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Abstract: Cu-Mn alloy films are electrodeposited on Au substrates as precursor alloys for the syn-
thesis of fine-structured nanoporous Cu structures. The alloys are deposited galvanostatically in a
solution containing ammonium sulfate, (NH4),SO,4, which serves as a source of the ammine ligand
that complexes with Cu, thereby decreasing the inherent standard reduction potential difference
between Cu and Mn. The formation of the [Cu(NHj3),, ] complex was confirmed by UV-Vis spec-
troscopic and voltammetric studies. Galvanostatic deposition at current densities ranging from 100
to 200 mA-cm 2 generally resulted in the formation of type I, crystalline coatings as revealed by
scanning electron microscopy. Although the deposition current efficiency is (<30%) generally low,
the atomic composition (determined by energy dispersive X-ray spectroscopy) of the deposited
alloys range from 70-85 at% Mn, which is controlled by simply adjusting the ratio of the metal
ion concentrations in the deposition bath. Anodic stripping characterization revealed a three-stage
dissolution of the deposited alloys, which suggests control over the selective removal of Mn. The
composition of the alloys obtained in the studies are ideal for electrochemical dealloying to form
nanoporous Cu.

Keywords: electrodeposition; Cu-Mn alloys; complexation; dealloying; nanoporous Cu

1. Introduction

Manganese (Mn) and its alloys have been used extensively in the metal industry as
galvanic sacrificial coating protection for steel to prevent corrosion and degradation [1-5].
Due to its very negative standard reduction potential [6], pure Mn exhibits very high
reactivity and is prone to quick corrosion under ambient conditions [7]. As a result, Mn
has been alloyed with other metals such as Cu [4], Ni [3], Co [8], and Zn [9]. These
alloys have significantly improved corrosion protective characteristics [10,11]. One of
the most commonly synthesized Mn-alloys is Cu-Mn due to its excellent mechanical
properties [12,13]. Typical Cu-Mn coatings exhibit a ductile centered-tetragonal y-Mn
that is stabilized by Cu, which is a face-center cubic (fcc) metal, thus forming an fcc solid
solution also referred to as the y-phase [14,15]. According to the Cu-Mn binary phase
diagram, increasing the Cu content in the alloy (to approximately 18 atomic percent, at%)
can prevent the deterioration of the Mn-rich x-phase that is generally unstable and exhibits
similar properties as pure Mn coatings [5,16]. Pure Mn or low Cu-containing Cu-Mn
coatings are brittle with weaker mechanical properties rendering them ineffective as a
sacrificial coating [17]. Mn-alloy coatings can be characterized into two categories, namely
type I and type II. The former has a crystalline morphology with regularly shaped grains
while the latter is more compact and amorphous [4,5,17]. Either type can be formed under
different conditions.

Although most of the applications of Mn-containing alloys are associated with in-
dustrial uses, our interest in Cu-Mn alloys comes from their potential application as a
precursor for the formation of nanoporous Cu (np-Cu) structures for use in microelectronic
packaging applications [18]. These np-Cu structures have a high surface area-to-volume
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ratio that ultimately promotes a melting temperature depression. This property makes
np-Cu an ideal material for low-temperature sintering that can be applied in the electronics
industry as a solder-free interconnection realized by Cu-on-Cu bonding [19]. To obtain
these structures, the precursor alloy must contain high atomic percentages of the less
noble metal [20], which would then be selective removed or dealloyed to form a np-Cu
structure [21]. Recently, we have reported the electrodeposition of Zn-rich Cu-Zn alloys
that are promising candidates for np-Cu formation [22]. Others have reported the use of
Cu-Al [23], Cu-Hf-Al [24], and Cu-Mn [25]. Among these alloys, Cu-Mn is an ideal choice
because of the wide difference between the standard reduction potentials of Cu/Cu?*
(E°= 0.34 V vs. SHE) and Mn/Mn?* (E° = —1.18 V vs. SHE) [26] which allows for a large
dealloying potential window.

