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ABSTRACT: High-energy synchrotron X-rays were used to probe
the structural and microstructural evolution in Fe, Co, and Cu
nanoporous metals (NPMs) and metal/salt nanocomposites
(NCs) produced by recently developed conversion reaction
synthesis (CRS) methods. Microstructure analysis of as-synthe-
sized samples via whole pattern fitting showed that the NPMs
exhibit domain sizes that increase as Co < Fe < Cu, with both Fe
and Co having crystallite sizes below 3.0 nm. The as-synthesized
metal/salt NCs had similar metal sizes, and additionally, the salt in
the composite had unusually large lattice microstrain whose origin
is attributed to chemical substitution of metal ions into the salt
(e.g, Li;_3,Fe,Cl for Fe’*). When thermal annealing is used to
modify crystallite size, pore collapse often occurs in NPMs but
NCs can be effectively tuned without this problem. While the NC coarsening occurs slowly at low temperatures, it was found that
there is a drastic acceleration of the reaction rate at a specific onset temperature that results in the crystallite size increasing by an
order of magnitude in about a minute. Curiously, there was no evidence in the diffraction data for salt melting at this onset
temperature. However, there was a sharp reduction in the salt chemical lattice strain at the onset temperature, indicating that rapid
metal coarsening is facilitated by the salt. This behavior indicates an unexpectedly coupled reaction mechanism by which the metal
ions needed for grain growth are supplied by the salt in a rate-limiting fashion.
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improving their functionality and mitigating their toxicity.
Despite the numerous advantages of NPMs over conventional
nanoparticles, challenges in NPM synthesis, particularly with
morphological and compositional control, have limited their
use in applications.””

Dealloying (the selective removal of the less-noble metal

Nanoporous metals (NPMs) are of great interest for
applications that benefit from a high surface area such as
catalysis and energy storage.'”* Nanoporous metal catalysts
offer advantageous size effects such as high surface area and
low packing density, while their pores can permit rapid mass
transport.” Beyond transport, porosity contributes to the

functionality of these nanomaterials. For example, nanoporous
battery electrodes effectively compensate for volume changes
through lithiation/delithiation in comparison to bulk materials
whose structure degrades through cycling, leading to loss of
capacity and performance.”® Nanoporous copper has also been
shown to be effective as a 3D current collector in lithium metal
batteries.”

Though conventional nanoparticles provide high surface
areas, their utility for elevated catalysis applications is adversely
affected by their tendency to sinter and coarsen, thus
necessitating the use of support materials that introduce
further cost and complexity. Furthermore, unsupported
nanoparticles have more severe health risks due to the ease
with which they can be volatilized or otherwise be transported.
In contrast, NPMs can be prepared with micrometer-scale
secondary particle sizes and are thus considerably more stable,

© 2023 American Chemical Society

7 ACS Publications

from an alloy) is one of the most popular and well-studied
means of producing NPMs.”"
method is limited in scope (only works for a few metals), in
scale-up, and in morphological control.'”'*"> A class of
alternative. NPM preparation methods is templating (e.g,,
filling the voids in a block copolymer with precursors to yield a
nanostructure), though these methods share most disadvan-
tages of dealloying."”'°~"® While conventional NPM synthesis

9-13 : i
However, this synthesis

Received: December 23, 2022 (i
Revised: ~ May 20, 2023
Published: June 16, 2023

https://doi.org/10.1021/acs.chemmater.2c03786
Chem. Mater. 2023, 35, 4911-4921


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+A.+Corrao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerard+S.+Mattei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+M.+Coaty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhuo+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victoria+Petrova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liang+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ping+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+G.+Khalifah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+G.+Khalifah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.2c03786&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03786?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03786?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03786?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03786?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03786?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cmatex/35/13?ref=pdf
https://pubs.acs.org/toc/cmatex/35/13?ref=pdf
https://pubs.acs.org/toc/cmatex/35/13?ref=pdf
https://pubs.acs.org/toc/cmatex/35/13?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

methods have been extensively explored, their disadvantages
limit the development and deployment of NPMs and highlight
the need for a simple and broadly applicable NPM synthesis
alternative.

In our recent work, reactions previously utilized during the
operation of conversion-type battery electrodes'” were adapted
to the synthesis of NPM structures, leading to a facile, versatile,
and scalable route to producing NPMs.”” This method,
conversion reaction synthesis (CRS), follows a simple, room-
temperature reaction, MXn + nLi — M + nLiX — M, where
MX,, a bulk transition-metal halide precursor, is reduced by n-
butyllithium, nLi, yielding a metal/lithium-halide nanocompo-
site, nLiX, formed from the transition-metal precursor’s halide
bonding with Li. The lithium-halide salt portion of the
bicontinuous nanocomposite (NC) is subsequently removed
by dissolution with an organic solvent that the metal is both
insoluble in and stable against, leaving behind a continuous
NPM network. A key advantage of the CRS method is its
applicability to both noble (Au, Ag) and non-noble (Fe, Co)
metals.

