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recording due to their high aspect ratio, 
high coercivity, and high storage density.[6] 
Modulating the magnitude of the coer-
civity and the saturation magnetization by 
combining magnetic materials and pure 
metals was initially developed in 1978 
to produce binary and ternary alloys.[7] 
Since then, binary alloys have attracted 
widespread attention due to their poten-
tial applications in magnetoresistive and 
thermoelectric devices.[8] In recent years, 
the influence of morphology[9] and com-
position[10] inhomogeneity on magnetic 
alloy micro/nanowires has been studied 
extensively. But the preparation of ordered 
gradient micro/nanowires with control-
lable diameters and compositions is still a 
major problem.

The gradient magnetic anisotropy is 
so far mainly achieved by changing the 
material shape of a single metal micro/
nanowire,[11] or by changing the material 
composition of alloy micro/nanowires.[12] 

The anodic aluminum oxide (AAO)-templated electrodeposition 
method[9] is the most commonly used method for mass produc-
tion of gradient micro/nanowires. Prida et  al.[13] employed a 
SiO2-coated hard AAO membrane as the template for electro-
chemical growth of multisegmented Co-Ni nanowire arrays by 
alternately varying between two different deposition potentials. 
Magnetic anisotropy is realized with the prepared wire arrays 
due to the alternating composition and crystalline structure 
of the individual segment. To realize shape gradient, Arzuza 
et  al.[14] combined the three-step anodization with an inter-
mediate chemical etching step to modulate the wire diameter. 

Gradient magnetic micro/nanowire arrays have attracted widespread atten-
tion due to their interesting properties. However, fabricating such an ordered 
array of gradient micro/nanowires with controllable diameters and com-
positions is still a great challenge to most of the current methods. Here, 
meniscus-confined electrodeposition (MCED) technique is adopted for the 
rapid prototyping of the shape-gradient magnetic Cu/Co-alloy microwire 
arrays by adjusting the printing speed continuously, which provides a novel 
idea for the preparation and performance research of shape-gradient mag-
netic alloy microwire arrays with well-defined structures. It is found that 
the key to fabricating controllable gradient alloy micro/nano structures by 
increasing the printing speed is to continuously stretch the meniscus within 
the stable range of the meniscus. In the range of incremental speed in this 
study, the shape-gradient magnetic alloy wires with stable and uniform 
compositions and dense internal structures can be successfully prepared, and 
the gradient ratio can be adjusted from 0 to about 0.025. Compared with the 
uniform-diameter array, the shape-gradient magnetic alloy array shows an 
improvement in remanence and coercive force.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admt.202200024.

1. Introduction

Micro/nanowire arrays have received noticeable attention due 
to their potential applications in the fields of optics,[1] bio-
sensing,[2] hydrophobic surface[3] and magnetic recording.[4] 
The morphology and composition of a single micro/nanowire 
and the magnetostatic dipole interaction between the wires 
in the arrays can affect the overall magnetic properties of 
the array. Thus, the magnetic properties of micro/nanowire 
arrays can be further expanded by introducing gradient struc-
tures,[5] which enables good application prospects in magnetic 
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Multisegmented nanowires with alternatively wide and narrow 
segments are obtained and showed complex magnetic behavior 
depending on both short and long-range interaction fields, 
as well as the nanowire geometric dimensions. However, the 
preparation of the precursor template is more complicated and 
costly. Moreover, since the prepared array is embedded in the 
template, the traditional research methods of the magnetic 
mechanism are not applicable,[15] and the removal of the tem-
plate will cause the winding and pollution of the wires between 
the arrays,[16] which greatly limits the array’s performance and 
application. Most importantly, only multisegmented magnetic 
nanowires with random diameter variations are achieved cur-
rently, which makes it difficult to analyze the magnetic testing 
results.[14] Therefore, finding a method that can prepare gra-
dient micro/nanowire arrays with controllable morphology and 
composition will help to study the magnetic properties of the 
gradient magnetic alloy microwire arrays more scientifically.

