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ABSTRACT: Ordered intermetallic compounds (OICs) are useful materials for
applications ranging from catalysis to optoelectronics. However, generalizable synthetic 2 .
methods for preparing OIC nanomaterials composed of an electropositive metal and late
transition metal has remained a substantial challenge. Herein, we report a process for
synthesizing ordered intermetallic y-CusZng or intermetallic #-CuZn (high-temperature
phase) from Zn-rich Cu alloys at room temperature and atmospheric pressure by an
electrochemically induced phase transformation (EIPT). In the EIPT process, Zn is
dissolved from the lattice by electrochemical corrosion, initiating the reorganization of the
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crystal to an intermetallic phase. The transformation of €-CuZn, (space group: P6;/mmc)

to ordered intermetallic y-CusZng (space group: [43m) or intermetallic f-CuZn (space group: I43m) is controlled by the potential
and electrolyte used during dealloying. The phases that were accessed was gated by the thermodynamic stability of Zn-rich Cu alloys
in aqueous electrolytes. These results have established a key development in the synthesis of intermetallic nanomaterials at room

temperature and atmospheric pressure.

1. INTRODUCTION

Ordered intermetallic compounds (OICs) with tailored
crystalline structure and morphology are crucial for construct-
ing materials with improved properties for applications ranging
from catalysis to optics."~'* Typically, high temperature and/
or pressure is required for the constituent atoms to interdiffuse
and equilibrate into crystals with long-range atomic ordering.
However, this is difficult to achieve by conventional low-
temperature synthetic methods such as colloidal synthesis.
Furthermore, producing controlled compositions of OICs that
contain elements with large differences in reduction potential is
challenging.'>'® For example, Zn(II) has a reduction potential
which is ~1 V more negative than many active metal ions (e.g,,
Ay, Pd, Cu, Pt, etc.); therefore, it is difficult to co-reduce both
elements at controllable rates.">™"” To address this problem,
Cable and Schaak et al. developed a two-step synthetic method
in which organozinc cations were reacted with preformed
noble metal nanoparticles.'> This strategy produced ordered
phases of M—Zn (where M = Au, Cu, and Pd) but with poor
control over the particle size and morphology. Furthermore,
the precursors used to prepare the noble metal seeds impacted
the intermetallic phases obtained. For example, gold nano-
particles prepared from AuCl, produced Au;Zn, while those
from Au(CH;COO™); produced AuZn. The underlying reason
for the precursor dependence has not been clarified. Moreover,
the ratio of zinc cations required to obtain a specific
composition was not stoichiometric. These unexplained
phenomena make it difficult to rationally extend this method
to other compositions and alloy systems. Recently, Janiak et al.
used microwave irradiation to prepare Cu—Zn intermetallic
phases from metal amidinate precursors and ionic liquid
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solvents."® While this method was able to produce two
different intermetallic phases, it is not economical because it
utilized toxic and expensive reagents. A recent study by
Skrabalak et al. has shown that intermetallic nanoparticles can
exhibit size-dependent disorder-to-order phase transforma-
tions, which makes it difficult to simultaneously control the
phase and size of the nanomaterial.'” Synthesizing nano-
structured OICs, particularly for alloys consisting of an
oxophilic metal and late transition metal, remains a major
challenge.

