulsed electric current sintering (PECS, commonly known as
spark plasma sintering SPS), and pressureless sintering.'”
Oxidation of the sample is the primary concern for high-
temperature methods such as pressureless sintering, so
synthesis should be performed in an inert atmosphere.
Pressureless sintering is the most promising technique for
commercial scale-up because the process is relatively rapid
when compared to other synthesis techniques. However,
pressureless sintering is a batch process, and batch processes
are inherently not safer because increasing the batch size
increases the inventory of hazardous raw materials on-site."®
An alternative to the current batch process should be studied
for safer scale-up. Regardless of the synthesis method selected,
powder-handling hazards are the first concerns to address.

For most Ti;AlC, MAX phase synthesis methods, powders
of titanium (Ti), aluminum (Al), and titanium carbide (TiC)
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Figure 3. Schematic of MAX, Ti;AIC, phase synthesis, and hazards associated with the steps.

or graphite (C) are thoroughly mixed. These constituent
powders present ignition and/or explosion hazards. Fine
powders have higher dispersibility and chemical activities,
thus increasing the dust explosion risk.'” The Chemical Safety
Board (CSB) recorded 281 dust and explosions incidents in
the United States between 1980 and 2005, of which
approximately 20% are due to combustible metals dust.”*!
Specifically, one of the most highly combustible metals is
aluminum powder, followed by titanium powder. The
inherently safer methods of powder and dust handling are
well-known. However, the respective hazard is often not
considered, and the appropriate measures are not taken.

The minimum ignition energy (MIE, a measure of the ease
of ignition of a suspended dust cloud) for Ti powder of average
particle size of 45 ym is 21.91 m], but the MIE decreases as the
particle size of the powder decreases. Thus, nanoscale Ti
powder is more prone to ignition by friction or collision.””
Finer particle size, though more dangerous, facilitates a higher
degree of mixing and generally results in a more phase-pure
bulk sample. Thus, a compromise must be made between an
inherently safer, larger particle size and purity of the parent
Ti;AlC, phase. Significant dust explosion hazards may be
present with TiC and C as well, but these systems are not well-
studied, and so, their dust explosion parameters (like MIE)
have not been reported to date. Consequently, given the
numerous potential applicants for MXene, research on these
compounds is imperative before scaling up.

In pressureless sintering routes, the mixed reactant powders
are placed in a furnace to prepare a porous bulk MAX phase, as
shown in Figure 3. Furnace work contains hazards such as
potential exposure to high-temperature elements, dust ignition,
and, if hoses and fittings are not properly maintained, pressure
build-up. To prevent oxidation, the furnace chamber should be
an inert atmosphere such as argon. Depending on the synthesis
temperature and constituents, some more volatile elements
(including aluminum) may evaporate, clogging the inert gas
exhaust tube. Furnaces (and inlet/outlet tubing) should be
regularly cleaned to maintain an open pathway. Some synthesis
methods may contain high-temperature hazards, as in the cases
of self-propagating high-temperature synthesis (SHS), pulsed
electric current sintering (PECS), hot pressing, and solid-state
combustion synthesis (SCS).”>™* In these synthesis techni-
ques, high temperatures can lead to constituent melting and
leaking, so control of the heating rate is critical. Rapid heating
rates in SHS and SCS can lead runaway reactions, therefore
emergency fire systems, including Class D fire extinguishers,
should be accessible at all times. Other methods may contain
chemical and/or high-voltage hazards, as in the cases of
physical vapor deposition (PVD), chemical vapor deposition
(CVD), and PECS."”*° In all instances, operators should avoid
static buildup and other ignition sources, properly cool and
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vent the reaction chamber before opening, and wear proper
personal protective equipment (PPE).

After removal of this porous bulk material from the furnace,
the sample is usually milled into powder to increase the etching
rate. There are many different methods of milling, including
low- or high-energy ball milling, _;'et milling, drill milling, and
mortar and pestle to name a few.””** Mill selection is crucial to
the safety of the MAX phase process, as Ti-based compounds
may heat and deform, even igniting the generated fine powders
in extreme situations. It is also important to consider dust
dispersion to the environment. Dust fires and explosions are
usually caused by dust, which has knowingly or unknowingly
been dispersed to the surroundings from the process area.
Figure 4a shows an example of powder ignition during drill

(b) Fuel

Ignition
source

Oxidizer

Dust Explosion

Confinement

Dust dispersion

Figure 4. (a) Fire caused by drill milling of Ti;(AlIBi)C, phase. (b)
Schematic representing elements of dust explosion pentagon.

milling of a Tiy(AlBi)C, MAX phase in the laboratory. This
combustion was facilitated by the low purity of the MAX phase
and presence of flammable intermetallic impurities. Though
ignition of sample powders is a rare occurrence, it is important
to note fires caused by Ti-based compounds cannot be
extinguished using water or CO,-based extinguishing agents
(indeed, these may cause the fire to propagate more quickly).
Instead, only a Class D fire extinguisher should be used to fight
metal fires.