One of the most distinctive features of additive manufacturing 
(AM) is its ability to realize almost any desired structures.[17] 
It has unique advantages in preparing gradient structures 
because of its diversity in the choices of raw material and pro-
cess. To date, 3D printing has made progress in the prepara-
tion of gradient film[18] and gradient blocks.[19] However, there 
are few reports on the preparation of gradient metallic micro/
nanowire arrays by AM techniques. Shape-gradient micro/
nanowires can be prepared by some AM techniques, including 
focused electron/ion beam induced deposition (FEBID/
FIBID).[20] However, FEBID/FIBID are confined to manufac-
turing metal which is generally contaminated with impurities,  
such as organic matrix.[21] Recently, three novel AM processes 
based on localized electrodeposition are developed for micro-
scale/nanoscale metal structures fabrication, namely localized 
electrochemical deposition (LECD),[22] locally dispensed ions in 
liquid (FluidFM),[23] and MCED.[24] In the former two processes, 
the electrodeposition is localized by the microelectrode in a 
metal bath solution. In contrast, the electrodeposition is physi-
cally confined in a micro/nano-scale liquid meniscus in MCED, 
and the shape and size of the meniscus formed between the 
micropipette and the growth front of the metal wire can be 
defined by the thermodynamic properties of the liquid solution 
and so on, which allows the wire diameter to be well controlled. 
This also highlights another unique feature of the MCED pro-
cess, which is the essential role of evaporation-controlled mass 
transportation induced by the meniscus “solid-liquid-gas” 
three-phase contact line.[24] By fine tuning the meniscus surface 
evaporation dynamics, not only the fine control of the mor-
phology,[25] but also the stable control of the composition can be 
realized.[26] Additionally, unlike LECD and AAO-templated elec-
trodeposition method, the MCED-printed wires are no longer 
placed in the electrolyte environment or the template, which 
greatly avoids the contamination of the metal wires.[25] The 
MCED technique thus has great potential in the preparation 
of shape-gradient metal wires with well-defined structures and 
geometries. In recent years, alloy printing at the micro/nano 
scale based on the MCED technique has attracted significant 
interest.[26] There are also several reports on MCED-fabricated 
gradient wires. Examples include Cu/Ni alloy with control-
lable composition ranging from Cu100Ni0 to Cu19Ni81 from a 
single electrolyte,[26] and Cu/Pt alloy ranging from Cu100Pt0 to 

Cu20Pt80 by applying two biased voltages.[27] We have recently 
reported a similar strategy to fabricate Cu/Co alloy with com-
positions ranging from Cu0Co100 to Cu91Co9, from a single elec-
trolyte.[28] However, all these reports only come in composition 
variations. Based on the wide potential applications,[6] the alloy 
micro/nanowires with controllable shape-gradient require fur-
ther investigation.

In this study, we extended the dynamic MCED process to 
the fabrication of magnetic Cu/Co-alloy microwires with a 
wide range of shape-gradient ratios and controllable morpholo-
gies for the first time. In order to realize the shape-gradient, a 
facile printing strategy based on continuous adjustment of the 
printing speed is developed. Other parameters, such as relative 
humidity (RH), applied current (i) and the underlying mecha-
nism are studied in detail. It has also been proved that the 
shape-gradient can increase the coercivity and the remanence 
of the Cu/Co microwire arrays, as compared with the array with 
uniform-diameter microwires.