A synthetic method which does not need to rely on the
reduction kinetics of the metal-ion precursors could provide
improved control of the composition. Recently, we found that
ordered intermetallic PdBi, could be converted to ordered
intermetallic Pd;Bi at room temperature and atmospheric
pressure by electrochemically removing Bi from the crystal.”’
The EIPT of a base metal-rich alloy to an alloy richer in a
nobler metal does not rely on the reduction kinetics to control
the phase; instead, thermodynamic stability regulated the
structural evolution. Inspired by this approach, we hypothe-
sized that EIPTs could be a promising method for preparing
intermetallic compounds with controlled composition among
elements with large differences in reduction potential. Herein,
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we demonstrated that EIPTs can be used to prepare ordered
intermetallic y-CusZng and intermetallic f-CuZn phases at
room temperature using €-CuZn, or 7-CuggsZnggs alloys
(which are easily accessible phases) as precursors. As Zn was
removed from Zn-rich alloys, the crystal reorganized to
ordered intermetallic y-CusZng or intermetallic f-CuZn,
depending on the potential and electrolyte composition. The
observation that Zn-rich Cu alloys undergo an EIPT is
consistent with our hypothesis that low-melting-point materials
can exhibit considerable interdiffusion of the constituent
elements at room temperature during dealloying.”"~** To the
best of our knowledge, we are not aware of other methods for
preparing y-CusZng and f-CuZn at room temperature and
atmospheric pressure in aqueous media. Intermetallic Cu—Zn
materials with improved control over composition and
morphology may enable improved performance for applica-
tions in electrochemical CO, reduction and as anodes for Li-
metal batteries. The EIPT process avoids the use of strong
reducing agents, which are often toxic, and can be performed
in aqueous electrolytes. Furthermore, the composition and
phase of the material can be rationally tuned since the
reduction kinetics of Cu and Zn cations are uncoupled;
instead, our method relies on electrochemical stability for
isolating the desired phase.

2. EXPERIMENTAL SECTION

2.1. Materials. Cu foam (MTI Corporation), Acetic Acid
(CH4COOH, ACS Grade, Fisher Chemical), Potassium Hydroxide
(KOH, 99.99%, Alfa Aesar), Sodium Sulfate (Na,SO4, anhydrous,
99.99%, Alfa Aesar), Glycine(C,H;NO,, 99+%, Alfa Asar), Copper-
(II) Sulfate Hydrate (CuSO,0xH,0, 99.999%, Alfa Aesar), Hg/HgO
electrode (CHI 152), Hg/HgSO, (CHI 151), Zinc Sulfate Hydrate
(ZnSO,e7H,0, 99.0—103.0%, Alfa Aesar), and Electroplating Tape
(3M) were used as received. Deionized water was purified by a
Millipore water purification system (resistance: 18.2 MQ) was used
without further purification. Ag foil (99.9%, Alfa Aesar) was polished
with 1200 grit sandpaper followed by 2000 grit sandpaper before use.
Cu foam (MTI Corp) was used as received.

2.2, Electrochemical Setup. Potentiostats from Pine Research
and Metrohm were used to control the applied potential. A Pt mesh
was used as the counter electrode. A Teflon cell and Hg/HgO
electrode filled with 1 M KOH were used to perform experiments in
alkaline electrolytes. A glass cell and Hg/HgSO, filled with saturated
Na,SO, solution were used for experiments in neutral or acidic
electrolytes.

2.3. Electrodeposition of ¢-CuZn, and Cu, Zn, on Ag Foil. ¢-
CuZn, was electrodeposited on Ag foil with a surface area of 1.2 X 1.5
cm’. The electrolyte was prepared by dissolving 1.064 g of CuSO,
(0.0066 mol), 6.71 g of ZnSO,e7H,0 (0.0233 mol), 8.75 g of
C,HsNO, (0.117 mol), and 10.7 g of Na,SO, (0.033 mol) into 100
mL of deionized water. After stirring for 10 min, the pH was adjusted
to 9.5 by adding KOH. The solution was sonicated for 10 min before
each experiment The e-CuZn, samples were deposited at —1.4 V
versus Hg/HgO for 1600 s. Electrodeposition of Cu and Zn was
performed in a solution that only contained precursors of the targeted
metal.

2.4. Electrodeposition of e-CuZn, on Cu Foam. ¢-CuZn, was
electrodeposited on Cu foam with a geometric surface area of 1.2 X
1.2 cm? Both sides of the Cu foam were exposed to the electrolyte in
all experiments. The e-CuZn, was deposited galvanostatically at —130
mA for 300 s. The measured potential was around —1.65 V versus the
Hg/HgO reference electrode.

