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Abstract 

Mesoporous Ni and Cu-Ni (Cu20Ni80 and Cu45Ni55 in at.%) films, showing a three-

dimensional (3D) porous structure and tunable magnetic properties, are prepared by 

electrodeposition from aqueous surfactant solutions using micelles of P123 tri-block 

copolymer as structure-directing entities. Pores between 5 nm and 20 nm and dissimilar 

space arrangements (continuous network versus open-cell morphologies) are obtained 

depending on the synthetic conditions. X-ray diffraction reveals that the Cu-Ni films 

have crystallized in the face-centered cubic structure, are textured, and exhibit certain 

degree of phase separation, particularly those containing a higher Cu content. Atomic 

layer deposition (ALD) is used to conformally coat the mesopores of one of the Cu-Ni 

films (Cu20Ni80 in at.%) with amorphous Al2O3, rendering multiphase “nano-in-meso” 

metal-ceramic composites without compromising the ferromagnetic response of the 

metallic matrix. From a technological viewpoint, these 3D nanoengineered composite 
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films could be appealing for applications like magnetically-actuated micro/nano-

electromechanical systems (MEMS/NEMS), voltage-driven magneto-electric devices, 

capacitors or as coatings with superior strength and tribological performance. 

 

1. Introduction  

Mesoporous metallic materials with high electroconductivity and surface area 

have sparked much attention during recent years owing to their wide range of 

applications in areas such as electronic devices, catalysis, energy technologies or even 

recording media [1]. Their intrinsically porous structure has proven to be useful for the 

adsorption, selection, sensing, removal, storage and release of second-phase materials 

[2-7]. Given their large potential, several techniques have been developed during the 

last decades in order to generate controlled nanoporosity, either by selective etching 

from the fully dense counterparts (e.g., dealloying or foaming) [8-9] or spontaneous 

association of small building blocks while leaving empty spaces in between (bottom-up 

approach) [10-12]. From the viewpoint of material’s architecture, control of the alloy 

composition needs to be often combined with precise tailoring of the mesoporous 

morphology, pore alignment, and orientation. This still remains a challenging issue. 

Most approaches rely on relatively slow, multi-step, synthetic procedures, sometimes 

including costly clean room facilities. Ideally, such materials should be synthesized in a 

series of easy steps (preferably in a single- or two-step) allowing for a simple but 

precise control of the shape and morphology of the obtained structures.  

During the last few years, mesoporous metals and alloys have been extensively 

prepared by means of sacrificial templates, using the replication method, from either 

soft or hard templates [13,14,15]. In the case of the templated deposition of metals, their 

growth from the substrate is guided by the template and the mesoporous structure often 
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emerges once after the template is removed. Very recently, the usage of spherical 

micelles of di-or tri-block copolymers (e.g., polystyrene-block-poly(oxyethylene) (PS-

b-PEO known as KLE or Poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) known as P-123) in water as soft-templates has been 

demonstrated for a number of metals (e.g., Au, Pt, Pd, Cu) [16-19] and alloys like Pt-Cu, 

Pt-Ru, Pt-Fe and Cu-Ni [20-24]. Different from the evaporation-induced self-assembly 

approach, metal deposition and micelles assembly take place simultaneously in liquid 

phase without involving any solvent evaporation. Furthermore, because the 

concentration of the block copolymers is above the critical micelle concentration (cmc) 

but well below the threshold for the formation of liquid crystal structures [25], the 

viscosity of the electrolyte is kept to the minimum. 

 The advances in the synthetic pathways to produce magnetic materials with 

different nanoarchitectures has boosted the discovery of new magnetic phenomena and, 

in turn, expanded the range of applications of magnetic materials, since many magnetic 

properties of materials rely on surface or interface phenomena [26]. In this context, very 

recently, we demonstrated that magnetic mesoporous metallic materials, with an 

increased surface area-to-volume (S/V) ratio, show enhanced magneto-electric 

phenomena compared to fully-dense films with analogous compositions [24]. The 

system under study was Cu-Ni and mesoporous films of this alloy were successfully 

prepared by electrodeposition from ‘micelles assembly’ of P-123 in water. The 

coercivity of the as-prepared mesoporous Cu-Ni films could be drastically decreased by 

simply applying an external electric field. In our previous work, however, only the 

general features concerning the mesoporous organization of the films were introduced. 