Generally speaking, for a dust explosion to occur, five
elements need to be present: a fuel (combustible dust), an
oxidizer (oxygen in air), an ignition source, confinement, and
dust dispersion (shown in Figure 4b).>’ The dust explosion
hazard can be minimized by eliminating one or more of the
elements in the pentagon, such as (a) preventing suspension of
powder in the air, (b) eliminating all possible ignition sources,
and (c) handling all powders in inert environments. In
addition to these precautions, wearing proper PPE and
equipging the user with firefighting techniques are manda-
tory.”’ The following preventive measures are recommended
as applications of these principles to eliminate one or more
elements of the dust explosion pentagon when preparing MAX
phase powder for etching into MXenes.
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Table 1. Hazards of Ti;AlC, MAX Phase Synthesis
hazard cause

spontaneous combustion of
reactants

autoignition or introduction of
ignition source (static)

dust particle inhalation handling powder reactants

combustion of Ti;AlC, phase

aerosolization of powder during
during drilling

drilling and friction

explosion of ignited sample extinguishing Al powder using water

potential equipment damage and
employee injury
employee injury

fire and injury

fire and injury

corrective/preventive measures in a laboratory

major effects scale

ground the container and minimize dust cloud
formation

work in hood, limit the quantity of toxic reactant,
and use proper PPE

ground the equipment, drill slowly in inert
environment

use only a Class D fire extinguisher
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Figure S. (a) Schematic of Ti;AlC, MAX phase etched to Ti;C,T, MXene. (b) Relative hazards of various etchants used to etch Al from Ti;AlC,
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and NH,HF, have a low yield (less than 15%, red bars), as described by many authors, including Ghidiu

‘ Powder Ti;AIC, Addition

Hazards:

Acidic Solutions
Exothermic Reaction
Powder Inhalation

Reactant

Etching Reaction

Mixture

Hazards:

H, Generation
Exothermic Reaction

Figure 6. Schematic of Ti;C,T, MXene synthesis using LiF/HCI etchant and the hazards associated with these steps.

To mitigate the risk of ignition, high-energy milling should
only be performed on samples with a lubricating solvent and
under an inert atmosphere. All electrical equipment should be
grounded to prevent any ignition due to static discharge both
during and after milling. Dust dispersion to the environment
should be prevented, or the accumulation dust should be
thoroughly removed. Once a sufficiently fine and pure powder
has been obtained, the MXene synthesis can begin. However,
on an industrial scale, it is difficult to mitigate all static sources
or prevent dust accumulation. The titanium industry, which
deals with highly flammable dust particles, has incorporated
alternative safer designs, and this could be a starting point for
design safer large-scale MAX drilling processes.’

The hazards present in Ti;AIC, synthesis and processing are
summarized in Table 1 along with causes, major effects, and
corrective and/or preventive actions. Some causes listed in this
table and subsequent tables such as leaks or loss of controls
cannot be avoided all of the time in all the equipment.
Therefore, during scaling up, processes should be designed
such that they do not depend heavily on equipment controls or
instrumentations. Although controls and instrumentation can
be a layer to prevent negative incidents, the key to safer
processes is to make the processes inherently safer at the
design stage.

3.2. Hazards Analysis for Ti;AIC, MAX Phase Etching
Process. MXenes are produced by etching the A layer from
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the powdered MAX phase, as shown in Figure Sa. In the most
typical case of Ti;AIC,, the Al layer is removed by using an
aqueous solution of hydrogen fluoride (HF), which can be
introduced at varying concentrations or produced in situ from
a fluoride-based compound and an acid, such as LiF and HC],
respectively. The etching reaction is highly exothermic and
produces H, gas and H,O vapor. This section investigates the
process safety issues with this step, especially the reaction
exotherm and byproducts formation.