2. Results and Discussion

The schematic diagram in Figure 1 shows the MCED tech-
nique for fabricating shape-gradient Cu/Co microwire. Electro-
lyte with Cu2+ and Co2+ ions was filled into the micropipette, 
which has a 2.0 µm diameter nozzle. As the micropipette 
approaches the conductive substrate (function as a cathode), a 
stable meniscus is established between the nozzle and the sub-
strate surface. With an appropriate electrical potential applied 
between the Au wire and the substrate surface, a spot-shaped 
alloy base is deposited on the substrate surface confined by 
the meniscus. The meniscus is now established between the 
nozzle and the upper surface of the deposited base. Based on 
the MCED mechanism,[24] the diameter of the initial deposit 
base is thus controlled by the wettability of the electrolyte with 
the substrate. A stable printing speed of 0.14 µm s–1 was iden-
tified to be coincident with the deposition speed. So, to focus 
our attention on the subsequent gradient formation, identical 
substrates and a constant initial printing speed of 0.14 µm s–1 

Figure 1. Diagram of the meniscus-confined electrodeposition system for 
shape-gradient magnetic alloy microwire fabrication.
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were used. As shown in Figure 1, microwires can be then fabri-
cated by continuously elevating the micropipette with a defined 
elevation speed, i.e., the printing speed. For the printing of a 
shape-gradient microwire, the printing speed is then increased 
by ΔV every micrometer of the micropipette elevation, so ΔV 
is the average printing speed change based on the wire length 
(Figure S1, Supporting Information). A typical SEM image of 
the printed microwires with ΔV from 0 to 0.016 µm s–1 was 
shown in Figure 2a. It can be seen that the diameter of the wire 
didn’t change from bottom to top (the left wire in Figure  2a) 
when the printing speed remained unchanged, that is, 
ΔV = 0 µm s–1. In contrast, an 18 µm-high shape-gradient alloy 
wire (the right wire in Figure  2a) was obtained by increasing 
the printing speed to 0.412 µm s–1 with a ΔV of 0.016 µm s–1, 
which led to the wire diameter shrinkage smoothly from 1.66 
to 0.94 µm, without obvious steps observed. The gradient ratio 
(χ), which is defined as the average shrinkage of the wire diam-
eter every length of the wire growth, of the obtained gradient 
microwire is 0.018. Figure 2b shows the EDS map of the single 
shape-gradient microwire, indicating the main component of 
the microwires is Co and Cu elements. The gold and silicon 
came from the substrate, and the small amount of oxygen might 
come from the air, indicating that the surface of the microwire 
was slightly oxidized.[28] It was worthy of mentioning that from 

the bottom to the top of the wire, the composition was almost 
unchanged and identical to the straight wires (Figure S3, Sup-
porting Information), this indicates that the dimension change 
didn’t alter the electrodeposition dynamics obviously. The com-
position of the wire was determined to be Cu14Co86 according 
to the result of EDS method. The high-resolution transmission 
electron microscopy (HRTEM) and selected area electron dif-
fraction (SAED) images were carried out to further examine 
the crystal structures of the shape-gradient microwire. The ring 
pattern shown in Figure 2c indicates a polycrystalline structure 
with the fringe spacing measured to be 2.09 Å.

We identified the incremental speed, ΔV, to be the major 
factor in the evolution of the self-controlled diameter gradient. 
As shown in Figure 3b, ΔV-dependent stretch and variation of 
the meniscus shape could be used to clearly explain the mech-
anism of gradient formation. For different ΔV, the degree of 
the growth angle deviation from the equilibrium angle is dif-
ferent, and the reduction of the deposited wire diameter is 
thus obtained.[29] Hear, the growth angle is defined as the con-
tact angle of the meniscus with the substrate surface or the 
wire growth front. At ΔV = 0, the distance between the micro-
pipette and the microwire is constant since both the printing 
speed and growth rate of metal are fixed, which means that 
the meniscus has constant height, growth angle and bottom 