Instead, emphasis was laid on the electrically-driven modification of magnetic 



4 
 

properties whereas the key experimental factors enabling the formation of the 

mesoporous structure were mostly overlooked.  

Remarkably, besides the aforementioned magneto-electric effects, magnetic 

mesoporous metallic materials can also be successfully employed as supports to host 

other functional materials that could bring biocompatible, hydrophilic/hydrophobic 

properties, electrical insulation or even enhanced mechanical or magnetic performance 

[27]. For example, 3D macroporous Ni films prepared by the hydrogen bubble 

templating approach can function as scaffolds to anchor electrodeposited Co(OH)2
 

nanoflakes or sputtered Si to produce nanoporous composites with superior 

supercapacitor and electrochemical performance [28,29]. In the case of mesoporous 

materials of metallic nature, an appropriate technique should be carefully selected in 

order to conformally coat the mesopores with a second-phase material while avoiding or 

minimizing its oxidation and eventual pore collapse. Atomic layer deposition (ALD) 

turns out to be a powerful deposition technique that allows not only precise control over 

the composition of the deposited materials, but also these can continuously coat high 

aspect-ratio substrates (REFS). In fact, we proposed the combination of 

electrodeposition and ALD to prepare composite layers consisting of 3D macroporous 

magnetic metals coated with metal oxide nanolayers, i.e., Ni/Al2O3, Ni/Co2FeO4 [30]. It 

was demonstrated that both the porosity and the magnetic properties of the 

electrodeposited metallic matrix were maintained after the ALD step after careful 

selection of the ALD parameters. However, the ALD deposition was only tested on 

metallic films exhibiting large pore sizes, of the order of 5-15 µm. It is envisaged that 

such synthetic approach might not be restricted to macroporous substrates and could be 

thus well applied to out-of-sight surfaces of nanometric sizes (e.g., mesopores) grown 

by surfactant-assisted electrodeposition. 
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In this work, Cu20Ni80, Cu45Ni55 and Ni magnetic mesoporous films are 

electrodeposited in the presence of P-123 tri-block copolymer dissolved in the aqueous 

electrolyte. The growth of mesoporous Ni coatings was carried out under potentiostatic 

mode, whereas Cu-Ni alloys were fabricated under galvanostatic means. Although all 

samples show mesoporosity, depending on the synthetic conditions, the resulting 

morphologies (e.g., pore alignment) are different. Insulating Al2O3, with a high 

dielectric constant is chosen to coat the Cu20Ni80 frameworks (which is taken as a model) 

by means of ALD. The structure and magnetic properties of the films, before and after 

the ALD process, are studied in detail. 

 
2. Experimental Section 
 

All the chemicals were purchased from Sigma-Aldrich and used without further 

purification. Electrochemical fabrication of nanoporous Ni and Cu-Ni films was carried 

out in a PGSTAT120N Autolab potentionstat/galvamostat (electrochemie) with a 

standard three-electrode cell system. Si/Ti (25 nm)/Au (125 nm) substrates (working 

area 0.25 cm2) were used as cathode. A platinum wire served as counter electrode. The 

cathode and anode were mounted parallel to each other at a distance of 2 cm. A double 

junction Ag∣AgCl 3 M KCl electrode (E = + 0.210 V versus standard hydrogen 

electrode (SHE)) was utilized as the reference electrode. The optimized growth 

parameters for the electrodeposition of nanoporous Ni, Cu20Ni80 and Cu45Ni55 are listed 

in Table 1. Note that due to the dissimilar deposition conditions (mainly the deposition 

time, which is different, but also other parameters like the bath formulation and 

deposition mode), the thickness of the mesoporous Ni film was measured to be around 7 

µm, whereas those of Cu20Ni80 and Cu45Ni55 were approximately 600 and 1 µm, 

respectively. Al2O3 nanolayers were deposited by ALD onto the previously 



6 
 

electrodeposited porous metallic films in a Cambridge Nanotech Savannah 100 reactor 

in exposure mode. The Al2O3 coatings were produced by alternate pulsing of 

trimethylaluminum (TMA) and ozone (O3) at a deposition temperature of 100-200ºC. 