A total of seven Ti;C,T, etching routes were identified, and
their relative hazards were ranked. These seven methods
include Ti;C,T, synthesis using 10 wt % HF or higher32’33 and
in situ mixing of LiF and HCI to form HF,** NH,HF,,** F;Fe/
HC1,36 NaOH,*” and HCL*® The Dow Fire and Explosion
Index was used to rank the relative hazard level of each
method.” Details on conditions and assumptions used to
develop the index for each process are provided in the
Supporting Information (SI). As seen in Figure Sb, the
synthesis route using 10 wt % or higher HF is the most
hazardous, and the routes using in situ production of HF using
LiF and HCI, F;Fe, and HCI are relatively less hazardous.
Etching with HCI and NaOH is the least hazardous. However,
it is important to note the quality and yield of Ti;C,T,
produced varies significantly between these methods. There
is no standard method to report the yield of Ti;C,T,;
nevertheless, in this paper, the yield from each synthesis route

DOI: 10.1021/acs.iecr.8b05416
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is estimated using experimental masses and final concen-
trations reported, but the terminal group compositions and
final volumes were assumed using previously reported XPS
results of similar etching methods and yield images. The yields
were categorized relative to each other as high (>55%),
medium (15 to 55%), or low (<15%). The synthesis routes
using HF and in situ HF (i.e., HCI/LiF, and F;Fe/HCI) have
the highest yields, methods using NaOH have medium yields,
and methods using HCl and NH,NF; have the lowest
comparative yields.

The most common method of Ti;C,T, synthesis from
Ti;AlC, is via HCI and LiF as this method retains a high yield
of MXenes and minimizes handling of HF during the etching
process. However, it should be noted that HF is still present in
the reaction as a byproduct in this method, and HF hazards are
discussed in subsequent section. The process is summarized in
Figure 6, where 6 M HCI solution is charged in a Teflon
reactor with a 5 M equivalent of LiF, and powdered Ti;AIC,
phase is added to the solution slowly to minimize bubbling of
the reaction (this procedure is described by many authors,
including Ghidiu et al.).>* This reaction is exothermic, and
Sharma et al. determined the heat of reaction (AH,,,) from the
Ti;AIC, phase to Ti;C,T, using a calorimeter.”” The study
reported AH,,, to be —1775 kJ/mol of Ti;AIC, (equivalent to
—9.12 kJ/g of Ti;AlC,) phase. On the basis of this reaction
enthalpy, if all of the Ti;AlC, MAX phase is added to the
reaction mixture at once, the adiabatic temperature increase is
estimated at 270 °C of the solution. This temperature increase
was estimated using eq 1, where m is the mass of a small
industrial-scale reaction mixture (S00 g of Ti;AlC, phase)
using the HCI/LiF in situ method. The heat capacity of
solution, C,, used for calculation is same as that of 37 wt %
HCI (2.46 kJ-K/kg) because in a typical synthesis around 86
wt % of the reaction mass is HCI solution, and AT,4 is the
adiabatic temperature increase.

AH = mC,AT (1)

The AT, is beyond the boiling point of HF solution,
which is between 98 °C (for S wt % HF) and 110 °C (for 50
wt % HF). If the reaction is carried out at room temperature
(around 23 °C), the AT is sufficient to trigger violent
boiling off of the reaction mixture, releasing HF vapor into the
environment. To avoid uncontrollable temperature increases
during the etching step, the feed rate of the Ti;AlC, MAX
phase into the reaction mixture and the cooling capacity will be
critical. This is especially true when scaling up this reaction as
increasing the scale of reaction will likely decrease the reactor
surface-area-to-volume ratio, thereby reducing the heat of
reaction dissipation. In the case of uncontrollable temperature
increase, the use of overhead condenser to cool vapor can also
help mitigate release of hazardous vapor into the environment.
The condenser should be appropriately sized and designed
based on the scale of the reactor mass and volume. An
additional hazards analysis, including a detailed kinetics
analysis to understand the reaction pathways, is necessary if
the presented Ti;C,T, synthesis method is to be scaled up.

