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ABSTRACT: The pore architecture of nanoporous copper (NP-Cu) plays a vital role in its technological applications. The
synthesis of NP-Cu by the conversion reaction has been reported, where an ionic Cu precursor (salt or oxide) is chemically reduced
with n-butyllithium to form a Cu metal nanocomposite, from which the Li-containing product is removed to form NP-Cu. Anions in
the Cu compound precursors significantly affect the size of Cu in the nanocomposite due to the effect of lithium salt on Cu diffusion.
Thermal annealing of the nanocomposites reveals that the activation energy for diffusion correlates with the melting point of the
lithium salt, which is used as a proxy for their tendencies of forming defects, indicating that Cu diffusion takes place through the bulk
phase of the salt rather than the Cu/salt interfaces. This experimentally observed behavior is consistent with the results from density
functional theory calculations. Further, doping the lithium salt with Mg2+ increases the defect concentration and facilitates enhanced
Cu diffusion. The choice of anion in the Cu salt precursor thus provides an effective tool to enable control of the nanoscale size of
Cu and the resultant NP porosity.

■ INTRODUCTION
Nanoporous copper (NP-Cu) has a broad range of
applications such as plasmonic materials,1−3 catalysts,4−6,12,13

energy storage materials,7 actuators,8 bonding materials,9−11

and among others. These applications take advantage of the
NP-Cu’s 3D porous architecture, high surface area, good
electrical conductivity, and lower cost than Ag and Au
alternatives. The morphology of the microstructure, including
the size and crystallinity of the Cu and the pore structure can
dramatically affect its performance. For example, it has been
reported that there is an optimal nanopore size for enhancing
the surface enhancement Raman spectroscopy effects of NP-
Cu.2,12,13 In addition, the pore size has been found to influence
product selectivity in the CO2 reduction reaction catalyzed by
NP-Cu.5,6 Morphological control is essential to realize the full
potential of NP-Cu in applications.
Conversion reaction synthesis (CRS) is a facile and scalable

method to fabricate nanoporous metals.14 In a typical two-step
CRS process, an ionic transition metal compound (e.g., CuCl2)
is first chemically reduced to a metal/lithium salt nano-

composite (e.g., Cu/LiCl) by n-butyllithium (n-BuLi, C4H9Li)
dissolved in hexane. After conversion, a polar solvent such as
methanol is used to remove the lithium-containing product
(e.g., LiCl), leaving behind a nanoporous metal framework.
Note that during the conversion step, CuCl2, Cu, and LiCl
have no solubility in hexane. The reaction is largely a solid−
solid conversion process. Unlike the well-known dealloying
process,15 the CRS approach allows for the synthesis of any
nanoporous metal with an electrochemical potential higher
than that of n-BuLi (1 V vs Li/Li+), thus providing access to a
wide range of relevant metals. We have previously shown14,18

that the metal cation in the halide precursors plays an
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important role in determining the feature size of nanoporous
metal networks, largely due to the varying mobilities of the
selected metal. For example, copper chloride (CuCl2) was
found to produce a larger crystallite size in the final
nanoporous metal than iron chloride (FeCl2) and cobalt
chloride (CoCl2). However, there is an as-yet unmet need to
develop a method to control the size and architecture for a
given metal. It has previously been observed that there are
small differences in NP-Cu prepared with CuCl2 and CuBr2
precursors,14 suggesting that the anion choice may provide
morphological control. In this work, a wide range of anions
available with different sizes and chemical properties were
investigated as precursors for the synthesis of NP-Cu, allowing
us to observe large differences in the porosity of the resulting
nanoporous metal and enabling us to investigate the salt
properties that most directly control the product morphology.
The role of anions in influencing the NP-Cu structure can be

both physical and chemical in nature. Lithium salts formed by
different anions have significantly different molar volumes. A
higher volume fraction of lithium salt may increase the
required diffusion distance for Cu, thus limiting the size of the
nanoparticles.14 In addition, the chemical interactions between
metallic Cu and the anion in the lithium salt may influence the
barrier heights associated with atom diffusion. It is possible
that stronger bonding between Cu and the anion provided by
the Li salts may hinder the Cu diffusion,16,17 also serving to
limit the particle size. Motivated by these hypotheses, a
systematic study of NP-Cu synthesized from different
precursors was carried out to investigate the influence of the
anion on the size of microstructural features in the nano-
composites produced through CRS reactions. Nanocomposites
were synthesized from different Cu precursors and charac-
terized, providing insights into the origin of the anion influence
on feature sizes in NP-Cu.