A schematic of CRS procedures for preparing NCs (2nd
column) and NPMs (3rd column) is presented in Figure 1,
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Figure 1. Three conversion reaction synthesis (CRS) routes to
produce nanoporous metal (NPM) products, where nanocomposite
annealing mitigates structural collapse during dissolution for low-
mobility metals with small ligament sizes.

illustrating the synthesis steps as well as the expected results for
postsynthesis annealing. In the case of NPMs with thin
ligaments, dissolution of the salt support can result in collapse
of the fragile metal framework, resulting in the loss of porosity
and interior accessibility. In our previous work, we validated
the use of thermal annealing for tuning the morphology of the
intermediate metal/salt NCs prior to salt dissolution, showing
that coarsening before salt removal can be used to Frevent the
structural collapse of NPMs during salt removal.”’ However,
the lab XRD measurements and other ex situ characterization
techniques (e.g, SEM, TEM, BET) used in that study provide
limited insights into the coarsening mechanism.

We recently demonstrated that CRS-derived NPMs can
exhibit improvements in catalytic activity relative to conven-
tional nanoparticle metals.”> However, access to a wide range
of particle and pore sizes is needed, as different catalysis
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applications have different optimal particle sizes and
morphologies. For example, the smallest particle sizes have
the highest accessible surface areas, but larger particle sizes
have better resistance to coarsening during extended use at
higher temperatures. Our long-term goal is to gain a
quantitative understanding of the coarsening process, so that
it is possible to dial-in a desired morphology by applying
learned relationships between annealing conditions and
particle and pore sizes instead of carrying out extensive
empirical testing for each system of interest. Though
coarsening processes in nanoparticle systems and NPMs
produced by dealloying have been previously studied by in
situ observations”>~>° and modeling,%_28 the coarsening
behavior and mechanisms appear to differ for CRS-derived
NPMs and NCs, and thus are the focus of this work.

B EXPERIMENTAL SECTION

Metal/salt nanocomposites (NCs) and nanoporous metals (NPMs)
of Fe, Co, and Cu were synthesized via the CRS method.***! Due to
air and/or moisture sensitivity, precursor storage and synthesis was
done in an argon glovebox (<10 ppm of O,; <1 ppm of H,0).
Reaction precursors were FeCl; (97% Sigma-Aldrich Product
157740), CoCl, (anhydrous beads 99.9% Sigma-Aldrich Product
449776), and CuCl, (anhydrous powder 99.995% Sigma-Aldrich
Product 222011). In a typical synthesis, 2.0 g of metal chloride were
dispersed in 20 mL of hexane (HPLC grade >95%, Sigma-Aldrich
Product 439177) that was previous desiccated with molecular sieves
(Type 3A, Sigma-Aldrich) for at least 48 h. Each chloride salt was
dispersed in hexane and reacted with 1.6 M n-butyllithium in hexane
(Sigma-Aldrich Product 186171) which was added in 25% excess to
the amount needed for a stoichiometric reaction to help drive the
reaction to completion. After 24 h, the solids were removed by
filtration and rinsed 3X with 30 mL of hexane. The resulting metal/
LiCl NC powder was dried in an argon glovebox. NPMs were
obtained from the NCs by rinsing 3X with 30 mL of methanol to
dissolve soluble chlorides and then drying.

For ex situ annealing experiments, aliquots of the as-synthesized
NCs or NPMs were sealed in individual 19.5 mm OD borosilicate
glass ampules (Kimble-Chase part # 12010U-10), placed in a
preheated box furnace for 3 h, and then quenched to room
temperature. The glass ampules were returned to the glovebox to
extract the powders for further characterization. Powders for ex situ
synchrotron studies were packed in 0.0435” OD Kapton tubing
(Cole-Parmer item SK-95820-09) and sealed with epoxy. For in situ
synchrotron annealing studies, powders were packed in borosilicate
glass capillaries (0.9 mm ID, 1.1 mm OD) that were flame-sealed
under vacuum.