Additionally, the etching reaction produces H, gas and water
vapor as the byproduct. The etchin$ reaction can be described
by the following reaction pathway”

3
THAIC, + 3HF — AIE, + TisC, + ~H,
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Ti,C, + 2H,0 — Ti;C,(OH), + H,
Ti,C, + 2HF — Ti,C,F, + H,

The etching reaction produces 3.5 moles of H, for every
mole of Ti;AlC,. To accommodate the generated pressure, the
reaction is performed in vented containers. Figure 7 shows the

—10 mL —50 mL —100 mL 1000 mL

5000
%‘
S
c
kel
<
S 500
(]
o
e
=
7]
17
e
o

50 :
0.1 1 10 100

Mass of MAX phase [g]

Figure 7. Estimated pressure generation during etching process for
various container sizes assuming isothermal conditions. The etching
reaction should be carried out in a vented container to relieve
pressure buildup and to contain the reaction products.

estimated pressure generated by the reaction for a known
container volume in an isothermal condition. It should be
noted that the gas generated (H,) is highly flammable at 4 to
75 vol %, and a static spark is enough to ignite the gas in these
conditions.”” Moreover, hydrogen gas is the one of lightest
gases, making it easy to escape into the surrounding
environment unknowingly. Hydrogen gas burns with an
invisible flame, and an incident involving hydrogen gas can
propagate quickly. Therefore, special care should be taken to
vent the H, gas produced. The rate of H, production during
the etching process has not been measured at the lab scale, but
this will be critical during any sort of scale-up, both for safety
and for emissions purposes. Table 2 shows the hazards in the
etching step along with recommended corrective and
preventive measures in a laboratory scale. As mentioned in
the Introduction of the paper, there are a number of ways
MZXenes can be synthesized. This paper focuses on the hazard
analysis technique for one synthesis method in detail. A similar
approach can be taken to conduct hazard analyses for other
synthesis routes to design safer MXene operating procedures.
3.3. Hazards Analysis for Postprocessing Ti;C,T,
MXenes. The Ti;C,T, product slurry obtained after etching
is washed with DI water in a filtration unit (or in a
centrifugation unit) to remove unreacted HF and water-
soluble salts. The washing with DI water is repeated until the
pH of the solution is at least 6 to mitigate risk during handling.
This bulk product is labeled as Ti;C,T, clay, and there are
several postprocessing techniques for Ti;C,T, clay discussed in
prior literature.'” The postprocessing includes delamination to
yield MXene nanosheets and further processing for an
application. The selection of postprocessing techniques
depends on the applications of Ti;C,T,. Some methods can
involve direct handling of the undelaminated Ti;C,T, clay,
such as paint coating.3 Ti;C,T, can be freeze-dried for long-
term oxidation-free storage,* spray-dried to “crumple” the
morphology, thereby increasing the surface area,** or vacuum-
dried to create free-standing Ti;C,T, films. Figure 8 shows
different forms of Ti;C,T, used in various applications.
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Table 2. Hazards of Etching Process

hazard cause major effects
exothermic rapid addition of Ti;AlC, to HF HF gas, H, gas, equipment
reaction solution damage
toxic loss of etching reaction controls flammable environment

§as release
(H,

HF exposure outlined in next section

corrective/preventive measures in a laboratory scale
slow addition of Ti;AIC, to limit the temperature increase, adequate
cooling capacity
the reaction should be conducted in a negative pressure hood with
good ventilation

a. Layer-by-layer b. Vacuum filtered

c. Spray coated

d. Medically injected

Figure 8. Reproduction of images showing Ti;C,T, processed for
current applications. (a) Layer-by-layer (for wearable electronics),’
reproduced with permission from reference #6, copyright 2018,
AAAS. (b) Vacuum-filtered (for free-standing films and polymer
composites),'”** reproduced with permission from reference #46.
(c) Painted or spray-coated (for thin film coatings),'®"” reproduced
with permission from reference #47, copyright 2018, AAAS. (d)
Medically injected (as antibiotics, drug delivery, and cancer
therapy),” " reproduced with permission from reference #48,
copyright 2016, ACS.

Delamination of the accordion-like clay yields MXene
nanosheets, which are currently the most used form of
MZXenes. Specifically, Ti;C,T, can be delaminated into a thick
colloidal suspension of nanosheets then assembled layer-by-
layer into flexible biometric sensors.”® This thick colloidal
suspension can also be diluted and mixed with additives (such
as platinum nanoparticles) and used in dip and evaporative
coatings.”’ The most popular method of delamination is
intercalation with dimethyl sulfoxide (DMSO) followed by
sonication after exfoliation as this method is relatively quick
and can be varied to produce nanosheets of different
sizes.”™?73* Other wet chemical etchants include urea,>
tetrabutylammonium hydroxide (TBAOH), choline hydroxide,
and n-butylamine® for MXene delamination.