 
         Ni       Cu20Ni80 (at.%)      Cu45Ni55 (at.%) 

Bath 
composition 

4g P123 + 
20 mL ethanol + 
0.4 M NiSO4 +  
0.5 M NaSO4 +  
0.2 M boric acid 
+  0.025 g 
saccharine 

400 mg P123 +  
0.2 M Ni(OCOCH3)2·4H2O 
+  0.02 M CuSO4·5H2O +  
0.5 M NaOCOCH3 + 
0.2 M boric acid + 
0.02 g saccharine 

400 mg P123 +  
0.2 M Ni(OCOCH3)2·4H2O 
+  0.02 M CuSO4·5H2O +  
0.5 M NaOCOCH3 +  
0.2 M boric acid + 
0.02 g saccharine 

Methodology E = -1.8 V j = -100 mA cm-2 j = -100 mA cm-2 
Deposition time / 

s 1200  150  150  

pH 3.65 6.25 4.00 

Bath 
temperature / ºC 

 
25 

 
Table 1. Optimized electrodeposition parameters for the mesoporous Ni, Cu20Ni80 and Cu45Ni55 

films. 

 
Scanning electron microscopy (SEM) images and energy-dispersive X-ray 

spectroscopy (EDX) analyses were acquired using a Zeiss Merlin microscope operated 

at 3 kV and 15 kV, respectively. Transmission electron microscopy (TEM) and 

scanning transmission electron microscopy (STEM)-EDX analyses were performed on a 

Tecnai F20 HRTEM /STEM microscope operated at 200 kV. Cross sectional specimens 

were prepared by embedding the films in EPONTM epoxy resin. Subsequently, a very 

thin slide was cut using a microtome apparatus and placed onto a carbon-coated Cu 

TEM grid. θ/2θ X-ray diffraction (XRD) patterns of the different samples were 

recorded on a Philips X’Pert diffractometer with a pixel1D detector in the 42-54° 2θ 

range (step size = 0.026°, total time = 1200 s) using Cu Kα radiation (λ = 0.154178 nm). 

The crystallographic structural parameters, such as crystallite sizes, microstrains, lattice 
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parameter, and stacking fault probability were evaluated by fitting the full XRD patterns 

using the Materials Analysis Using Diffraction (MAUD) Rietveld refinement program 

[31,32]. Hysteresis loops were recorded at room temperature in a vibrating sample 

magnetometer (VSM) from Micro Sense (LOT-Quantum Design), with a maximum 

applied magnetic field of 4500 Oe. The loops were normalized to emu g-1 using the 

amount of material deposited as determined by coupled plasma optical emission 

spectroscopy (ICP-OES, model optima 4300DV). For this purpose, the films were 

digested in concentrated nitric acid solution at room temperature and further diluted to 1% 

HNO3.  

 
3. Results and Discussion 
 
Nanoporous Ni, Cu20Ni80 and Cu45Ni55 (at. %) films were electrodeposited from an 

aqueous solution containing the metal salts and the non-ionic, amphiphilic 

poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) (PEO-

PPO-PEO) tri-block co-polymer (Pluronic®P-123) (Table 1). In a typical preparation, 

the P-123 slurry was mixed manually using a glass rod upon addition of the aqueous 

solution containing the metal salts. Mixing time of 1 hour was required to ensure the 

dissolved metal species were well incorporated at the outer shell of the hydrophilic 

domains of the micelles. Complete mixing was confirmed by the homogeneous color 

and transparency of the solution. An external potential or current density was applied to 

reduce the metallic cations, eventually forming a silvery slab of nanoporous magnetic 

films (Figure 1). Hence, the surface of the working electrode acted as a solid-liquid 

interface, where the metallic films were deposited and patterned by the surfactant-

inorganic aggregates. During the electrodeposition, the metal species are thought to 

move toward the working electrode together with the P-123 micelles, which act as 

structure-directing agents. The essence of this method is thus to exploit the self-
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assembly of P123 molecules into micelles which gather spontaneously at the solid-

liquid interface during the synthesis of the mesoporous films. 

 
 
 

 
 
 

Figure 1. Schematic illustration of Pluronic P-123 micelle assembly strategy for the preparation 

of mesoporous magnetic films. Step1: stirring to form the P-123 slurry; Step 2: adding metal 

species to the aqueous solution; Step 3: the dissolved metal species coordinating on the PEO 

region of the micelles. Step 4: electrodeposition.  