2.5. Dealloying of e-CuZn, on Ag Foil in an Acid. Dealloying
was performed in a solution containing 2.871 mL of CH;COOH
(0.05 mol), 8.05 g of Na,SO, (0.025 mol), and 25 mL of deionized
water. After stirring for 15 min, deionized water was added until the
total volume reached 100 mL. The pH of the solution was adjusted to
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S by adding KOH pellets. The electrochemical cell was heated in a
water bath to 30 °C before dealloying. Galvanostatic dealloying was
conducted by applying a current density of 0.75 mA cm™>

2.6. Dealloying of ¢-CuZn, on Ag Foil in an Alkaline

Solution. A total of 5.6 g of KOH (0.1 mol) was added into 100 mL
of deionized water. The water bath, counter electrode, and
galvanostatic dealloying procedure were the same as that described
for dealloying in acidic solutions.

2.7. Dealloying of e-CuZn, on Cu Foam. Dealloying of e-
CuZn, on Cu foam was similar to dealloying on Ag foil in both
alkaline and acidic solution, except the current was adjusted to 0.4
mA.

2.8. Characterization. The crystal structure of materials was
characterized by powder X-ray diffraction (PXRD). The samples were
prepared by scratching off a thin film onto Kapton tape. A Philips
X’Pert Pro Powder X-ray diffractometer was used with Cu K radiation
(Kay, A = 1.5406 A; Kay, A = 1.5444 A). Crystallographic Information
File (CIF) was downloaded from the Inorganic Crystal Structure
Database (ICSD). Simulated XRD patterns were calculated from
VESTA ver. 3.5.7.

Scanning electron microscope (SEM) images were taken on an a
MIRA3 TESCAN electron microscope at 10.0 kV in the SE mode.

X-ray photoelectron spectroscopy (XPS) spectra were collected on
a PHI 5600 XPS (58.7 eV pass energy, 0.250 eV/step, Mg Ka X-rays).
The samples were prepared by scratching off thin film samples onto
the carbon tape attached to a flat substrate. Quantitative analysis was
conducted with CasaXPS software.

Inductively coupled plasma mass spectrometry (ICP-MS) was
conducted on a PerkinElmer NexION 300D with ICP. The samples
were first scratched off from the substrate into a plastic tube. Then,
10% nitric acid was added into the tube to dissolve the materials.
External calibration was conducted before each measurement with
standardized solutions.

3. RESULTS AND DISCUSSION

We studied the dealloying behavior of intermetallic e-CuZn,
thin films prepared by electrochemical deposition.”® The
crystal structure and composition of the material were probed
by XRD, ICP-MS, and XPS. The XRD pattern of the
electrodeposited material was assigned to e-CuZn,, the most
dominant peak was the (002) plane; suggesting that the sample
was textured along the [001] orientation (Figure Sla). The
atomic ratio of the thin film was ~89% Zn and 11% Cu, which
was 1% higher than the most Zn-rich composition of e-CuZn,,
suggesting that the deposited material was supersaturated with
Zn (Table Sla). High-resolution XPS showed the presence of
metallic Cu and Zn as indicated by the Cu 2p;,, peak at 933.3
eV, Cu 2p, /, peak at 953.2 €V, and Zn 2p;,, peak at 1022.7 eV
(Figure S2). €-CuZn, was found to produce films with a
thickness of ~48 pum; the material was composed of fused
layers of fractal-like Cu islands which formed pores that
penetrated throughout the thickness of the film (Figure S1b,c).
It is worth noting that we attempted to prepare f-CuZn and y-
CugZng directly by tuning the voltage used during electro-
chemical deposition; however, these phases were not isolated
in the phase-pure form (Figure S3). This is consistent with the
literature reports which have shown that intermetallic f-CuZn
and ordered intermetallic y-CusZng cannot be directly
prepared in pure form by electrochemical deposition from
aqueous electrolytes.”> ™