Typical precursor alloys can be synthesized by traditional arc melting processes [25,27],
but electrochemistry offers better control over deposition parameters without the use of
high temperatures. However, difficulties in the electrodeposition of Cu-Mn arise from the
large difference in the reduction potentials of Cu and Mn. Due to this potential difference,
it has become necessary for a ligand or complexing agent to be added in the deposition
bath. The ligand selectively complexes with Cu, thus changing its electronic structure
and shifting its reduction potential negatively towards that of Mn [28], thereby allowing
for co-deposition at similar potentials. Some ligands that have been used in literature for
Mn-alloys include EDTA, tartrate, and gluconate [12,29]. However, the most used one is
ammine (NHj3), which comes from ammonium sulfate electrolytes [4,5,11]. Not only does
NHj act as a complexing agent for Cu, but it also has positive effects on electrodeposition
of Mn and Mn-containing alloys [17,30]. For instance, it supports the production of well-
adhering, dense deposits while also providing a buffering effect at pH 2-3 and 6-8, thus,
to some extent, stabilizing the pH on the surface of the cathode substrate [31]. However,
during electrodeposition of Mn-alloys, hydrogen (H;) reduction occurs concurrently. As a
result, typical Cu-Mn alloys are electrodeposited at fairly low current densities and result
in relatively rough surfaces [11,17]. To minimize H; evolution, some researchers have used
deep eutectic and organic solvents [32,33], but these electrolytes are generally toxic and
non-environmentally friendly [34].

Electrodeposition of Cu-Mn alloys is usually carried out under galvanostatic con-
trol [4,11,17,35]. Typical Cu-Mn alloys currently presented in literature contain only small
amounts of Cu (<10 at%) for purposes of stabilizing the y-phase as protective coatings [4,5].
It has been shown that low applied current densities (<100 mA-cm~2) produce Cu-rich,
type I Cu-Mn alloys while high current densities (>300 mA-cm~2) favor the growth of
type II alloys that mostly contain manganese oxides [4,7]. Alloys with desired atomic
compositions were usually obtained at current densities ranging from 100 to 200 mA-cm 2.
In our studies, the desired Cu-Mn alloy composition should ideally feature approximately
10-30 at% Cu. Precursor alloys for np-Cu formation require about <30 at% Cu and >70 at%
of the less noble metal in order to obtain properly structured ligaments, as discussed
extensively in the literature (e.g., dealloying of Ag-Au and dealloying of Cu-Zn) [22,36,37].

In this paper, we report the electrodeposition of Mn-rich Cu-Mn alloys as precursor
alloys for np-Cu synthesis. The deposition was performed in ammonium sulfate-based
baths as a source of the ammine ligand. The formation of Cu-ammine complex, in different
electrolyte pH, was confirmed by UV-Vis spectroscopy and voltammetry. The effect of
factors such as applied current density and varying metal ion concentrations on the alloy
morphology and composition were studied via galvanostatic deposition, anodic stripping
voltammetry, and scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy.
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2. Materials and Methods
2.1. Reagents

The following chemicals were used as received without further purification: nitric
acid (HNOj3;; VWR Chemicals, Monroeville, PA, USA; ACS grade), ethanol (Pharmco,
Brookfield, CT, USA; ACS/USP grade), copper sulfate pentahydrate (CuSO,4-5H,O; Aldrich,
M1, USA; 99.995%), manganese sulfate monohydrate (MnSO4-H,O; Fisher, Boston, MA,
USA; ACS grade), ammonium sulfate (NHy4)250,; J.T. Baker, Warren, NJ, USA; ACS grade),
ammonium hydroxide (Fisher, Boston, MA, USA; ACS grade), sodium sulfate decahydrate
(NapSO4-10H,0; J.T. Baker, Warren, NJ, USA; 98.1%), and sulfuric acid (H,SOy; J.T. Baker,
Warren, NJ, USA; ACS grade). All solutions were prepared using Barnstead Nanopure®
water (NPW, North Clearwater, NL, USA; resistance of 18.2 M) cm).