Figure 2. a) SEM image of the fabricated microwires with ΔV = 0 µm s−1 (left) and ΔV = 0.016 µm s−1 (right). A deposited current of 10 nA was applied 
during the printing process at RH = 60%. (Scale bar: 2 µm). b) The EDS spectra of shape-  magnetic Cu/Co microwire in (a); c) TEM image and d) 
HRTEM image of the shape-gradient magnetic Cu/Co microwire (inset: SEM image of the longitudinal section of the wire).
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diameter. When the printing speed is greater than the growth 
rate of the wire, the meniscus is in a state of stretching and 
the growth angle will decrease, which results in the diameter 
of the growth front lowered down. To keep the growth angle 
decreasing continuously, the printing speed must be increased 
accordingly (ΔV  >  0). Thus, with continuous increases in 

the printing speed, the dimension of the meniscus will be 
changed in accordance with Equation  (5). The SEM image of 
the printed microwires at different ΔV, shown in Figure  3a, 
verified this conception. For every alloy microwire, the raised 
height of the micropipette was set as 20 µm under the control 
of the piezoelectrical motion stage. Obviously, the top diameter 

Figure 3. The fabricated microwires under different ΔV. a) SEM image of single wires deposited with ΔV of 0, 0.006, 0.012, 0.024, and 0.03 µm s−1 from 
left to right. The scale bar is 2 µm. b) The schematic illustration of the shape of meniscus with different ΔV. The angle α1 is the meniscus tilt on the 
micropipette tip. c) The final (top) diameter, dt, and d) Gradient ratio, χ, changes with ΔV. The points represent the experimental data, the red line 
represents the theoretical results. (RH = 60%, i = 10 nA).
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is smaller than the bottom diameter in a single microwire 
when ΔV > 0 µm s–1, and the top diameter gets decreased with 
the increase of ΔV. In addition, the composition of the wire did 
not change with the change of the wire diameter under this 
printing condition. The wire diameter shrunk smoothly from 
bottom to top when ΔV ≤ 0.024 µm s–1. However, when ΔV is 
increased up to 0.03 µm s–1 or higher, the trend of microwire 
diameter changing was no longer regular. The wire diameter 
starts to fluctuate up and down and periodic convex stripes 
are observed, which might be caused by the instability of the 
meniscus. Furthermore, at large ΔV, the cathodic current 
density will increase to a high level, due to the shrinkage of 
wire diameter. The high current density leads to a fast crystal 
growth rate and unstable aggregation of the deposits on the 
growth front,[28] which induces the surface of the microwires 
to become rougher due to higher ΔV.

The diameters of microwires obtained at different ΔV were 
measured in order to visually show the relationships of χ 
with ΔV. The experimental (dot) and theoretical results (line) 
were shown in Figure 3c,d, respectively. As expected, with the 
increases of ΔV, the top diameter of the microwire is gradually 
decreased and the χ is increased accordingly. The electrochem-
ical equivalent of Cu14Co86 wire prepared at the applied electro-
deposition current of 10 nA could be obtained by Equation (3) 
to calculate the current efficiency of the printed alloy wire. With 
the change of ΔV, both the experimental dt and χ fitted rela-
tively well with the theoretical results by considering a constant 
current efficiency. This means that the current efficiency was 
almost unchanged with the change of ΔV, under fixed i and 

RH. The dt reduced to 0.83 µm and the χ increased to about 
0.023 at ΔV = 0.024 µm s–1.

The χ can be fine-tuned by changing the i, according to Equa-
tion (10). The variation of dt and χ with i are shown in Figure 4. 
When the current was adjusted from 6 to 12 nA, the base diam-
eter increased from 1.357 to 1.667 µm for ΔV = 0 µm s–1. Vari-
ation of the base diameter with i is a result of the electrowet-
ting-induced contact angle changes. The modified Young-
Lippmann equation has been used to predict the current effect 
on the electrowetting of the meniscus with the conductive 
cathode surface, including gold-coated Si wafer and printed 
Cu/Co microwires.[30] A high applied current would reduce 
the meniscus contact angle. As a result, the deposit diameter 
tended to increase at a higher i when RH and ΔV were fixed. 
Additionally, the dependence of wire diameter on i has been 
extensively studied, but the dependence of alloy composition on 
i is reported relatively rare in MCED. Here, we listed the alloy 
compositions and current efficiency under different deposition 
currents in Table S1 in the Supporting Information. It can be 
seen that, by increasing the i from 6 to 12 nA, the content of Co 
also increased from 76% to 90%. When i = 6 or 8 nA, the cur-
rent efficiency was greater than 90%; however, it was reduced to 
81% at i = 12 nA. This indicates that the side reactions, such as 
hydrogen evolution, are easy to occur under high potential con-
ditions.[31] From Figure 4a–c, it’s obvious that the experimental 
results were consistent with theoretical data after considering 
the current efficiency. However, due to the current efficiency 
reduction at high i, continuing to increase i was more likely to 
have less effect on the χ, when i increased to a certain value. 