Laboratory X-ray diffraction data were collected using a Bruker D2
Phaser powder diffractometer with a Cu Ka source (4 = 1.5418 A, 40
kV, 40 mA) in a 20 range of 10—80° at a scan rate of 0.01°/s. Data
were collected using a divergence slit fixed at 0.6 mm, 250 mm beam
path length, 20 mm sample length, and 2.5° Soller slits. Synchrotron
X-ray diffraction data were collected in transmission mode on
beamline 28-ID-2 (XPD) at the National Synchrotron Light Source-II
(NSLS-II). The primary collection was done using an incident beam
energy of 66.41 keV (1 = 0.1867 A) with a 0.2 X 0.2 mm beam size,
recording patterns on a 2D area detector (PerkinElmer XRD 1621,
2048 X 2048 pixel array, 200 X 200 ym pixel size) at a distance of
1418 mm providing data out to d;, = 0.76 A. Ex situ data were
collected with a default of 600 frames acquired during a 60 s total
collection time, while in situ annealing data on Fe/LiCl was collected
with 100 frames acquired during a 10 s total collection time. In situ
annealing data on Co/LiCl and Cu/LiCl NCs was collected in a
second experiment with a sample-to-detector distance of 1352 mm
and an incident beam energy of 66.91 keV (1 = 0.1853 A), using a
total collection time of 10 s and 100 frames.

In situ annealing experiments were carried out in a flow cell
furnace™ using a Eurotherm 2408 temperature controller and a TDK
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Figure 2. XRD patterns of Fe/LiCl nanocomposites (left) and Fe nanoporous metals (right). (a) Lab XRD pattern of an as-synthesized Fe/LiCl
NC. (b—d) Synchrotron XRD patterns from Fe/LiCl NCs as-synthesized samples, annealed at 300 °C and annealed at 600 °C, respectively. (e)
Lab XRD pattern of an as-synthesized Fe NPM. (f—h) Synchrotron XRD patterns from Fe NPMs samples as-synthesized, annealed at 300 °C, and

annealed at 600 °C, respectively.

Lambda 900 W (30 V/30 A) power supply. Two heating elements
were wound from resistive wire (Kanthal A-1, #24 awg) into coils,
with temperature monitored using a K-type thermocouple (stainless
steel, 0.01” OD, Omega Engineering item # KMQSS-010-6), with a
picture of the furnace installed in the synchrotron shown in Figure SI.
For the Fe/LiCl NC, the temperature was ramped to 525 °C over ~2
h (4.7 °C/min) and then held 1 h, with data collected every 1 min.
Similarly, the Co/LiCl NC program was an ~1 h ramp (scan every
30s) to 500 °C (7.7 °C/min), with a 10 min hold at 500 °C (scan
every 10 s), while that for Cu/LiCl NC was an ~1 h ramp (scan every
30 s) to 500 °C (7.8 °C/min), with a SO min hold at 500 °C (scan
every 1 min).

Prior to autointegration, the instrument geometry (sample-to-
detector distance, detector tilts, oblique incidence effect) was
calibrated using data from a Si standard (Gem Dugout, Fd3m, a =
5.43042) using GSAS-IL*° The instrumental contribution to peak
profiles was modeled using a modified Thompson—Cox—Hastings
pseudo-Voigt (TCHZ) function optimized against the response from
the Si standard and then fixed for sample refinements. Phase
identification was done using JADE v.9 (MDI), against reference
patterns in the International Centre for Diffraction Data (ICDD)
database.’’ When automated search and match methods failed,
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indexing methods were utilized in both the JADE and the TOPAS
software package (Version 6, Bruker AXS).*” For confirmation of the
indexing, Pawley and Rietveld refinements were done in TOPAS. A
custom python infrastructure was used to carry out sequential
refinements on in situ diffraction data and automatically extract values
of parameters of interest (e.g, crystallite size, microstrain, and phase
fractions) for the thousands of patterns studied in this work.
Representative TOPAS input files are provided as Supporting
Information.

B RESULTS AND DISCUSSION

Nanoporous metals (NPMs) prepared through conversion
reaction synthesis (CRS) are in many ways ideally suited for
catalysis applications. In order to fully realize their potential for
catalysis, it is important to be able to gain precise control over
their morphology, especially their primary particle size. The
present work is therefore aimed at understanding the
coarsening behavior during the thermal annealing of three
representative nanoporous systems with different as-synthe-
sized primary particle sizes, namely, Fe (~3 nm), Co (~2 nm),
and Cu (~25 nm).

https://doi.org/10.1021/acs.chemmater.2c03786
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Figure 3. Fitting from Rietveld refinement of synchrotron XRD patterns for (a) Fe/LiCl NCs and (b) Fe NPMs. Results for as-synthesized (top),
annealed at 300 °C (middle), and annealed at 600 °C (bottom) samples are shown. The middle and top patterns were vertically offset by 3.3 X 10°

and 6.0 X 10°, respectively.