■ EXPERIMENTAL METHOD
Nanocomposite Preparation and Thermal Annealing.

Unless otherwise stated, all commercial reagents and solvents
were used as commercially purchased without additional
purification. We have previously reported that metal/lithium
salt nanocomposites are synthesized by reacting anhydrous
precursors with n-butyllithium (1.6 M) in hexane.14,18 All
synthesis procedures were carried out in an argon glovebox
(≤10 ppm O2; <1 ppm H2O). Experimental procedures were
optimized for machine readability using SynCheck as shown in
Figure S1.
For the conversion reaction of copper compounds, 1 g of the

precursor salt (CuCl, CuBr, CuCl2, CuBr2, CuI, CuF2, CuO, or
Cu2O) was dispersed in hexane (10 mL). Next, n-butyllithium
(1.25× stoichiometric excess) was added dropwise to the
precursor dispersion, and the resulting mixture was then stirred
at room temperature for 24 h. The obtained powder of
nanocomposites was separated by filtration, washed with
hexane (10 mL), and dried under an argon atmosphere. For
annealing experiments, powders were sealed in borosilicate
ampoules under vacuum. Each sample was then annealed at a
constant temperature of 100−300 °C for 1 h and then
quenched to room temperature.
Mg-doped copper oxide was synthesized in two steps.19 In a

first step, CuSO4·5H2O and Mg(NO3)2 (20:1 molar excess)
were dissolved in water. Second, the precursor solution was
mixed (dropwise) with a NaOH solution at 80 °C for 2 h
under continuous stirring, resulting in the immediate

formation of a black precipitate. The reaction product was
then collected through centrifugation (4000 rpm, 10 min) and
washed with DI water and absolute ethanol. The resulting
product was heated at 70 °C for 12 h in a drying cabinet,
producing a black powder. The same procedure is applied to
synthesize pure CuO without adding the Mg dopant solution.
Material Characterization. Scanning electron microscopy

(SEM) images and energy-dispersive X-ray (EDX) spectra
were acquired with a Zeiss Sigma 500 SEM. Due to the
sensitivity of the nanocomposite to oxygen and moisture, all X-
ray diffraction (XRD) patterns were acquired using a circular
sample holder under the protection of Kapton tape. A powder
diffractometer (Bruker D2 Phaser) was used for collecting the
XRD patterns using Cu Kα radiation (λ = 1.5418 Å, 40 kV, 40
mA) in a 2θ range from 10 to 80° at a scan rate of 0.01 °/s.
The Inorganic Crystal Structure Database (ICSD) was used to
identify the phases in the nanocomposites.
TEM images are obtained on a ThermoFisher Talos 200X

system. A copper-coated TEM grid is used to load nano-
composite powder, which is loaded into the sample holder in
an argon glovebox. Then, the holder is transferred and inserted
under argon protection. Images and lattice parameters are
analyzed using the Gatan Micrograph software.
Rietveld refinements were performed in TOPAS (Version 6,

Bruker AXS)20 to determine the microstructural properties of
the Cu and salt phases. A fundamental parameter approach21,22

was used to model the instrument profile, incorporating a 0.6
mm divergence slit, 20 mm sample length, 250 mm beam path
length, and 2.5° Soller slits. Sample displacements were refined
for each pattern to account for systematic shifts in peak
positions resulting from the difference in sample height on the
flat plate holder. Preferred orientation (e.g., oversampling of
particular hkl reflections) was accounted for using the March−
Dollase factor to correct misfits to peak intensities and is
reported in Table S1. In nearly all nanocomposites (except
CuI, CuBr, and CuCl), the Cu phase demonstrated preferred
orientation in the ⟨111⟩ direction, with a refined March−
Dollase factor indicating that the crystallites are longer in that
direction. Note that this preferred orientation cannot trivially
occur for the nanoscale grains and suggests that there is a
topotactic relationship between the salt in the nanocomposite
reaction product and that of the copper reaction precursors,
which typically were used in the form of micron-scale particles.
For the LiBr and LiCl salt phases produced from CuBr2, CuCl,
or CuCl2, a preferred orientation term was refined in the ⟨111⟩
direction to account for systematic underfitting of intensity in
that direction and overfitting of intensity in other directions.
The results indicate that salt crystallites are less prevalent in
the ⟨111⟩ direction for CuBr2- and CuCl-based nano-
composites, while the salt from a CuCl2 precursor is more
prevalent in the ⟨111⟩ direction.
The microstructure (e.g., crystallite size and lattice strain)