Figure 4. The effect of applied current (6, 8, and 12 nA) on the top diameter (dt) and gradient ratio (χ), at various ΔV and constant RH of 60%.
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Figure 4 shows that the χ was enhanced by about 20% from 6 
to 10 nA, while it was only enhanced by less than 5% from 10 
to 12 nA. This indicates that other ways have to be employed 
to further increase χ, by improving the current efficiency at a 
high i.

For a fixed i, changing the electrolyte concentration can 
improve the current efficiency.[32] In this study, the meniscus, 
as a micro-scale electrochemical cell, was the main place where 
deposition occurred. A specific feature of the MCED process is 
that the metal ions concentration in the meniscus three-phase 
contact line could be adjusted by the evaporation-modulated 
mass transfer.[33] Thus, the influence of RH on current effi-
ciency, dt and χ (Figure 5) was studied, as shown in Table S2 
(Supporting Information) and Figure 5. Compared with i, RH 
had almost no effect on the composition of the wire. The con-
sumed Cu2+ and Co2+ at the electrolyte-metal interface by elec-
trodeposition could be compensated by the convective Cu2+ and 
Co2+ in the bulk solution. At the equilibrium, the ion transport 
driven by evaporation ensured the composition stability of the 
alloy microwire under different RH. In contrast, the current 
efficiency decreases slightly by increasing the RH, as listed in 
Table S2 (Supporting Information). Accordingly, as illustrated 
by Figure 5a–c, the top diameter of the printed wires gradually 
decreased. In the printing process of MCED, the decrease of 
RH will increase the volatilization of water from the meniscus 
surface to the environment, thereby increasing the ions concen-
tration in the meniscus just above the substrate or the growth 
front, which might change the contact angle of the meniscus.[34] 

With ΔV = 0 µm s–1 for straight wire deposition, the obtained 
wire diameter decreased from 1.660 to 1.432 µm as RH was 
adjusted from 50% to 80%. When ΔV = 0.024 µm s–1 for gra-
dient wire deposition, the obtained dt in low RH is greater than 
that in high humidity, as predicted by Equation (9). In addition, 
at RH = 50%, the concentration of Cu2+ and Co2+ ions in the 
meniscus adjacent to the growth front is higher compared to 
RH of 80%, due to the evaporation-induced convective flow 
dynamics.[33] For the applied current of 10 nA in this study, the 
low ion concentration in the electrolyte seemed to favor the 
growth of nuclei, rather than the nucleation process.[35] As a 
result, the wire diameter fluctuated in a small range even at RH 
= 80% for all ΔV, which can be attributed to the low ion concen-
tration at the growth front and large grain size formed. Another 
observation, from Figure 5, is that the experimental χ deviated 
greatly from the theoretical value as ΔV increased. In addition, 
the change of dt was unstable at high ΔV and high RH 80% 
(Figure S4, Supporting Information). This indicates that the 
coordinate between the RH, i and printing speed is essential for 
well-defined shape-gradient formation in MCED process.
Figure 6a,b shows the SEM images of a uniform-diameter 

array and a shape-gradient array with χ = 0 and 0.018, respec-
tively. Better than the template-based method, simultaneous 
controls over diameter, length, position and structure can be 
achieved by MCED. As the composition of a single wire was 
uniform, the influence of shape-gradient on magnetism could 
be discussed more accurately. In both arrays, the easy axes were 
along the microwire axis, which indicated significant magnetic 