2.2. Electrode Preparation and Cell Setup

All electrochemical experiments were performed using a conventional three-electrode
cell using a Pt wire as the counter electrode (annealed using a propane torch prior to each
experiment), a Hg/Hg,SO, (saturated K,SOy) reference electrode (MSE, Pine Instruments,
Grove City, PA, USA; 0.65 V vs. SHE), and polycrystalline Au cylinders (surface area
of 0.30 cm?) as the working electrode (WE). The sequential preparation of the WEs is
as follows: mechanical polishing down to 1 pm de-agglomerated alumina slurry on a
Buehler polishing pad, thorough rinsing with NPW, sonicating in ethanol for three minutes,
sonicating in NPW for one minute, immersing in warm concentrated HNOj3, annealing
using a propane torch for five minutes, cooling with ultra-pure N gas, and final rinsing
with NPW. Au WEs were attached to a conductive vacuum holder and were in contact
with solutions in a hanging meniscus configuration [38]. All solutions were purged with
N, gas for at least 15 min prior to each experiment. Electrochemical experiments were
executed using a VersaSTAT3 potentiostat (Princeton Applied Research, Oak Ridge, TN,
USA) controlled using the VersaStudio software 2.50.3.

2.3. Electrodeposition of Cu-Mn Alloys

Cu-Mn alloys were electrodeposited on Au substrates from a deposition bath contain-
ing 0.01 M CuSO4 and 0.09 M MnSO; in 0.5 M (NHy4),SO; (labeled as “1:9 bath”). The pH of
the bath was adjusted to 6.5 with NH4OH. The deposition bath was studied via ultraviolet-
visible spectroscopy (UV-Vis) using a Shimadzu UV-2600 UV-Vis spectrophotometer. The
electrodeposition was performed under galvanostatic control at applied current densi-
ties ranging from 100 to 200 mA-cm 2 at a constant deposition time of 60 s. The effect
of varying metal ion ratio on the composition of the electrodeposited alloy was studied
by changing the concentration of MnSOj in the deposition bath. These baths contained
0.01 M CuSOy4 + 0.06 M MnSQOy (labeled as “1:6 bath”) and 0.01 M CuSOy + 0.04 M MnSOy4
(labeled as “1:4 bath”). The deposition protocol using these baths remained as previously
described.

2.4. Electrochemical, SEM, and EDS Characterizations

The stripping behavior of the electrodeposited Cu-Mn alloys were characterized
via linear sweep voltammetry (LSV) in a solution containing 0.1 M NaySO4 and 1 mM
H,SO4. The potential was scanned from —1.7 V to 0 V at a scan rate of 2 mV-s~1. The

charges (Q) under the stripping curve were determined and used to calculate the deposition
current efficiency (CE) using the following equation: CE = % x 100%. The reported
charges were corrected with the background charge collected on bare Au under similar
conditions. The morphology of the electrodeposited alloys was studied by scanning
electron microscopy (SEM, Zeiss, Germany; FEG-SEM Zeiss Supra 55 VP) via the in-lens
detector at an accelerating voltage of 10 kV and a working distance of 4-5 mm. All images
were taken at 50,000 x magnification (unless otherwise noted). The atomic composition of
the alloys was also determined by energy dispersive X-ray spectroscopy (EDS) coupled

with SEM via the SE2 detector at an accelerating voltage of 15 kV and a working distance of
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8.5 mm. EDS was performed on three different areas of the WE and the results are reported
as average atomic percentages (at%).