 

First, the nanoporous Cu20Ni80 film was prepared, and its surface morphology 

was directly observed by SEM using secondary electrons. Shown in Figure 2a is the 

low-magnification top view image of the film, in which a rather homogeneous 

nanoporosity can be distinguished. The high-magnification SEM observation (Figure 2b) 

demonstrates the occurrence of a hierarchical porous architecture, consisting of 

aggregates of nanoparticles which leave in between a high density of nanopores, whose 

size ranges from 5 to 10 nm. In a dilute surfactant electrolyte, the P-123 molecules 

assemble into spherical micelles, but no long range organized surfactant structure exits 

since the concentration of the block copolymer is not high enough to form a lyotropic 

liquid crystal phase, as in our case.  
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The interaction (electrostatic, hydrogen bonding, etc.) between metal ions and 

surfactant assemblies is essential to tune the arrangement of the surfactant species. 

Therefore, using strongly acidic or basic conditions to enhance the interactions can 

influence the organization of inorganic polymerizing species. Namely, the decrease of 

the pH value of the electrolyte, from 6.25 to 4.00 (in order to increase the Cu content of 

the films to Cu45Ni55, see Table 1), has dramatic changes in the morphology of the 

coatings. Sample morphology changes from hierarchical nanoparticulated/nanoporous 

film to a striated patterned porous structure (Figure 2c,d). This process is probably 

driven by the enhanced interaction between metal ions and P-123 which may cause 

alignment of the pores the coalescence of micelle spheres, resulting ultimately in the 

formation of a corrugated mesophase. In both cases, the concentration of surfactant was 

set at around 0.8 wt. % which is above the critical micelle concentration (cmc) of P-123 

at 25 ºC [25] but lower than the threshold for lyotropic liquid formation.  

Attempts to produce Ni films with mesoporous network from the same Cu-Ni 

bath were proven unsuccessful. Instead, the deposition was carried out in a more 

predictable way by using a ternary surfactant-cosurfactant-water system. The 

introduction of ethanol cosurfactant to the binary surfactant/water system enriches the 

aqueous P-123 phase diagram [33]. The mesopore size is largely determined by the 

hydrophobic core of the micelle spheres. The ethanol molecules are most likely 

anchored to the hydroxyl groups (-OH) located at the hydrophilic-hydrophobic interface, 

thus increasing the apparent volume of the hydrophobic blocks rather than that of the 

hydrophilic blocks. Thus, the ethanol cosurfactant, which acts as a swelling agent, 

allows for an additional control over of the pore size [34,35]. 
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Figure 2.   Low and high magnification SEM images of mesoporous: a, b) Cu20Ni80; c,d) 

Cu45Ni55; and e,f) Ni films. 

 
As depicted in Figure 2e, the as-deposited Ni layer is homogenous and rather 

free from defects such as perforations or bumps.  The pore connectivity is relatively low, 

and many isolated pores can be observed (Figure 2e,f). High magnification observations 

reveal the occurrence of pores with on-top circular morphology, whose sizes range from 

10 nm to 20 nm. As aforementioned, this increase in the pore size probably stems from 

the addition of the ethanol cosurfactant and the concomitant increase in the carbon chain 
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length. In all cases, the metal species were deposited uniformly on the substrates 

without any cracks or voids.  

 

 
 
Figure 3. a) SEM, b) TEM, and c) HRTEM images of the cross-section of the mesoporous 

Cu20Ni80 film. The inset in a) corresponds to the on-top SEM image, for the sake of comparison; 

d) corresponding SAED pattern. 

 
To further access the inner mesoporous architecture of the films, the Cu20Ni80 

specimen was embedded in resin and sliced in order to study its cross-section 

morphology. The sample was fairly robust and no obvious broken pieces were observed. 