was determined for each phase by fitting peak shapes using the
Double−Voigt approach as this allows for the effective
deconvolution of the contributions from size broadening
(varies as 1/cos θ) and strain broadening (varies as tan θ).23,24
Generally, only a Lorentzian size broadening term was needed
to describe Cu peak shapes. For chloride and bromide salt
phases, both size and strain broadening terms were needed to
account for broadening, while only size broadening models
were needed for the iodide, fluoride, and various copper oxide-
based nanocomposites.
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Crystallite sizes are reported (Table S2) as volume-weighted
crystallite sizes (Lvol) determined through an integral breadth
(IB) method that is approximately independent of the shape
factor, K, that is often approximated as 0.89−1 in the Scherrer
equation. Since particle shapes and size distributions are
typically unknown, IB methods are more robust for micro-
structure determination. The volume-weighted size (Lvol in
nm) is calculated as shown from the equation below, where βIB
is defined as the width of a rectangle with the same height and
area as the line profile, obtained by dividing the peak area by
the maximum peak height.

=
·

L
cosvol

IB

Lattice strain values (Table S2) represent the maximum
displacement of the lattice or the maximum strain moment
(ε0). In our prior work on size−strain analysis for CRS-derived
metal/salt nanocomposites,18 it was found that the salt lattice
strain is likely due to the chemical substitution of metal ions in
the salt phase that (1) produce vacancies to maintain charge
neutrality and (2) cause lattice expansion or contraction as a
result of differences in the ionic radii of Li+ and MX+ (M = Fe,
Co, and Cu; X = 1, 2, and 3). Due to the systematic decrease of
strain in the bromide and chloride salts after thermal annealing,
we attribute strain in the salt phase of the Cu-NP
nanocomposites to the same mechanism. The equation for
calculating the maximum strain moment is given below

= =d
d 4 tan0

FWHM

First-Principles Calculations. First-principles density
functional theory (DFT) calculations were carried out using
the Vienna Ab Initio Simulation Package (VASP).25,26 The
projector-augmented wave potential was employed for the
treatment of the electron−ion interactions,27 and the
generalized gradient approximation parameterized by Per-
dew−Burke−Ernzerhof was used for the electron exchange−
correlation functional.28 The default maximum cut-off energy

from the potential files was used for expanding the plane-wave
basis set. The k-points grid with a separation of 0.04 Å−1

centered at the Γ-point was automatically set for the
calculations. The structural relaxation was performed until all
components of the residual forces on the atoms became less
than 0.05 eV Å−1 and the convergence tolerance for the self-
consistent-field iteration was set to 10−4 eV. Cu diffusion
energy barriers were calculated using the climbing image
nudged elastic band (NEB) method.29 In the NEB
calculations, the starting and ending structures were fully
relaxed, and the intermediate structures were linearly
interpolated.

■ RESULTS AND DISCUSSION
To study the precursor anion effects on the Cu microstructure
evolution during the CRS of nanoporous Cu, we selected eight
different Cu precursor compounds [Cu(I)Cl, CuCl2, Cu(I)Br,
CuBr2, CuF2, Cu(I)I, CuO, and Cu2O] and converted them
under identical experimental conditions (Figure 1a). Powder
XRD patterns of the nanocomposites (Figure 1b) indicated
complete consumption of the precursor, suggesting that the
conversion reaction was complete. All of the halide precursors
clearly exhibited two main phases (Cu metal and Li salt, peak
assignments shown in Figure S2) after the conversion step.
The very broad peaks indicate that metallic Cu within the
nanocomposite has primary particles with nanoscale dimen-
sions. The lithium salts in the nanocomposites were then
removed by dissolution in methanol or water, allowing the
morphologies of NP-Cu synthesized from different precursors
to be compared (Figure S3). It is evident that the anions can
greatly affect the microstructure evolution during the
conversion reaction, producing NP-Cu with very different
pore dimensions.
The Rietveld refinement was performed to quantify the

microstructure of both the copper and salt phases in
nanocomposites from the diffraction data. Details of the
refinement methods, examples of the fits (Figures S4−S11),