Pourbaix diagrams were used to evaluate the thermodynamic
stability of €-CuZn, in aqueous electrolytes (Figure la). The
Pourbaix diagram showed that three phases can be accessed by
an EIPT: y-CusZng, f-CuZn, and Cu. The low melting point of
€-CuZn, (~500 °C) suggested that atoms will reorganize
during Zn dissolution, enabling the formation of y-CusZng and
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Figure 1. (a) Pourbaix diagram of ¢- CuZn, showing the stability of
solid metallic phases. The oxide phases and dissolved ions were
removed from the diagram for clarity. The Pourbaix diagram was
adapted from materialsproject.org for e-brass. (b) Steady-state current
vs voltage diagram of Cu, Zn, and e-CuZn, electrodes at pH S.

P-CuZn at room temperature and atmospheric pressure. The
corrosion behavior of e-CuZn, was assessed by constructing a
current versus voltage diagram under steady-state conditions in
a pH § solution containing 500 mM CH;COOH and 250 mM
Na,SO, (Figure 1b). When the potential of ¢-CuZn,
electrodes was <—0.45 versus RHE, cathodic current caused
by the hydrogen evolution reaction (HER) was observed. Two
anodic waves were observed, one centered at —0.405 V and the
other which onset at 0.395 V. To understand the processes
belonging to these anodic features, we evaluated the corrosion
behavior of Cu and Zn. Cathodic current corresponding to the
HER was observed on Cu and Zn electrodes for potentials
<—0.2 and <—0.75 V, respectively. Zn displayed an anodic
wave centered at —0.655 V caused by dissolution, and Cu
displayed an anodic wave which onset at 0.495 V caused by
dissolution. Therefore, we assigned the anodic features on e-
CuZn, electrodes at —0.405 and 0.395 V to the dissolution of
Zn and Cu, respectively. The Zn dissolution potential shifted
by 250 mV, which suggested that Zn was stabilized in the
lattice of e-CuZn,.

According to the Pourbaix diagram, y-CusZng and S-CuZn
are more stable than e-CuZn,, and are expected to form
between —0.71 and —0.5 V versus RHE (—1 and —0.8 V vs
NHE) which overlaps with the HER (Figure 1a). According to
our experimental corrosion diagram, the EIPT should occur
between —0.425 and 0.2 V versus RHE, where only Zn can
dissolve from ¢-CuZn, (Figures 1b and S4). To test this
hypothesis, we performed potentiostatic dealloying at 0 V
versus RHE (Figure 2a). Initially, a large anodic current of 4
mA cm™> was observed, presumably from Zn dissolution,
before decreasing to 0 mA cm™> after ~1500 s (Figure 2b).
The crystalline structure of the dealloyed material was
evaluated by XRD and the resulting pattern was found to
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Figure 2. (a) Potentiostatic dealloying of ¢-CuZn, at 0 V vs RHE. (b)
XRD pattern of dealloyed e-CuZn, which showed that it transformed
to 7-CugZng (ICSD108419).

match with y-CusZng. The chemical composition was found to
be 69% Zn and 31% Cu which was within the expected
composition range of y-CusZng (Table $1).”° High-resolution
XPS scans of y-CusZng revealed a binding energy of Cu 2p;,,
peak at 933.2 eV, Cu 2p, /, peak at 953.1 eV, and Zn 2p;, peak
at 1022.2 eV; therefore, the oxidation state of Cu and Zn was
metallic (Figure S2). Constant potential dealloying at other
voltages within the range of —0.35 to 0.2 V versus RHE also
yielded y-CusZng. SEM micrographs revealed that y-CusZng
displayed the same morphology as the e-CuZn, precursor
material (Figure S6). Taken together, these data have
demonstrated that e-CuZn, was converted to y-CusZng upon
the removal of Zn at room temperature and atmospheric
pressure.