The typical morphology of the cross-section of this sample, observed by SEM, is shown 

in Figure 3a. It is worth noting that the mesoporous structure formed on the Au cathode 
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developed from the very initial stages of the electrodeposition process. This observation 

is in accordance with our preceding observations regarding the growth of pure Ni 

mesoporous films [34]. Freshly formed crystallites serve as nuclei seeds for the 

subsequent metal ions discharge, hence rendering truly nanoporous sizes. TEM images 

demonstrate the occurrence of open-cell porosity, with highly interconnected ligaments 

whose lateral size is typically around 5-7 nm (Figure 3b). The high-resolution TEM 

(HRTEM) image reveals that the Cu20Ni80 frameworks are highly crystalline and the 

lattice fringes are visible in the entire cross-section (Figure 3c). The interplanar distance 

indicated on the image (0.2318 nm) matches the (111) planes of the face-centered cubic 

(fcc) structure. Figure 3d shows the corresponding selected area electron diffraction 

(SAED) pattern, for which the continuous rings indicate the formation of a 

polycrystalline material.  
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Figure 4. θ/2θ XRD patterns in the 42º-54º 2θ range for (► mesoporous Ni, ◄ mesoporous 

Cu20Ni80, ▲ mesoporous Cu45Ni55). The computed profiles (black solid lines) obtained using the 

MAUD program are also shown. The bottom panel shows the theoretical lines for isotropic, 

pure fcc Cu and Ni. 

 
The structure and phase composition of the obtained Cu45Ni55, Cu20Ni80 and Ni 

films were studied by XRD. The most intense peaks at 44-45ºmatch the 2θ position 

expected for (111) fcc Ni and Cu-Ni solid solutions, suggesting that all the samples 

fully crystallize in the fcc structure (space group Fm3m, as for Cu and Ni). In the case 
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of Cu20Ni80, the (200) fcc peak, which should appear at around 2θ = 51−52º, is not 

detected, suggesting a pronounced crystallographic texture along the (111) direction.  

For both Cu45Ni55 and Cu20Ni80 samples, although there is no peak splitting 

detected, the (111) peak asymmetric broadening gives clear indication for the co-

existence of Cu-rich and Ni-rich phases (i.e., two fcc solid solutions with slightly 

different cell parameters). In order to validate this hypothesis, the Rietveld’s refinement 

of the XRD pattern corresponding to Cu45Ni55 was performed in four different ways. 

First, the XRD pattern was fitted assuming only a single fcc solid solution without 

crystallographic texture (Figure S4d), however such approach cannot fit well the 

experimental pattern. Likewise, poor fittings were also obtained assuming a single fcc 

phase with (111) texture or two fcc solid solutions without texture (Figure S4b,c). 

Instead, a good agreement between the experimental pattern and the simulated curve 

was achieved upon assuming the co-existence of two fcc solutions with (111) texture 

(Figure S4a). 

The values of cell parameters, crystallite sizes, microstrains and stacking fault 

probabilities of the three samples, determined by the MAUD software, are listed in 

Table 2. Note that the (111) fcc main reflection shifts towards higher angles as the Cu 

content is decreased, suggesting an overall reduction of the lattice cell parameter (which 

is expectable, since the lattice constant of Ni is lower than that of Cu, and Cu-Ni alloys 

typically obey the Vegard’s law [36]). Crystallite sizes for both Ni-rich and Cu-rich 

solid solution phases in the Cu-Ni films are kept below 100 nm, while a value greater 

than 150 nm is obtained for the pure Ni film which cannot be resolved by line profile 

analysis [37]. The addition of ethanol to the Ni plating bath lowers the dielectric 

constant. The decrease of conductivity of the plating solution together with the overall 

different bath composition induces the observed changes in crystallite size. Interestingly, 
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particularly for the Cu-Ni mesoporous films, the crystallite size is considerably larger 

than the width of the pore walls, suggesting that several nanopores are contained inside 

coherently diffracting domains (i.e., the films comprises truly nanoporous crystals rather 

than simply being an assembly of tiny nanoparticulate clusters). The microstrains were 

found to be rather low in all films, in the range of 10-3 and below. Saccharine is known 

to be an excellent tensile macrostress reducing agent and is thus responsible for the low 

microstrains (low density of dislocations in the crystals). The Rietveld refinement of the 

XRD patterns also includes the Warren’s formalism to evaluate the stacking fault (SF) 

probability, αSF. According to the Warren’s description of the SFs, 1/αSF designates the 

average number of planes between two consecutive SFs. Significant stacking fault 

probability was only found for pure Ni, and the value is around 0.0113 (Table 2), hence, 

there are ca. 88 planes between consecutive SF.  