3. Results and Discussion
3.1. Deposition Bath Studies

Mn and Mn-containing alloys such as Cu-Mn are commonly electrodeposited from
solutions containing ammonium sulfate, (NH4)>SO4, which has been found to be an essen-
tial component for Mn deposition with good coverage [17]. (NH,),SO4-based electrolytes
increase the discharging ability of Mn?* ions while also providing a good buffering con-
dition at pH ranges of 2-3 and 6-8 [17]. Furthermore, (NH4),SO4 provides an ammine
ligand (NH3) that can complex with Cu?*. It is also possible that NH3 can complex with
Mn. However, previous studies [17] have shown that the resulting Mn-ammine complex is
relatively unstable; thus, NH3 will selectively complex with Cu. The resulting Cu-ammine
complex is reduced at relatively more negative potential, thus bringing it closer to that of
Mn, allowing for co-deposition at similar potentials. The complexation of Cu was studied
via UV-Vis spectroscopy. The resulting absorbance spectra are shown in Figure 1. In the
absence of NH3, the Cu®* solution absorbs at 810 nm (black curve), which is characteristic
of free [Cu(H20),,]** complex ions [39]. Upon the addition of NHj3 at pH 2.5 (red curve),
a similar peak is observed at 810 nm. This suggests that at the pH range of 2-3, Cu?*
still exists as a free ion. When the bath is adjusted to pH 6.5, the color of the solution
changes from a very light blue to a darker blue color, which suggests the formation of
Cu-ammine complexes. This is confirmed by the observance of a peak shift towards a
shorter wavelength (indicating higher energy), as well as an increase in the absorbance
readings (blue curve). The maximum absorbance is found at 696 nm, which corresponds
to the absorption of the [Cu(NHj3),]** complex generated by the reaction presented in
Equation (1) [39,40].

[Cu(H0)m]*" (ag) + 1 NHj (aq) — [Cu(NH;), I** (o) + m H20 g (1)

(aq)

0.3 | 1 I 1 I I T I I

cu? only
Cu-Mn bath with ammine at pH 2.5
Cu-Mn bath with ammine pH 6.5

Absorbance (a.u.)

400 500 600 700 800 900
Wavelength (nm)
Figure 1. UV —Vis spectra of Cu?* solution and the Cu-Mn deposition bath at pH 2.5 and 6.5.

The effect of the ammine ligand was also studied via cathodic linear scan voltammetry
(LSV). The voltammogram of free Cu?* (shown in Figure 2a) shows the reduction of Cu®* to
elemental Cu at the onset potential of —0.35 V. Upon the addition of (NHy),SO4 at pH 2.5,
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Current Density (mA-cm'z)

the onset reduction potential shifts slightly negatively to —0.43 V. At pH 6.5, two reduction
peaks are observed, which likely reflect a two-step reduction of the [Cu(NH3),]** complex,
as shown in the proposed mechanism (Equations (2) and (3)) [11,40]. The first peak, which
begins at —0.30 V, may be assigned to the reduction of [Cu(NH3),]?* to the intermediate
[Cu(NHs;),]*. The second cathodic peak, which begins at —0.66 V, is assigned to the
further reduction of [Cu(NHj3),]" to metallic Cu with the release of ammonia [28,41]. The
assignment of these peaks is further supported by independent polarization and stripping
analyses presented in Figure Sla,b, respectively, in the Supplementary Information. The
differences in the reduction behavior of Cu?* with and without the addition of (NH4),SO4
provide additional evidence of the formation of the Cu-ammine complex.

[Cu(NH3), I** (aq) + €~ — [CuNHz),]* (o) + (1—2) NHj (oq) 2)

[Cu(NH3)2]2+ (aq) * e —Cu Ok 2 NHj (aq) 3)

Ioz mA-cm?