The solvents used for both exfoliation and delamination are
vital in selecting the composition of terminal groups of the
MXenes,*® but of more direct pertinence to this paper are the
safety concerns associated with each solvent. DMSO and urea
are the safest chemical solvents to implement, with the primary
hazard associated with both being irritation from inhalation,
ingestion, or eye contact. Possible absorption through skin is a
special safety concern, particularly for DMSO, as all of these
solvents may bring nanoparticles or other chemical constitu-
ents with them. MXenes have not had a long-term biological
impact study performed, so operators should avoid contact
with skin. Harsher solvents like TBAOH, choline hydroxide,
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and n-butylamine cause severe burns when exposed to skin or
eyes. Further, all of these harsher solvents, especially n-
butylamine, can prove fatal if inhaled. All chemical solvents
listed range from slightly to highly flammable, and so, exposure
to electrical sparks or other ignition sources should be carefully
avoided. Moreover, disposal hazards should also be considered.

Inadequate washing of Ti;C,T, solution can expose
researchers and lab equipment to HF during the postprocess-
ing steps. Furthermore, F~ ions can propagate in the final
product such as paints, powder, and films. Precautions should
be taken when handling any nanomaterials, especially in
powder form as fine powder can disperse in the environment
without detection. Several in vivo and ecotoxicological studies
have shown noncytotoxic behavior of several MXenes,
including Ti;C,T,, but a long-term systematic analysis is still
needed. MXenes are a promising chemosynergistic and
photothermal conversion material for cancer treatment, but
control of the terminal groups and complete removal of —F
ions is paramount. Despite these promising findings, biological
interactions of MXenes are still not yet fully known.”” =%

3.4. Hazards Analysis for HF Handling and Removal.
The medium- and high-yield MXene methods are obtained by
etching via HF, either from stock solution or produced in situ.
As a result of the relatively common usage of HF, it is
important to look at its hazards individually. HF is an
extremely corrosive chemical, able to penetrate through skin,
muscle tissue, and bones. In the presence of naturally occurring
cations in the human body (such as calcium and magnesium),
HF dissociates into hydrogen ion and fluoride ion. These ions
can cause harm in two ways: (1) corrosive burns due to
hydrogen ions and (2) chemical burns in skin and bone
because of fluoride ions.”" More importantly, these ions can
affect the biological distribution of electrolytes, causing
death.%* For example, in 1994, a lab technician died due to
fluoride poisoning when he spilled 100 mL of 70 wt % HE.*®
The spill covered about 10% of his body. At least 20 incidents
of HF exposure have occurred since 1998.°

HF must be securely contained, which can pose a major
challenge due to its corrosive nature. HF corrodes common
materials of construction for laboratory equipment such as
stainless steel and glass. Few materials are compatible with HF:
for laboratory purposes, PTFE (or Teflon) is known to be the
most resistant to HF, followed by HDPE (high-density
polyethylene).

The primary sources of HF exposure during Ti;C,T,
synthesis are during the etching reaction itself and the transfer
of the HF solution during washing. According to ISD
principles, there is a present need to find a high-yield etching
method without using HF. However, to mitigate exposure to
HF using current methods, time spent adding and removing
HF solution should be minimized or automated. During direct
handling, proper personal protection equipment (PPE) is vital.
The recommended PPE to handle HF solutions is neoprene
gloves, an acid-resistant face shield, a full-body acid-resistant
suit, and leather boots. In case of HF exposure, it is important
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Table 3. Hazards with HF Handling and Removal

hazard

cause

HF exposure (in solution

improper handling of HF solution
or fume)

during transfer

improper handling of HF waste

failure of reaction or storage
container

major effects

exposure to HF can lead to serious
injury or death

exposure to human

corrective/preventive measures in a laboratory scale
proper PPE (HF-rated gloves, facemask, full sleeve
clothing)

easy access to calcium gluconate ointment near work area
in case of HF exposure

use HF compatible containers and sealant, use secondary
container

F-/CI-
Ti/AIILI

Neutralization +
Electrocoagulation-Flotation

<

Acidic waste and
Fluoride based waste

nanoparticles

Ti/Al/Li
Nanoparticles

‘ Biological treatment + Trace amount

membrane filtration

<

Titanium based waste and
other nanoparticles

of Al/Li

Figure 9. Schematic showing wastewater treatment technology from Ti;C,T, MXene synthesis.

to neutralize the fluoride ions with calcium or magnesium ions:
application of a 10 wt % calcium gluconate solution is
recommended in the exposed area. Best laboratory practices
should also be followed to avoid and minimize HF exposure.
Table 3 summarizes the hazards with HF, including the
recommended corrective and preventive measures.