One general method for characterizing the size of nanoscale
particles is X-ray diffraction. There are well-established
methods for quantifying the primary particle size based on
X-ray diffraction peak profiles, since smaller particle sizes lead
to greater peak broadening. Although the Scherrer equation is
often used for this purpose with the width of a single peak as
the analysis input, it is typically more robust to obtain size
information through whole pattern fitting, as this allows size
broadening (varies as 1/cos ) and strain broadening (tan 6)
effects to be deconvoluted. The size obtained in this manner is
a volume-weighted mean column length, and this quantity
(calculated with a shape factor of K = 1) will be referred to as
the primary particle size in our discussion of the data.
Representative laboratory X-ray diffraction data is shown in
Figure 2 for a Fe NPM sample (e), as well as for a Fe/LiCl
nanocomposite sample (a) that is an intermediate in the NPM
synthesis. In both cases, only a single Fe peak is visible (red
triangle), and the boundary between this very broad peak and
the background cannot clearly be resolved.

Given the limitations of lab X-ray data, an extensive set of
synchrotron X-ray diffraction data was collected to precisely
quantify the primary particle size of as-synthesized and
postannealed samples. As can be seen in Figure 2, the
synchrotron data has a vastly improved signal/noise ratio and
covers a much wider d-spacing range, allowing 7 distinct Fe
diffraction peaks to be measured. Although the initial paper
describing the CRS synthesis of nanoporous metal samples
suggested that they may be amorphous based on the dearth of
peaks in lab XRD patterns,” the enhanced ability of
synchrotron XRD to resolve weak and broad peaks allow the
observed diffraction peaks for all of the NPM and NC samples
studied here to be quantitatively modeled as coming from a
crystalline phase with severe size broadening, as will be
discussed in detail later. High quality ex situ diffraction patterns
were collected in 60 s, which suggests the viability of in situ
experiments to study morphological changes as they occur
during heating.
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Ex Situ Phase Identification. In order to gain initial
insights into the changes that occur during heating, high
quality synchrotron diffraction patterns were collected ex situ
for a series of three samples (as-synthesized, annealed at 300
°C for 3 h, annealed at 600 °C for 3 h) for each metal (Fe, Cu,
Co), both for the NC reaction intermediate and for the NPM
reaction product. Representative patterns for the Fe sample
used for indexing are shown in Figure 2, while whole-pattern
fits to confirm the indexing results are shown in Figure 3. The
analogous data for the Co and Cu samples are provide in
Figures S2—SS.

The extreme nanoscale nature of the as-synthesized Fe NPM
sample can be seen clearly in Figure 2f. There are only a few
obvious Fe diffraction peaks, and these peaks are very broad.
Coarsening results in significantly sharper diffraction peaks
after heating at 300 °C and extremely sharp diffraction peaks
after treatment at 600 °C, consistent with preliminary lab X-ray
testing done prior to this work.”!

The sharpening of diffraction peaks makes it easier to resolve
secondary phases in the Fe NPM patterns. In the 600 °C
pattern, peaks matching those expected for Fe,_.O (Fm3m,
#225) and Fe,C (Pnma, #62) can account for all non-Fe peaks.
Both of these phases are plausible impurities. It has been
previously observed that metal carbides can form from the
reaction of n-butyllithium with metal chlorides, and similarly,
incomplete removal of either H,O or O, would be expected to
be capable of oxidizing the surface of nanoscale Fe.*’
Secondary phases can also be seen in the 300 °C and as-
synthesized patterns, though those peaks (Table S1) could not
be matched to any plausible known phase and thus remain
unindexed. One possibility is that they correspond to an
alternate structure incorporating the same chemical impurities,
especially since FeO is known to be thermodynamically
unstable below 570 °C.** Based on the relative peak intensities,
the observed impurities are expected to comprise at most a few
percent of the sample mass, and it should be further noted that
none of these peaks were observable in the lab X-ray diffraction
data.
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The Fe NC diffraction patterns have many similarities with
the Fe NPM patterns, though with the addition of intense LiCl
peaks and occasionally minor LiCl hydrate (LiCl-H,O, Cmcm,
#63) peaks that indicate the samples can react with moisture
during their initial reaction or during the preparation of sealed
capillaries for synchrotron studies. Impurity peaks correspond-
ing to Fe;C and FeO are again seen in the 600 °C pattern.
Similar unindexed peaks are again seen, though these are now
observed at all temperatures that were probed.

As a final check of the completeness of the pattern
assignments, whole pattern fitting was carried out and is
shown on a log scale in Figure 3. Known major phases (Fe,
LiCl) and known secondary phases (Fe;C, FeO, LiCl hydrate)
were treated in a Rietveld manner while the unknown impurity
peaks and the major glass peak were fit as independent peaks.
The fits confirmed that all intensity in the patterns could be
effectively captured in these models, which are therefore very
suitable for quantitative microstructural analysis, as will be
discussed in the next section.