20 T T T T T T T T T T m

Cu?* only

Cu-ammine pH 2.5

Cu-ammine pH 6.5

Current Density (mA-cm’z)

-20 |-

! I ! 1 I 1 I .30

-0.9

-0.8

I
-07 -06 -05 -04 -03 -02 -01 -2 -1.6 -1.2 -0.8 -0.4 0

Potential (V vs. MSE) Potential (V vs. MSE)

Figure 2. (a) Potentiodynamic curves depicting the cathodic behavior of 10 mM CuSO;, solution without and with
(NH4)2S04 (at pH 2.5 and 6.5); (b) CV of the Cu-Mn deposition bath at pH 6.5; scan rate = 50 mV-s L,

The deposition bath (1:9) was also studied via cyclic voltammetry (CV). The voltam-
mogram (Figure 2b) shows large cathodic currents starting at —1.6 V, which correspond
to the co-reduction of Cu and Mn. The large current magnitudes are also due to the con-
current hydrogen reduction (evolution) (Equation (4)) [17]. In fact, hydrogen evolution
is inevitable in aqueous solutions during Mn deposition because of the very negative
reduction potential of Mn. On the reverse scan, two anodic peaks are seen at —1.45 V and
—0.5V, which correspond to the successive oxidation of Mn and Cu, respectively.

2H,0 ot 2¢e” -+ H, (g) +2 OHi(aq) (4)

3.2. Galvanostatic Deposition of Cu-Mn

Cu-Mn alloys were electrodeposited on Au substrates under galvanostatic control
using the 1:9 bath. The resulting deposition curves are presented in Figure S2. The chosen
applied current densities for the deposition process were in the range of 75 to 200 mA-cm 2.
The morphology of the Cu-Mn alloys was characterized by scanning electron microscopy
(SEM). The corresponding SEM images of the alloys deposited at different current densities
are presented in Figure 3. The micrographs suggest that the alloys electrodeposited at
100 to 200 mA-cm 2 exhibit a type I morphology consisting of clustered grains with sizes
ranging from 200 nm to 1 um. Furthermore, irregular cracks between the grains are present
throughout the surface of the alloys, which has been attributed to some pockets of space

occupied by Hj gas that evolved concurrently during the electrodeposition [11]. The atomic
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composition of these alloys was also determined via energy dispersive spectroscopy (EDS)
coupled with the SEM and the results are shown in Table 1. Similar atomic compositions
were obtained for the alloys deposited at 100 to 200 mA-cm 2, with a Min content of about
84-86 at%. Although not directly correlated, these compositions correspond closely to
the ratio of the respective metal ion ratio in the deposition bath (10% Cu?*, 90% Mn?*).
Nonetheless, the alloy’s composition is generally consistent with the anticipated Mn-rich
type I morphology. For the alloy electrodeposited at 75 mA-cm~2, the overall morphology
is type II. This is not a surprise as the composition of that alloy is Cug; Mnsg, which deviates
substantially from the solution ratio. Apparently, at this lower applied current density, the
current is not high enough to sufficiently surpass the Cu reduction limiting current and
reach the Mn reduction limiting one [11,42,43]. Therefore, the resulting alloy, deposited
with mass-transport limitations for Cu and in transient regime for Mn, contains higher
Cu content than the desired composition. Deposition at current densities higher than
200 mA-cm~2 were not performed because it has been found that the deposition at these
potentials results in the growth of Mn oxides and hydroxides [11], presumably induced
by the increase of the local pH in the near-electrode vicinity. The latter trend is associated
with the release of OH™ ions (Equation (4)) as a product of the concurrent hydrogen
evolution [11,14].

100 mA-cm?2 |

B =
Ty 3
22

¥

Figure 3. SEM micrographs of Cu-Mn alloys electrodeposited at different applied current densities
using the 1:9 bath.
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Table 1. Atomic compositions of Cu-Mn alloys electrodeposited from the 1:9 bath as determined
by EDS.