Inhalation of HF vapor can also cause harm to human
health. HF inhalation could be a result of exposure to HF
solution (>50 wt %), exposure in a confined space, or exposure
through contaminated clothing. According to the EPA, the 15
min STEL (short-term exposure limit) for HF vapors is 6.0
ppm for 15 min, and OSHA regulates the 8 h TWA (time-
weighted average) to 3 pprn.65 At concentrations of 30 ppm, it
is considered immediately dangerous to life and health
(IDLH).®® To adhere to the OSHA and the EPA standards,
the Ti;C,T, solution needs to be washed to pH 6 or higher for
safer handling of the solution.

3.5. Waste Treatment. An important aspect of process
scale-up is also considering waste disposal. The etching and
washing steps in Ti;C,T, produce a considerable amount of
waste, though exact quantities of various elements in the waste
stream are not known. On the basis of the synthesis scheme,
there are three different classes of waste produced during
TiyC,T, synthesis: acidic waste from LiF/HCl (majority),
metal waste from Ti and Al, and solid particulate such as C and
under or overetched Ti;AlC, particles. Any waste treatment
facility would have to be prepared to deal with these three
kinds of waste and their associated hazards. Hu et al. proposed
that using calcium salt to neutralize acidic water and then using
an electrocoagulation—flotation technique where sodium
dodecyl sulfate as an anodic surfactant is best to remove
fluoride-based waste.”” Similarly, Westerhoff et al. suggested
that Ti-based and nanoparticle waste can be trapped using a
biological treatment and then settling and removing using a
membrane filtration.’® A typical amount of Al and Li in the
waste stream from the Ti;C,T, etching process is not known,
but these metals can be recovered on a larger scale, if
necessary. Figure 9 shows a schematic of wastewater treatment
scheme, there are three different classes of waste produced
during Ti;C,T, MXene synthesis.

4. CONCLUSIONS AND FUTURE OUTLOOK

In conclusion, this study has identified the hazards associated
with Ti;C,T, laboratory production and discussed the
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prevention, mitigation, and emergency response plan. In
MAX phase synthesis, most hazards are associated with dust
handling, including both reactant and postsynthesis processing.
Alternative milling methods could drastically increase safety,
though the high hardness of the bulk sample prevents many
conventional methods. Additionally, the combustible dust
property of the Ti;AlIC, MAX phase is not known. Further
study is required to understand the probability of and risk
associated with dust explosions of Ti;AlC, MAX phase before
this process can be scaled up.

Etching the aluminum layer from MAX phase to synthesize
Ti;C,T, MXenes is highly exothermic and thus poses a
significant hazard even in small batch sizes. If the Ti;AIC,
MAX phase is added too quickly, the increase in reaction
temperature can cause the reaction to become violent and HF
(or other chemical etchant) to boil, resulting in corrosive
splashing and increasing the concentration of toxic fumes
produced. Mechanism and kinetics are not fully understood for
etching MXenes, and thus, many hazards may not be fully
addressed. For example, if the etching reaction produces
thermally unstable byproducts, the ability to mix and cool the
reaction becomes paramount for scaling up to industrial batch
sizes. The etching methods with the highest reported yields to
date use HF, but an alternative method needs to be explored
because HF is extremely toxic and unsafe. However, if HF is
selected as the etchant, containment of HF is paramount but
challenging as it corrodes most conventional containers,
particularly in industry. A detailed worst-case scenario should
be considered, and an effective emergency response plan
should be in place.

Further, if the Ti;C,T, clay is not properly washed, HF
hazards may persist through every step of the postprocess.
Finally, more research is required to fully understand the long-
term biological impact of MXenes. As suggested by Fadeel et
al.,, an increase in the surface area of a nanostructure, especially
with hazardous functional groups such as fluorine, may cause
severe inflammation and irritation in and on human tissues.”

This study only provides general process safety consid-
erations for the most commonly used MXene. Each application
may elicit different synthesis methods, and specific processing
steps may be more hazardous than those typical steps
described above. Specifically, different compositions (i.e.,
using a different parent MAX phase) often require different
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etching conditions, which can increase the hazards associated
with handling and washing.
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