We explored the phase conversion behavior of e-CuZn, in
more detail by constructing a voltage versus time diagram and
monitoring the crystal structure at specific time points (Figure
3a), analogous to how the phase transition behavior of Li-ion
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Figure 3. Dealloying of €-CuZn, at pH S by (a) constant current
dealloying at 0.75 mA cm™ and (b) XRD of regions 1, 2, and 3 shown
in part (a). €-CuZn, (ICSD103157) transformed to y-CusZng
(ICSD108419), before transforming to a mixture of Cu,O
(ICSD190597) and Cu (ICSD43493).

battery anodes is evaluated.”"””*® The beginning stage of e-
CuZn, corrosion formed a plateau centered at —0.47 V versus
RHE; upon further dealloying, we observed an additional
plateau and two regions where the voltage changed rapidly
with time (Figure 3a). Two phases coexist in the plateau region
and the width represents the breadth of the miscibility gap
between phases; single phase materials were observed in
regions where the voltage changed rapidly with time. The
crystal structure of the material in the single-phase region
(denoted as region 2), which spanned from —0.4 to 0.3 V
versus RHE, matched with y-CusZng (Figure 3b).

7-CusZng was found to be stable up to ~0.30 V versus RHE;
above this voltage, it converted to Cu with a small amount of
Cu,0, presumably from oxidation in air (Figure 3). The
diffraction peaks of y-CusZng were broadened in comparison
with the e-CuZn, starting material. Williamson—Hall analysis
of the XRD diffractograms was used to determine the
microstrain and grain size of the materials (Figure SS). As ¢-
CuZn, was dealloyed to y-CusZng, the grain size decreased
from ~90 to 35 nm and the microstrain decreased from 0.2 to
0.13%, respectively; suggesting that strain was reduced by the
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formation of additional grain boundaries during the EIPT. The
plateau between region 1 and 2 displayed a mixed-phase
material consisting of e-CuZn, and y-CusZng (Figure S7). It
was unclear if a mixed phase was present between regions 2
and 3 since the peaks of Cu and Cu,O overlapped with y-
CugZng (Figure S8). We did not observe -CuZn, even though
the Pourbaix diagram suggested that it can be accessed. This
implied that f-CuZn was not accessible at pH $; instead, the
direct transformation of y-CusZng to Cu was favored. Thus, we
conclude that dealloying €-CuZn, (region 1) transformed it to
7-CusZng (region 2) before finally transforming to Cu and/or
Cu,0O (region 3).

We hypothesized that any alloy phase which was richer in
Zn than y-CusZng could be converted to y-CusZng since the
EIPT process is gated by thermodynamic stability. To test this
hypothesis, we deposited #-Cuy;Zn;o; and subjected it to
galvanostatic dealloying under the same conditions as e-CuZn,
(Figure S9). The #-Cug3Zngg; solid solution started to
corrode at ~—0.5 V versus RHE, which was ~100 mV more
negative than e-CuZn,; nevertheless, the rest of the diagram
was the same (Figures S10 and 3a). Taken together, these data
indicated that Cu—Zn alloys with compositions richer in Zn
than y-CusZng can reconstruct and form y-CugZng by the EIPT
process, indicating that thermodynamics control the evolution
of phases.