Current Density (mA-cm—2) Alloy Composition (at%)
75 Cu41 Mn59
100 CujsMngs
125 Cu14Mn86
150 CuléMn84
175 CU15M1’185
200 Cu16Mn84

3.3. Alloy Stripping Analysis

The electrochemical dissolution or stripping behavior of the electrodeposited alloys
were characterized by linear sweep voltammetry (LSV). For this study, an alloy with atomic
composition of CujsMngs was firstly electrodeposited at 175 mA-cm 2. A representative
LSV stripping curve, shown in Figure 4a, reveals three peaks at different potentials that
suggest a three-stage alloy stripping labeled as stages I, II, and III, accordingly. A similar
observation is seen in the dissolution of electrodeposited Cu-Zn alloys [22]. After each stage
of the alloy stripping, the changes in the alloy’s morphology and elemental composition
were studied via SEM and EDS to assign each stripping peak appropriately. Figure 4b
shows the morphology of the alloy after stage I. Compared to the morphology of the alloy
prior to dissolution (Figure 3), the morphology of the alloy post-stage I is relatively rougher,
with cracks forming between relatively smaller grains. The surface of the alloy appears
to also be covered with nanowire and nanoplatelet bundles (inset in Figure 4b), which
are indicative and characteristic of Mn oxides [44]. This is also evident in the EDS result
showing an atomic composition of CuzgMnj(Osy. It is likely that the Mn in this intermediate
stage of dissolution is susceptible to oxide-formation, which is promoted by the above-
mentioned near-electrode local alkalization [11,14] and results in the crystallization of Mn
oxides. Excluding oxygen from the quantitative analysis, the elemental distribution of the
alloy is CuzgMny;. Since there is still some residual amount of Mn remaining, the peak in
stage I of the stripping curve can be assigned only to non-bonded and low-coordinated Mn
atoms that were mostly organized in the surface grains of the as-deposited precursor alloy.

After the second stage of dissolution, the atomic composition of the alloy changes to
CuggMny, suggesting almost a complete dissolution of Mn from the starting alloy. The
morphology also changes to the np-Cu structure (Figure 4c) with ligament sizes ranging
from 20 to 50 nm. The small amount of residual Mn likely resulted in the entrapment of
some Mn atoms during the stripping process caused by the simultaneous rearrangement
of the Cu atoms to form the Cu-rich ligaments. Based on these results, the peak in stage
IT of the stripping curve can be assigned to the stripping of the remaining Mn atoms that
were strongly bonded to the Cu atoms existing within the bulk of the alloy. These findings
also reveal that the dealloying of Cu-Mn occurs as a two-stage process to form the np-Cu
structure. Lastly, the peak in stage IIl is assigned to the complete dissolution of the np-Cu,
as evidenced by the SEM image in Figure 4d showing a bare Au substrate, while EDS
results show no remaining signals for Cu nor for Mn.

Figure 5 shows the LSV stripping curves for all alloys deposited from the 1:9 bath.
Regardless of the applied current density, the three-stage dissolution process is seen for
all electrodeposited alloys. Quantitatively, the total charges under the stage I and stage II
peaks (both signifying the stripping of Mn) increase as the applied current density increases.
On the other hand, no clear trend is seen in the charge under the stage III peak as a function
of current density. Amongst these stripping curves, the one obtained at 75 mA-cm 2
appears slightly different from the other stripping curves. The magnitudes of the stage
I and stage III peaks are almost identical, which reflects the alloy’s atomic composition
of Cuy1Mnsg that is also different from the other electrodeposited alloys. Despite that, all
considered alloys follow the same dissolution behavior, independent of the applied current
density.
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Figure 4. (a) LSV curve showing the three-stage stripping of the electrodeposited Cu-Mn alloy; SEM micrographs of the
Cu-Mn alloy (b) after stage 1 (at 400,000 x magnification; inset shows the image at 50,000 x magnification), (c) after stage 2
(at 100,000 x magnification), and (d) after stage 3 of stripping.
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Figure 5. Anodic stripping curves of Cu-Mn alloys electrodeposited at different applied current
densities using the 1:9 bath.
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3.4. Effect of Metal Ion Concentration Ratio