The Co and Cu samples were analyzed in a similar manner
to the Fe samples (Figures S2—SS). On the whole, the
behavior was quite similar aside from the necessarily different
nature of the metal-specific secondary phases such as unreacted
CoCl, (attributed to large precursor particles that did not fully
react) or the mixed salt Li,CoCl,.>> Unlike the other metals,
Co was observed to crystallize in two different polymorphs,
one which is hexagonal close packed (hcp) and one which is
cubic close packed (ccp). The ccp Co polymorph is well-
known to be the thermodynamic equilibrium state in bulk
samples prepared at high temperatures, though it is also well-
known that the hcp Co polymorph can be easily formed during
the preéparation of nanoscale Co metal at low temper-
atures.”* "’ Both of these Co phases can exhibit stacking
faults, and as a result of their complex peak shapes, there are
larger differences between the observed and modeled patterns
than for those of the other metals. Some Co and Cu NPM
samples had peaks from small amounts of LiCl hydrate from
incompletely washed LiCl. The Cu patterns were in general the
simplest to model as they had both the sharpest diffraction
peaks (due to their larger particle size) and the smallest
contribution of impurity peaks.

Although a detailed model of the stacking faults in the Co
samples is beyond the scope of this work, some further
comments on the faulting can be made. In the hcp Co metal
phase, the peak shapes problems are particularly pronounced
for the 10! reflections, as highlighted for the 102 (26 = 7.2°)
and 104 (260 = 11.6°) reflections in Figure S6. In both cases,
the modeled peak shape is substantially sharper than the
observed peak shape, an effect which persists even in the
sample annealed at 600 °C. This specific behavior is more
consistent with growth faults (e.g, ABABCBCB) than
deformation faults (e.g, ABABCACA), as the former have
been observed to be more resistant to repair through
annealing.%"m’41 In general, the 10! reflections with I = odd
can be reasonably modeled with pseudo-Voigt peak shapes
while those with [ = even cannot, even after thermal annealing.
Despite these complexities, it was found that the size and strain
values obtained through fitting are largely unaffected by
inclusion or exclusion of these exceptionally broadened peaks.

Ex Situ Microstructure Analysis. The high quality of the
present synchrotron diffraction data provides opportunities for
the precise quantitative analysis of sample microstructure that
are not accessible when using lab X-ray data. As illustrated in
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the previous section, the fits to the peak profiles of the NC and
NPM phases (e.g,, Figure 3) are generally excellent with the
minor exception of the Co metal phases for which the stacking
faults cause small problems with the peak profiles. The samples
should therefore be considered to have somewhat larger
uncertainties in the refined Co crystallite sizes that are not
captured in the statistical esds obtained from refinements.
Furthermore, two different sizes will be reported for the hcp
and ccp polymorphs of Co metal. The key quantities of interest
obtained from these fits are the metal size (Figure 4a) and the
LiCl salt strain (Figure 4b), with the values recorded in Tables
S2—-54.
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Figure 4. (a) Metal (Fe, Co, and Cu) crystallite size refined for
nanoporous metals (solid lines) and metal/salt nanocomposites
(dashed lines). (b) LiCl lattice chemical microstrain refined for
metal/salt nanocomposites.

From the analysis of crystallite size obtained through
Rietveld refinement, some conclusions can be made. For the
NC reaction intermediates, the particle size increases in the
order Co (1.5 nm hcp; 1.5 nm ccp) < Fe (3.2 nm) < Cu (21.2
nm), with the Cu sample being about an order of magnitude
larger than the other phases. While the relative particle sizes
within these NPMs is noted to correlate with the self-diffusion
coefficients of these metals determined from radiotracer
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: 42-47 o
experiments, our recent work demonstrates that this is

correlation rather than causation®® and that the rate of
coarsening is determined by the mobility of relevant species in
the salt phase rather than in the metal phase for reasons that
will be discussed in more detail later.

After washing the NCs to form NPMs, the order of sizes
remains Co (2.0 nm hcp, 2.3 nm ccp) < Fe (2.9 nm) < Cu (48
nm) for the NPMs, with these changes plotted in Figure S7.
The size increase that is seen for Co and Cu hints that the heat
generated during washing may be sufficient to drive some
initial coarsening, even before the samples are treated in a
furnace. The one outlier is the Fe NPM sample, whose refined
particle size of 2.9 nm is slightly smaller than the particle size
seen for the nanocomposite before washing (3.2 nm). This
may indicate that the surface Fe atoms more easily oxidize,
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react, or dissolve into the solvent wash in a manner that leads
to smaller Fe metal domain sizes.