 
 Lattice 

parameter 
/ Å 

Crystallite 
size / nm 

Microstrains 
(±1.0×10-5) 

Stacking 
fault 

probability 
(±0.0005) 

Cu45Ni55 

Ni-rich 
phase 3.5402 60±2 3.2×10-3 0.0058 

Cu-rich 
phase 3.5720 16±5 2.0×10-4 − 

Cu20Ni80 

Phase 
richer in 

Ni 
3.5383 74±2 3.2×10-3 0.0067 

Phase less 
rich in Ni 3.5574 14±2 1.4×10-4 − 

Ni 3.5298 > 150 8.7×10-4 0.0113 
 
Table 2. Crystallographic structural parameters obtained after Rietveld’s refinement of 

the XRD patterns of Cu45Ni55, Cu20Ni80 and Ni mesoporous films. 

 
 The hysteresis loops of the nanoporous Cu-Ni and Ni films are shown in Figure 

5. The highest value of saturation magnetization, MS, corresponds to pure Ni while 
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Cu45Ni55 and Cu20Ni80 films exhibit lower MS. Interestingly, a constriction is observed 

in the central part of the Cu20Ni80 hysteresis loop, suggesting the presence of two 

magnetic phases in this sample. Taking into account the results from XRD, these two 

phases could be ascribed to the two fcc solid solutions indicated in Table 1. Actually, 

according to the Vegard’s law, the two solid solutions for the Cu20Ni80 sample 

presumably contain about 85 at. % and 60 at. % Ni [36], hence both could show a 

ferromagnetic response (since the threshold for ferromagnetic behavior in Cu-Ni alloys 

at room temperature is indeed around 60 at. % [36]). The Cu45Ni55 film does not show 

such narrowing of the hysteresis, indicating the presence of a single magnetic phase. In 

this case, according to the Vegard’s law, the Ni-rich solid solution would contain 

approximately 70 at. % Ni, whereas the Cu-rich phase would contain only 20 at.% Ni, 

hence being non-magnetic. Also remarkably is the fact that the loop corresponding to 

Cu20Ni80 shows a higher remanence-to-saturation magnetization ratio (i.e., a large 

squareness, MR/MS). This is probably due to the in-plane shape anisotropy of this film, 

which is more textured than the other samples and effectively fully magnetic (i.e., 

consisting mainly of exchange coupled ferromagnetic regions). The reduction of MR/MS 

for the Cu45Ni55 film is an indication of a lower magnetic shape anisotropy in agreement 

with a more polycrystalline phase (see Figure 4). This reduction of shape anisotropy is 

consistent with the former assumption that this film is made of Ni-rich ferromagnetic 

clusters embedded in a non-magnetic Cu-rich matrix (i.e., a “discontinuous” magnetic 

structure). This non-connected magnetic structure yields to an overall decreased 

exchange interactions between ferromagnetic counterparts, explaining the enhanced 

coercivity of the Cu45Ni55 sample with respect to the Ni film since exchange interactions 

are usually in detriment of the coercivity [38]. Finally, the MR/MS value for pure Ni is 

also relatively low, but this could be anticipated due to its much larger thickness (7 µm, 
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as opposed to the 600-700 nm thickness of the Cu-Ni films) and consequently lower 

magnetic shape anisotropy.  

 
 

 
 

Figure 5. Room temperature hysteresis loops corresponding to Ni, Cu20Ni80 and 

Cu45Ni55 mesoporous films. 

 

Mesoporous materials provide well-controlled nanosized environments where 

other materials with dissimilar chemical and physical properties can be hosted, leading 

to “nano-in-meso” multiphase nanocomposites. In this work, Al2O3, which is the most 

widely studied material of those prepared by ALD, was chosen to coat and fill the pores 

of the Cu20Ni80 films owing to their high-quality mesoporous morphology. A 

Cu20Ni80/Al2O3 specimen was prepared for cross-sectional imaging to assess the quality 

of the oxide nanocoating. After the ALD process, as shown in the STEM image (Figure 