Figure 1. (a) Illustration of the nanocomposite preparation through the conversion reaction. (b) XRD patterns of Cu/Li salt nanocomposites.
Precursors are labeled on the right of each pattern. (c) Relationship between Cu nanocrystallite size in the NC and the volume fractions of the
corresponding Li salts. Precursors with a common anion are connected by a dashed line.
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and tabulated crystallographic info (Tables S1 and S2) are
provided in the Supporting Information.
Influence of Volume Fraction. Previous studies14

suggested that lithium salts could physically hinder the metal
diffusion during the reaction, which intuitively would suggest
that a high volume of lithium salts would promote the
formation of finer microstructures. Based on the theoretical
reaction stoichiometry, we calculated the volume fraction of Li
salts in the nanocomposites. The results and details of
calculation are provided in the Supporting Information
(Table S3). By looking at the relationship between volume
fraction and Cu nanocrystallite sizes, we found that the
hindering effect of Li salts is indeed true when the anions are
the same. For example, the nanocomposite formed from CuCl2
which is 85% LiCl by volume resulted in a smaller Cu size
(13.5 nm) compared with the CuCl case (34.7 nm), for which
the LiCl volume fraction is 74% (Figure 1c). However, such
trends do not hold when comparing salts containing different
anions. For instance, the use of a CuF2 precursor leads to the
finest Cu size (3.5 nm) among the halide precursors despite
having the smallest salt volume fraction. The microstructure of
CuCl2 and CuF2 is further examined by transmission electron
microscopy (TEM) (Figures S12 and S13). Both of them show
a bicontinuous nanocomposite structure with uniform
elemental distribution analyzed by EDX spectroscopy. The
crystal sizes of Cu are 9−15 and 3−6 nm when CuCl2 and
CuF2 are used as the precursors, respectively. This result is
consistent with the Rietveld refinement. Hence, the salt
volume fractions are not the primary factor controlling the Cu-
NP size.
Influence of Diffusion Barrier. Since the particle size was

strongly dependent on the choice of the starting material, we
hypothesized that the diffusion barrier for Cu may play an
important role. Similar justifications have previously been
made for dealloying reactions.18,30 To measure the activation
energy for Cu diffusion, we employed a series of thermal
annealing experiments.18 The nanocomposites were isother-
mally annealed at 100, 200, or 300 °C for 1 h, with the
resulting diffraction patterns and their fits shown in Figures
S4−S11. The crystallite size obtained from diffraction data was
found to systematically vary with the annealing temperature.
Specifically, it was observed that there is a linear relationship
between ln[d(t)] and ln(T), where d(t) is the size of Cu and T
is the annealing temperature (Figure 2a), consistent with
general models for coarsening that have been previously

derived.31 Cu(I)Cl and Cu(I)Br cases were not evaluated
because of their relatively large crystallite size after thermal
annealing, which reduces the sensitivity of diffraction methods
to changes in particle size.32−34 The activation energy (E)
required for diffusion can be calculated based on the
equation35−37

[ ] =d t k t
E

RT
( ) expn

0
i
k
jjj y

{
zzz (1)

where d(t) is the average crystallite size of metals at different
annealing time t, k0 is a constant, R is the gas constant, and T is
the annealing temperature. For the power n in the power law, it
has been reported that values of 3 and 4 correspond to cases
where the diffusion and coarsening are dominated by bulk
diffusion and surface diffusion, respectively.36 Since the
diffusion mechanism is not known a priori, the activation
energy for each nanocomposite was separately evaluated for
each n value (Figure S14). The inferred activation energy for n
= 4 was about 4/3 the value for n = 3, the behavior which is
expected to be a universal result originating from the two
different mathematical functions. It was found that there is a
well-defined inverse correlation between the activation energy
and the average Cu crystallite size within the nanocomposites,
as shown in Figure 2b. The strongly linear relationship
between the energy barrier for diffusion and the identity of
anions indicates that the fundamental mechanism by which
anions control the size of NP-Cu is related to transport
through an anion-containing phase, suggesting that the
previously observed relationship between self-diffusion coef-
ficients in metals and the particle size in the nanoporous metal
frameworks produced through CRS reflects correlation rather
than causation.18