Finally, the sizes of the two different Co phases (hcp, ccp)
are found to be quite similar in the as-synthesized and the 300
°C annealed samples, suggesting that a similar mechanism is
responsible for their formation. However, the size of the ccp
phase grows about 3X larger than that of the hcp phase after
annealing at 600 °C, suggesting that this temperature provides
sufficient mobility to enable the transformation of the
metastable hcp phase to the thermodynamically stable ccp
phase. This conclusion is supported by the larger ccp fraction
seen in the NPMs annealed at this temperature (70/30
distribution, in contrast to the 30/70 distribution at lower
temperatures). It has previously been reported that the
crossover between the hcp and ccp phase having the greatest

https://doi.org/10.1021/acs.chemmater.2c03786
Chem. Mater. 2023, 35, 4911-4921


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03786/suppl_file/cm2c03786_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03786?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03786?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03786?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03786?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

thermodynamic stability occurs at 417 °C,*”*® though it seems

likely that this transition temperature is size-dependent, as are
many other properties of nanoscale materials."”~>*

Although the initial plan was to track changes in the metal
particle size, during experiments it was noticed that there were
large changes in the width of the LiCl salt peaks during the
postannealing of samples (Figure 4b). Specifically, the salt
microstrain was found to be strongly anticorrelated with the
metal particle size. The as-synthesized and 300 °C NC samples
of Fe and Co both exhibited large LiCl strains which were
relieved on heating to 600 °C—a treatment that greatly
increased the metal particle size. Similarly, the NCs of Cu
which had large Cu particle sizes at all temperatures also had
low salt strains at all temperatures. While strain broadening of
diffraction peaks is often associated with mechanical strain,
there is no reason to expect large mechanical strains in a
system synthesized from a liquid at room temperature in the
absence of applied pressure. Rather, the observed LiCl strains
are most consistent with a chemical origin of strain. This would
be expected if unreduced metal cations were incorporated into
the salt reaction, resulting in salts with variable compositions of
Li,_,Fe,Cl (Fe**), Li;_,,Co,Cl (Co**), and Li;_,,Cu,,Cl
(Cu?*). Based on published FACT salt phase diagrams,>* it is
expected that LiCl can accommodate large degrees of
substitution by the present metal cations—about 5%
substitution by Fe®*, about 20% substitution by Co*', and an
unknown but likely very large amount of substitution by Cu**
due to the very close similarity of its ionic radius with that of
Li*>® Different degrees of chemical substitution will lead to
different cell lattice parameters, and the width of the lattice
parameter distribution will produce the LiCl microstrain
broadening observed in diffraction patterns that we term
chemical strain.

In Situ Annealing of Metal/LiCl Nanocomposites. In
contrast to ex situ diffraction studies which only supply a few
snapshots of reaction progress, in situ diffraction studies
provide the opportunity to continuously follow the coarsening
processes that occur as samples are heated. The temperature
program for annealing experiments involved a slow ramp up to
a maximum temperature of about 100 °C below the 605 °C
melting point of LiCl followed by a hold of about 1 h at this
temperature, with diffraction patterns collected at least once a
minute during the experiments. The changes that occurred
during experiments are summarized as waterfall plots of the
~200 diffraction patterns collected for each of the three metals
(Fe, Co, Cu) in Figure 5.

The changes that occur during the heating of the Fe/LiCl
nanocomposite (Figure Sa) will be discussed first, as this
system is generally representative of the changes that occur. At
temperatures below 510 °C, the metal coarsening occurs
slowly during heating with the refined particle size (Figure 6a),
doubling from 3 to 6 nm over the 2 h period, with the resulting
peak breadth changes being too small to visually resolve in the
waterfall plot. However, as the temperature increases by 15 °C
over the next 3 min to the final hold temperature of 525 °C,
there is a dramatic acceleration of the reaction rate by many
orders of magnitude with the primary particle size growing to
exceed 100 nm (which is the practical upper limit for resolving
size in the present experimental configuration). Although this
stunning enhancement of the reaction rate above T, = 510
°C might be at first guessed to result from melting of the salt,
the diffraction data do not show the loss of intensity of the
LiCl diffraction peaks that would signify melting. They do,
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Figure 6. Results from size-strain analysis on XRD data from in situ
annealing of an Fe/LiCl NC. (a) Fe crystallite size (nm) vs. time, with
an inset highlighting the rapid acceleration in growth rate at 510 °C.
(b) Strain in LiCl vs. time, with an inset showing a large drop at 510
°C). (c) Overlay of size, strain, and temperature vs. time highlighting
the coupled mechanism of metal coarsening and salt strain reduction.