The formation of np-Cu is achievable by dealloying of Cu-Mn alloys with varying
atomic compositions but with a Min content no less than 60 at% [45]. As so, Cu-Mn alloys
were electrodeposited from baths containing different precursor metal ion concentration
ratios to achieve Mn-rich alloys with varying compositions. In this study, three different
ratios were chosen, as described in the Experimental Section. The concentration of CuSO4
was kept constant at 0.01 M while the concentration of MnSO, was varied from 0.09 M,
0.06 M, and 0.04 M. For the sake of discussion, these baths are labeled 1:9, 1:6, and 1:4,
respectively. As already discussed, Cu-Mn alloys that were deposited galvanostatically
from the 1:9 bath in the current density range of 100 to 200 mA-cm 2 resulted in alloys
with an average composition of CujsMngs. When the Cu?":Mn?* concentration of ratio
changed to 1:6, the atomic composition of the deposited alloy (Table 2) ranged from 21
to 23 at% Cu and 77 to 79 at% Mn when deposited at the applied current density range
of 100 to 200 mA-cm~2. The atomic composition of the alloy deposited at 100 mA-cm 2
(CupyMny3) deviates away from those obtained at higher current densities.

Table 2. EDS atomic composition of Cu-Mn alloys electrodeposited from the 1:6 and 1:4 baths at
different applied current densities.

Current Density (mA-cm2) Alloy Composition (at%)

1:6 Bath 1:4 Bath
100 Cu27Mn73 CLI96M1’14
125 Cuy1Mnyg CuyyMny3
150 Cu22Mn78 CU30MI‘170
175 CuZzMn78 CLI31 Ml’l69
200 Cu23Mn77 Cu30Mn70

Using the 1:4 bath, the deposited alloy contained mostly Cu with some very minimal
Mn (4 at%) when deposited at 100 mA-cm~2. At 125 mA-cm~2, the deposited alloy is
relatively uneven in terms of deposit and elemental distribution throughout the WE surface.
EDS studies revealed that the Cu-Mn alloy with a composition of Cuy;Mny3 only deposited
on certain areas of the electrode surface while the rest of the electrode was covered with
pure Cu deposits. A homogenous deposit and stable atomic composition of Cuzy_31Mngg_7o
are obtained at applied current density of 150 to 200 mA-cm~2. Based on the EDS studies of
the alloys deposited from 1:9, 1:6, and 1:4 baths (at the applied current densities of interest),
it appears that the Mn reduction limiting current shifts toward higher current magnitudes
as the bath concentration of MnSOy decreases [4]. As a result, alloys with higher atomic
fractions of Cu are obtained at lower current densities (100 mA-cm~2) with respect to those
deposited at higher current densities.

Figure 6a shows overlaid LSV stripping curves of Cu-Mn alloys electrodeposited
at 175 mA-cm 2 using the three different deposition baths. The three-stage dissolution
behavior is observed in all three deposition baths. In terms of stripping charge, the
total charge under the stages I and Il peaks decrease as the concentration of MnSO4
in the deposition bath decreases (1.84, 1.51, 1.29 C-cm~2 for the 1:9, 1:6, and 1:4 baths,
respectively). At the same time, the Cu stripping charges under the stage III peak increase
(0.081, 0.091, 0.51 C-cm 2 for the 1.9, 1:6, and 1:4 baths, respectively). In our previous
work, stripping characterizations were used to estimate the atomic composition of Cu-Zn
alloys based on electrochemical characterization by comparing the respective stripping
charges [22]. In this case, however, the ratios of the stripping charges (Cu:Mn) do not match
quantitatively with the EDS results (Tables 1 and 2). However, a qualitative matching trend
can be derived wherein the Mn at% (based on EDS) also decreases as the concentration
of MnSO; decreases while the Cu at% increases. The stripping charges were also used
to calculate the current efficiency (CE) at each applied deposition current density in all
three deposition baths. The relationship between calculated CE as a function of deposition
current density is shown in Figure 6b. The highest CE is achieved at 200 mA-cm~2, while no
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clear trend is observed for the other tested current densities. Nevertheless, overall low CEs
of 10-30% are achieved, which is expected given the vigorous H, evolution complementing
the alloy deposition process. Similar low CEs were obtained in previous reports on the
electrodeposition of Mn-containing alloys [9,11,17,46].