Investigate the Diffusion Pathways by DFT Calcu-
lation. The thermal annealing results revealed the importance
of the energy barrier for diffusion in controlling the size and
porosity of nanoporous Cu. However, it was not possible to
resolve whether these barriers are associated with surface or
bulk diffusion pathways due to the similar fit quality of both of
these models. To more directly resolve the nature of the
activation energy for Cu atom diffusion, we investigated
surface diffusion and bulk diffusion of Cu atoms in the lithium
halide salts using NEB methods based on the first-principles
DFT calculations.29 The similar halide crystal structures make
it more straightforward and robust to investigate trends. For
LiX (X = F, Cl, Br, and I), the electrically neutral (001)

Figure 2. (a) Dependence of Cu nanocrystallite size (in the nanocomposite) and annealing temperature for all the precursors. (b) Relationship
between the average crystallite size and activation energy calculated from eq 1. Light symbol dots refer to activation energies calculated assuming a
surface diffusion mechanism (n = 4), while normal color symbols were calculated assuming a bulk diffusion mechanism (n = 3).
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surfaces are known to be energetically more stable than the
polar (111) surfaces38,39 and thus were selected to model Cu
surface diffusion (Figure S15a). According to the surface
symmetry, we modeled four possible sites for a single Cu atom
adsorption, including a top (T) site directly above the X atom,
a bridge (B) site on the middle of the surface X−Li bond, a cap
(C) site directly above the Li atom, and a hollow (H) site
above the center of the square formed by four X−Li bonds.
The equivalent sites for T and H are labeled as T1 and H1. The
energetic preference of the Cu adsorption on the four possible
sites were determined via a comparison of the relative total
energies for the LiX (001) slab models with Cu adsorption, as

shown in the Table S4 in the Supporting Information. Our
calculations show that the energetically most favorable Cu
adsorption site is T for LiF, B for LiCl, and H for LiBr and LiI,
while the most unfavorable site is C for all the considered
lithium salt compounds. Accordingly, we modeled the diffusion
pathways T−C−T1 for LiF and LiCl and H−C−H1 for LiBr
and LiI. The calculated surface diffusion energy barriers are
around 0.21 eV for LiF, 0.23 eV for LiCl, 0.25 eV for LiBr, and
0.30 eV for LiI, as shown in Figure 3a−d. Note that the trend
for surface diffusion activation energies is LiF < LiBr < LiCl <
LiI, exactly opposite of what was observed experimentally.

Figure 3. Calculated diffusion barriers of Cu ions on the (001) surface (a−d) and the corresponding bulk diffusion barriers (a′−d′) for the cubic
(a,a′) LiF, (b,b′) LiCl, (c,c′) LiBr, and (d,d′) LiI. (e) Illustration of Cu atom diffusion during the conversion reaction or high-temperature
sintering. Cu mainly diffuses through the defects rather than the surface of Li salts.
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Next, the possibility of a diffusion mechanism involving
transport through the bulk of the lithium salts was examined.
This appears to be the case since we have observed a
correlation between the activation energy (obtained assuming
n = 3 in eq 1) and the melting point of a corresponding lithium
salt (Figure S16). Here, the melting point is used as a proxy for
the concentration of defects. In general, the lower the melting
point, the more favorable the point defect formation.40,41

During the conversion reaction or high-temperature sintering,
native point defects are generated in the lattice of lithium salt
crystals. More defects in the lithium salt matrix can promote
the diffusion and growth of Cu. Indeed, it has been found that
the defect formation energies always follow the sequence as
LiF > LiCl > LiBr > LiI for both vacancy and interstitial
defects, consistent with the trend of Cu crystallite sizes we have
obtained.42,43 To further prove this, DFT was used to model
the possible bulk diffusion pathway for the Cu ions, see its
schematic illustration of the diffusion path in Figure S15b. The
calculated energy barriers of Cu bulk diffusion are 2.6 eV for
LiF, 0.66 eV for LiCl, 0.26 eV for LiBr, and 0.16 eV for LiI, as
shown in Figure 3a′−d′. This indicates that the Cu bulk
diffusion is more difficult in the order LiI < LiBr < LiCl < LiF,
which are mainly attributed to the different lattice size due to
the different atomic radius of halogen ions. This trend is also
consistent with our experimental observations. We note that
the nanostructured lithium halides are likely rich in defects
which would impact the energy barriers for diffusion. However,
the trends we observed in the halide series strongly suggest a
bulk, rather than a surface-mediated diffusion process is at play.