however, show another marked change at this temperature,
with the peaks drastically sharpening. Quantitative fitting of the
LiCl microstructure (Figure 6b) shows that this sharpening is
due not to an increase in the LiCl particle size as would be
expected in the case of full or even partial melting of this salt.
In fact, the diffraction patterns at all times could be fit without
including any size broadening contribution to the model
Instead, the sharpening of the LiCl peaks is due to a nearly
complete reduction in the strain of the salt. The refined
microstrain parameter &, (as defined in the fundamental
parameters approach of the TOPAS software as the maximum
extent in the parabolic distribution of lattice strain, Ad/d)>*~>*
gradually decreases from 3.2 X 107> to 1.8 X 107> during the
temperature ramp from 25 to 500 °C and then abruptly drops
from 1.5 X 107 to 0.1 X 107 between 510 and 525 °C,
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indicating the nearly complete release of chemical strain from
the salt.

This simultaneous onset of massive changes in the
microstructure of both the Fe metal particles and the LiCl
salt particles (Figure 6c) suggests that the rapid coarsening
occurs through a correlated reaction mechanism in which the
onset of rapid mass transport through the salt permits the very
rapid coarsening of the metal. Similar behavior is seen for the
other two metal nanocomposites studied in this work, though
with even lower onset temperatures observed for Co (T, ~
200 °C) and Cu (T, ~ 425 °C). These temperatures are far
below any plausible eutectic points for the LiCl-CoCl, and
LiCl—CuCl, systems, leading to the conclusion that there is an
unexpected and likely novel salt-mediated solid state reaction
pathway that enables rapid coarsening in these nanocomposite
systems.

Bl DISCUSSION

In general, the mass transport needed to grow the grains of a
solid produced through a chemical reaction occurs through
either bulk or surface processes. These distinct transport
processes tend to have different activation energies, with the
energies typically being lower for surface processes due to the
smaller number of bonds that need to be broken for an atom to
move. The overall reaction rate depends on not just the
activation energy but also on the abundance of paths, and thus
either surface or bulk transport processes can dominate the
reaction mechanism. However, since the kinetics of both bulk
and surface processes are governed by Boltzmann principles,
the massive acceleration of the coarsening rate that occurs at
Toneet 1S DOt consistent with the normal temperature-induced
variation in reaction kinetics for a given process. Instead, it is
characteristic of a specific thermodynamic event.

In the case of the present nanocomposites, the large strain in
the salt suggests that there is substantial incorporation
(chemical substitution) of metal cations into the LiCl matrix.
It is therefore appropriate to ask if the abrupt changes in the
solubility and/or mobility of metal cations in a LiCl host could
be responsible for the massive changes in reactivity that occur
at Typeere A first place to look for insights is in thermodynamic
phase diagrams. A preliminary analysis identifies two possible
features in the phase diagrams that may be associated with the
onset temperature of massively enhanced mobility.

In case of the Fe/LiCl NC system, the onset temperature of
510 °C is very close to the predicted melting point of a ternary
phase, Li)FeCl,, that can exist in equilibrium with the
substituted rocksalt phase Li,_, Fe Cl in the FeCl,—LiCl
phase diagram (Figure 7a).”**”*" As a result of this phase
relationship, the maximum solubility of Fe in rocksalt (x ~
0.20) is at the Li,FeCl, melting temperature, with the solubility
sharply decreasing above this temperature. One possible origin
of the rate enhancement could be that once the temperature of
the maximum solubility of Fe cations in LiCl is reached, further
heating pushes isolated atoms of Fe out of the salt. These
highly underbonded species would be highly reactive, and thus
could lead to the rapid growth of Fe metal crystallites.
However, this hypothesis has some inconsistencies with the
observed behavior. First, the growth of metal nanoparticles
through the addition of metal cations is a redox process, and
there is not an obvious driving force for the reduction of large
amounts of metal cations. Second, on heating from 510 to 525
°C, the refined particle sizes increased from 6 nm to more than
100 nm. It is implausible that there is a sufficient mass of Fe
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Figure 7. Phase diagrams for (a) FeCl,—LiCl and (b) CoCl,—LiCl,
calculated in FactSage software from FactSalt databases.”*

cations in the salt to account for the approximately 5,000-fold
increase in particle volume (as calculated from the particle size
change) through a purely additive process. Third, the much
lower T, for the Co/LiCl system of 200 °C does not
correspond to a similar drop in the solubility of Co cations in
the LiCl lattice (Figure 7b).