6a), the Cu20Ni80 alloy, featuring a brighter contrast, is covered by a darker-contrast 
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layer at the uttermost surface. The composition profile across the interface was 

determined by STEM-EDX elemental distribution mapping. The analysis reveals that 

the local distribution of Al (in red) and Ni (in green) elements is well-distinguished and 

that the irregular border between the two elemental maps follows the surface geometry, 

hence pointing to a conformal coating of the Al2O3. However, there is not such a clear 

compositional distinction between the O and Ni regions but, instead, they co-exist 

within a few nanometers interval. This was further proved by performing a STEM-EDX 

line scan analysis (Figure 6b). When the electron beam was swept from the outer upper 

surface of the sample towards the inner part of the material (vertical arrow in Figure 6a), 

the Al and O signals first appear at 10 nm from the starting point and vanish at 

approximately 80 nm. The Cu and Ni signals monotonically increase from around 31 

nm, suggesting that the thickness of the Al2O3 coating is about 21 nm. Hence, there is 

not an abrupt switch in composition but rather the four elements are present within a 

distance of about 50 nm from the upper surface. Therefore, it is conjectured that the 

outermost surface of mesoporous CuNi films got slightly oxidized during the ALD 

process, which is plausible bearing in mind that such treatments are performed under 

the presence of an O3 atmosphere. Ni-oxide, Cu-oxide and some mixed (Al,Cu,Ni)xOy  

phases may exist at this interval region.  
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Figure 6. a) STEM image and EDX elemental distribution of O, Al and Ni in the interfacial 

area enclosed within the red rectangle; c) linear STEM-EDX analysis across the interface 

between Cu20Ni80 and Al2O3, as indicated by the arrow in panel a).  

 
 
 
 
XRD patterns were recorded to determine the formation of oxidized Cu-Ni 

phases and to assess whether the ALD treatments could have induced further phase 

separation, as previously reported in fully-dense Cu-Ni films subject to annealing 

treatments [39]. As depicted in Figure 7a, a small peak appears after ALD at around 2θ 

= 43º, which can be ascribed to the Cu- or Ni-oxide. However, no obvious change of the 

(111) fcc reflections is observed (no peak splitting or further asymmetric shape), 

suggesting that the Cu-Ni mesoporous films can withstand the ALD process to a great 

extent from both morphological and crystallographic aspects. Only a narrowing of the 

(111) peak occurs, which is indicative of grain growth and reduction of residual 

tensions caused by the annealing process which accompanies the ALD process 
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(crystallite size after the ALD treatment is larger than 150 nm and cannot be resolved by 

X-ray line profile analysis, as evaluated using MAUD). No peaks corresponding to 

crystalline Al2O3 are observed in the measured 2θ range. This is in agreement with the 

formation of amorphous Al2O3 by ALD, as previously reported in the literature when 

similar ALD conditions are employed [30]. Finally, due to the slight oxidation that takes 

place during ALD, the saturation magnetization is found to decrease (Figure 7b) but 

only by 15%, hence a clear ferromagnetic response is preserved.  
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Figure 7. a) XRD patterns and b) room temperature hysteresis loops of mesoporous Cu20Ni80 

and Al2O3@Cu20Ni80 composite films.  

 
Conclusions 
 

This work demonstrates the possibility to grow Ni and Cu-Ni nanoporous 

metallic films, with highly tunable porous architectures, compositions and magnetic 

properties, by micelle assisted electrodeposition using a tri-block copolymer as 
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surfactant. The as-prepared films exhibit phase separation (i.e., formation of fcc solid 

solutions with different Ni:Cu atomic ratios, as revealed by XRD) which, for the 

Cu20Ni80 alloy, renders hysteresis loops with more than one magnetic contribution. The 

electrodeposited nanoporous films can be subsequently coated with Al2O3 nanolayers 

by atomic layer deposition. Some surface oxidation occurs during the ALD process but 

this does not destroy the magnetic properties, hence allowing the formation of 

multiphase metal-ceramic nanocomposites with magnetic characteristics. In turn, the 

ALD process does not cause further crystallographic phase separation in the films. 

These results are technologically relevant since this type of structure/composition-

engineered nanoporous films could find applications in magnetic micro/nano-

electromechanical systems (MEMS/NEMS), voltage-driven magnetic actuators or, in 

the case of the metal-ceramic nanocomposites, as coatings with enhanced mechanical 

properties. 
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