E N T T T T T T T N T T T T T m T T T T T
10 19 1 %0 —e— 1:9 bath 1
16 —=— 1:6bath
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Potential (V vs. MSE) Deposition Current Density (mA-cm™)

Figure 6. (a) Anodic stripping curves of Cu-Mn alloys electrodeposited at 175 mA-cm 2 from different deposition baths;
(b) relationship between current efficiency versus applied deposition current density in each deposition bath.

The morphology of the alloys obtained from the 1:6 bath is shown in Figure 7. The
overall surface morphologies resemble those obtained from the 1:9 bath (Figure 3). Regard-
less of the deposition current density, a type I crystalline coating is achieved. Additionally,
alloys deposited from the 1:6 bath also appear to have less microcracks between the grain
deposits. The morphology of the alloys deposited from the 1:4 bath is presented in Figure 8.
The structure obtained at 100 mA-cm~2 shows clusters of Cu deposits which corresponds
well with the EDS results. At 125 mA-cm~2, the Cu-Mn type I alloy coatings are observed
on the area of the electrode where the EDS atomic composition is CupyMngz3. On the Cu-rich
side of the electrode, the morphology and atomic composition are like that obtained at
100 mA-cm~2. The morphology of the alloys deposited at 150, 175, and 200 mA-cm~2 are
more homogenous and representative of type I Cu-Mn coatings. The surfaces of these
alloys also have much smaller voids/gaps between grains. Additionally, comparing the
morphologies of the alloys deposited from the three baths, the increase of the Cu content
in the alloy has some smoothening effect on the grainy alloy surfaces. A similar trend
was observed in the morphologies of electrodeposited Cu-Zn alloys with increasing Cu
content [22].
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Figure 7. SEM micrographs of Cu-Mn alloys electrodeposited at different applied current densities using the 1:6 deposition
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Figure 8. SEM micrographs of Cu-Mn alloys electrodeposited at different applied current densities
using the 1:4 deposition bath.
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4. Conclusions

Cu-Mn alloys were electrodeposited on Au substrates as precursor alloys for the
synthesis of nanoporous Cu. The deposition bath containing (NH4)>,SO4 provided a
complexing ammine ligand that efficiently shifts the deposition potential of Cu closer
to that of Mn. This selective complexation was confirmed by UV-Vis spectroscopic and
voltammetric studies. Galvanostatic deposition of Cu-Mn resulted in the formation of
alloys with Mn content of ~70-85%. These alloys featured crystalline type I morphologies
with specific atomic compositions (that are ideal for nanoporous Cu formation) which
were obtained by simply changing the metal ion concentration ratio of Cu?*:Mn?* in
the deposition bath. The anodic stripping behavior of the alloys showed a three-stage
dissolution process, where it was revealed that Cu-Mn dealloying undergoes a two-step
process to form the nanoporous Cu structure. The results of this study provide substantial
insight on the preparation of precursor Cu-Mn alloys with varying compositions that can be
utilized to form nanoporous Cu with controlled thickness, morphology, and surface area.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ electrochem?2030033 /51, Figure S1. (a) Polarization curves at —0.45 V and —0.74 V on Au
substrate in 10 mM CuSOy + 0.5 M (NH4)2SO4 at pH 6.5; (b) linear scan voltammograms depicting
the stripping after the respective polarizations.; Figure S2, Potential-time curves obtained during the
electrodeposition of Cu-Mn at different current densities using the (a) 1-9, (b) 1-6, and (c) 14 baths.
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