An alternate hypothesis is that the massive reactivity
enhancement that occurs at T, is due to the opening of a
fast mass transport pathway. A plausible pathway is the
conduction of metal species through the salt. This would
presumably occur through three steps, (1) the oxidation of a
neutral metal atom to a metal cation which enters the salt
lattice, (2) the transport of the metal cation through the salt,
and (3) the reduction of the metal cation to a neutral metal
atom and its deposition/crystallization at a metal nanoparticle
surface. This transport would be entirely analogous to solution-
mediated ripening processes that occur via dissolution and
recrystallization, though with the solid salt adopting the role of
the high-mobility liquid solvent. Since the cumulative three-
step process is charge-neutral, there is no net energy cost for
the redox cycling of the metal atoms. Furthermore, if the redox
cycling involves species of the same type [Co’(site A) +
Co**(site B) — (Co**(site A) + Co’(site B)], it might be
expected that the energy barriers for charge transfer are low.

In this scenario, there are a variety of possible mechanisms
by which a fast metal transport pathway through the salt can
open at a specific T One possibility would be an

onset*
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enhancement of the salt mobility through either the creation of
vacancies or the lowering of hopping barriers (e.g., through the
elimination of strong repulsive interactions by the expulsion of
metal cations from the LiCl host lattice). These changes could
potentially be triggered by features in the thermodynamic
phase diagrams, such as changes in cation solubility or the
decomposition of phases such as Li,FeCl, or LiCoCl; that may
coexist and coherently intergrow with the salt. Another
possibility for the origin of T, would be triggering enhanced
access of the metal species to the salt, effectively opening a
valve to access the high-mobility matrix. This could occur
through turning on the reactions for redox cycling, either by
barrier control or by depositing metal species that can undergo
coupled redox reactions with the metal atoms at the surface of
nanoparticles. Deposition processes could also be triggered by
features in thermodynamic phase diagrams. An enhancement
in surface area (e.g., introduction of porosity in the salt) or in
mass transport across the interface (e.g, through partial
melting at the surface) could also serve as a trigger for the
massive enhancement in transport.

While the specific mechanism controlling the T, for rapid
coarsening cannot be resolved from the present data, some
robust insights have been gained from our pioneering in situ
synchrotron studies. First, there is strong evidence that the salt
is playing a noninnocent role in the reaction. In addition to the
coupled metal and salt changes that occur at T, it can also
be seen at lower temperatures that the slower metal coarsening
is occurring concomitantly with a gradual reduction in the salt
strain. Second, the strain in the salt is chemical in nature and
provides an important window into the transport processes
that control coarsening. Third, there is no evidence that
melting plays an important role in either the gradual or rapid
coarsening processes. This can be concluded from the
retention of the salt diffraction peaks during reactions, and
perhaps more importantly, from the lack of a change in the
particle size and crystallinity of the salt during these processes.
These insights will guide the design of future experiments
aimed at resolving the reaction mechanisms that govern the
coarsening of metal/salt nanocomposites.

B CONCLUSIONS

Nanoporous metals and metal/salt nanocomposites of Fe, Co,
and Cu synthesized by conversion reaction synthesis have for
the first time been studied using synchrotron X-ray powder
diffraction. Ex situ studies enabled robust phase identification
studies to be performed and provide precise microstructural
information about both the metal and salt components. In situ
studies revealed an unexpected dramatic acceleration of the
coarsening reaction at a specific Ty, that is strongly metal-
dependent. Furthermore, the increase in metal particle size was
found to be accompanied by a decrease in the salt chemical
strain, indicative of a coupled reaction mechanism and a
noninnocent role of the salt in the metal coarsening. The
observed coarsening behavior is very different from that
previously seen for nanoporous metals produced through
classic methods like dealloying.

Salts are often used as mineralizers in synthesis to greatly
accelerate reactions and/or for sintering at temperatures above
their melting point,”’ " where the liquid salt can solubilize
and transport cations. However, the present work is to the best
of our knowledge the first instance in which a solid salt is
responsible for a massive enhancement in reaction rates at
temperatures far below the lowest melting eutectic of a system
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(more than 300 °C below the eutectic temperature of ~515 °C
in the case of Co). Additionally, the reason for the sudden
onset of fast transport (resulting in a thousand-fold increase in
particle volumes in about a minute) remains to be resolved.
Further in situ studies of coarsening reactions under a wider
range of conditions are required to understand the complex
interplay between the metal particle size, the salt chemical
strain, and the reaction temperature that governs the reaction
rate—studies that are ongoing. Intriguingly, the rapid reaction
rates at low temperatures suggest that similar mass transport
pathways may operate at room temperature during the
conversion reaction synthesis and that understanding these
pathways may lead to an improved understanding of and
enhanced performance of important conversion type battery
systems (e.g, FeF;) that involve salts as key reaction
intermediates.
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