The concept for this Cu atom diffusion pathway is illustrated
in Figure 3e.
Probing the Effect of Defects with Doping. A dopant

was introduced into the precursor compound to further
validate that the diffusion of Cu atoms mainly takes place in
the defects of bulk lithium salt phases. If the primary diffusion
processes responsible for the growth in particle size occur in
the Cu metal phase, then the growth rate should not be
affected by dopants, whereas the observation of dopant effects
provides strong evidence that growth occurs through diffusion
pathways external to Cu metal particles. We chose magnesium
(Mg) as a dopant because the electrochemical potential of
Mg2+/Mg (−2.38 V) is lower than −2.05 V, the potential of n-
butyllithium, preventing the reduction of Mg2+.14 This choice
also benefits from the similar radius of Mg2+ (72 pm) and Cu2+
(73 pm). Many methods have been established to dope Mg
elements into CuO.19,44,45 Using previously reported proce-
dures, we synthesized CuO doped with Mg (Mg−CuO) by a
co-precipitation method. A comparison between the XRD
patterns of Mg−CuO and two pure CuO samples is shown in
Figure 4a, where S−CuO represents the CuO synthesized by
the same procedures as Mg−CuO without the dopant, while
C−CuO is a bulk crystal obtained commercially. All materials
match the CuO monoclinic crystal structure according to the
ICSD database. The broadening of peaks for Mg−CuO and
S−CuO indicates the formation of nanoscale particle sizes.
The peak shift at 2θ values of 35.6, 38.8, and 48.8° indicates
that Mg was successfully doped into CuO19,44,45 and is
supported by EDX mapping (Figure S17a). Figure 4b shows

Figure 4. Effects of MgO doping of CuO on (a) XRD patterns of the precursor phases, (b) XRD patterns of the nanocomposite reaction product,
and (c) activation energies inferred from ex situ coarsening studies.
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the XRD patterns of the nanocomposites formed after
conversion through the reaction with n-butyllithium. A slightly
left shift at 2θ = ∼33.6°, which corresponds to the peak of the
(111) plane of Li2O, indicates that the Mg dopant is inherited
by Li2O in the nanocomposite. The EDX result of the
nanocomposite in Figure S17b also confirms the presence of
Mg after conversion. Doping Li2O with Mg is expected to
create more vacancies in the Li2O phase, which is expected to
increase the mobility and result in larger crystallite sizes. The
activation energies were also calculated and shown in Figure
4c, which were fully consistent with our hypothesis. The
nanocomposite via Mg−CuO has the lowest energy (0.27 eV)
for Cu diffusion among the three types of CuO. Based on these
observations, we conclude that the diffusivity of Cu atoms
through defects of Li salts determines the specific dimension of
Cu in the intermediates.

■ CONCLUSIONS
By conducting conversion reactions on Cu compounds with
various anions, we have demonstrated that different anions can
effectively change the Cu crystallite dimensions within the
nanocomposites and consequently determine the micro-
structure size in the final NP-Cu. A dilute Cu concentration
will reduce the resultant size, but this volumetric effect only
holds true for Cu compounds with identical anions. For
different anions, we have found that the Cu size directly
correlates with the diffusion energy barrier, which was
estimated by measuring the size of Cu undergoing thermal
annealing. We identified that Cu appears to coarsen by
diffusing through the defects in the bulk lithium salt phases
rather than through the Cu/lithium salt interface. This is
confirmed both by the energy barrier trends in the halide series
using DFT calculations and by increasing the defect
concentration through doping, which led to an increase in
Cu size. Our findings thus provide insights into the
fundamental diffusion process in nanocomposites and offer
anions and dopants as practical toolkits to control the Cu sizes.
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