The preparation of nanomaterials by traditional low-
temperature methods is known to be sensitive to the solvent
utilized during synthesis.””~>* Inspired by this, we interrogated
the dealloying of e-CuZn, at pH 14 to reveal the dependence
of the EIPT process on the solvent composition. To perform
this study, ¢-CuZn, (region 1) was galvanostatically dealloyed
in a pH 14 electrolyte to construct a voltage versus time
diagram (Figure 4a). A plateau at —0.35 V versus RHE
preceded a single-phase region (denoted as region 2) which
spanned the voltage range —0.35 to —0.1 V versus RHE. The
material in this region could be indexed to y-CusZng (Figure
4b). After the formation of y-Cu¢Zng, another plateau was
observed at —0.1 V which preceded a single-phase region
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Figure 4. Dealloying of €-CuZn, (denoted as region 1) at pH 14 by
(a) constant current dealloying at 0.75 mA cm™> and (b) XRD of
regions 2, and 3, and 4 shown in part (a). e-CuZn, (ICSD103157)
transformed to y-CusZng (ICSD108419) and then A-CuZn
(ICSD103152), than to a mixture of Cu,O (ICSD 190597) and
CuO (ICSD 61323).
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(denoted as region 3) that spanned from —0.1 to 0.4 V versus
RHE. The material in region 3 could be indexed to -CuZn
(high-temperature phase), albeit with a small amount of y-
CusZng impurity (Figure 4b). Furthermore, the composition of
this material was found to be 38.0% Zn and 62.0% Cu which is
within the expected composition range of f-CuZn (Table
S1).2¢ High-resolution XPS showed the presence of metallic
Cu and Zn, indicated by the Cu 2p;,, peak at 932.8 eV, Cu
2p,, peak at 952.8 eV, and Zn 2p;, peak at 1022.0 eV (Figure
S2). SEM micrographs revealed that f-CuZn exhibited a
similar morphology to the parent €-CuZn, alloy (Figure S11).
The diffraction peaks of y-CusZng and f-CuZn were
broadened in comparison to the e-CuZn, precursor. As e-
CuZn, was dealloyed to y-CusZng the average grain size
decreased from ~90 to 20 nm and the microstrain decreased
from 0.2 to 0.07% (Figure SS). #-CuZn displayed an average
grain size of 35 nm and the microstrain 0.31% (Figure S5). A
plateau at 0.5 V versus RHE was observed to precede a single-
phase region (denoted as region 4) when f-CuZn was
dealloyed. XRD of the material in region 4 was assigned to a
mixture of Cu,O and CuO (Figure 4b). The two-phase region
preceding plateau 4 was indexed to a mixture of CuO and fS-
CuZn intermetallic (Figure S12). Taken together, these results
have shown that changing the electrolyte from pH S to pH 14
had a profound impact on the crystalline phases that were
accessed; enabling intermetallic €-CuZn, to transform to y-
CusZng and then to f-CuZn.

Nanostructured coatings of y-CusZng and f-CuZn were
prepared on Cu foam electrodes to demonstrate that the EIPT
method can be used to prepare materials with hierarchical
morphologies which would allow the materials to be useful for
functional applications. The e-CuZn, precursor was coated
over the Cu foam by electrochemical deposition. The
dealloying of e-CuZn, displayed a similar voltage versus time
diagram to the planar electrodes in both pH 5 and pH 14
electrolytes, which showed that both 0-CusZng and S-CuZn
phases could be accessed (Figures S13 and 14). The e¢-CuZn,
film was found to form a dendritic morphology on the surface
of the Cu foam; similar structures were also observed on y-
CusZng and f-CuZn indicating that the morphology of the
parent material was retained (Figure S15).

4. CONCLUSIONS

In conclusion, we have prepared ordered intermetallic y-
CusZng and intermetallic f-CuZn at room temperature and
atmospheric pressure by an EIPT of ¢-CuZn, (Figure S). The
EIPT process is gated by the thermodynamic stability of phases
in the aqueous electrolytes and is not constrained by kinetics
since low-melting-point materials exhibit facile atomic
reorganization during dealloying. The composition of the

Dcuor zn Cu

e-CuZn, B-Cuzn

Figure 5. Schematic showing the EIPT of e-CuZn, to y-CusZng and
then to #-CuZn. A 2 X 2 cell is shown for e-CuZn,, and the unit cells
are shown for y-CusZng and f-CuZn.
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solvent was found to control the number of phases which
could be accessed; only y-CusZng was formed in pH S
electrolytes, while both y-CusZng and p-CuZn could be
accessed in pH 14 electrolytes. The constant current dealloying
methodology established here has provided fundamental
insights into the mechanism of the EIPT. The materials
produced by our method are scalable, which can enable
integration into architectures for use in electrolyzers,
plasmonic light absorbers, or other applications which can
make use of intermetallic materials with controllable structures
and compositions.
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