Figure 5. The effect of RH (50%, 70%, and 80%) on the top diameter (dt) and gradient ratio (χ), at various ΔV and constant applied current of 10 nA.
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anisotropy. The shape-gradient geometry is thus expected to 
have a strong influence on the magnetic properties of these 
arrays, by modifying the magnetic domain wall propagation 
due to the diameter-modulated pinning during the nanowire 
magnetization reversal. Figure  6c,d showed the hysteresis 
loops of the Cu/Co microwire arrays with a magnetic field 
applied perpendicular (H⊥) and parallel (H//) to the microwire 
axis. In order to accurately measure the magnetic performance 
of the arrays, the interference of the Si wafer was eliminated. 
It turned out that the Si wafer was diamagnetic (Figure S5, 
Supporting Information), which meant that it was feasible to 
eliminate the influence of the Si wafer. The obtained hysteresis 
loops in Figure 6c,d were similar to that reported in other litera-
ture.[36] The coercivity of the shape-gradient array is higher than 
that of the uniform-diameter array for both H⊥ and H//. The 
array spacing was much greater than the diameter of a single 
microwire, so there is mainly dipole interaction among the 
microwires.[37] Because the top diameter of the shape-gradient 
microwire is smaller, the dipole interaction gets smaller, which 
will enhance the coercivity. The coercivity of the shape-gradient 
array with χ of 0.02 was about 63 Oe, and the coercivity of 
the uniform-diameter array was about 30 Oe. The remanence 
of the shape-gradient array was increased from 0.007 to 0.045 
compared with the uniform-diameter array. As previously 
explained,[14] in continuous polycrystalline wires, the magneti-
zation reversal mechanism is usually dominated by domain 

nucleation and motion, so some irreversibility (i. e. coercivity) 
is expected. When the field is applied perpendicular to the wire 
axis, the domains may no longer nucleate as the space of the 
wires gets smaller. Therefore, the magnetization reversal must 
be dominated by magnetization rotation, thereby reducing the 
coercivity.[38]

The improvement of coercivity and remanence has great 
potential in many applications ranging from recording media 
to microwave devices. Interestingly, it has been reported that 
both the shape and composition gradient-based nanowire 
arrays showed novel properties and applications.[39] Thus, fur-
ther studies on the material gradient control and performance 
are essential for the potential applications. Based on Figures 4 
and 5, continuous modulating the concentration gradient can be 
realized by regulating the deposition dynamics, through in situ 
electrolyte concentration/type, i and RH modulation. Further, 
the study on the materials gradient by controlling the distribu-
tion of other magnetic elements, such as Fe, Co, Ni, etc., across 
the wires is expected to further expand the functionalities of the 
shape- and/or materials-gradient magnetic alloy microwires.

3. Conclusion

In short, we have realized the preparation of shape-gradient 
magnetic alloy micro/nanowires with continuous diameter 

Figure 6. SEM images of the fabricated 5 × 5 arrays of Cu14Co86 microwire with a) χ = 0; b) χ = 0.018. The height of microwire in each array is set to be 
20 µm, and the array spacing is 8 µm. (Scale bar: 10 µm). c,d) Hysteresis loops measured with the external field applied parallel (H∥) and perpendicular 
(H⊥) to nanowire axis of (a) and (b), correspondingly.

Adv. Mater. Technol. 2022, 2200024



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2200024 (8 of 10)

www.advmattechnol.de

decreases by dynamically increasing the printing speed in the 
MCED process. The parameter evaluation combined with SEM-
EDS and HRTEM results indicates that the elongation of the 
meniscus during the printing process provides a guarantee for 
the stable direct-write gradient metallic micro/nano structures. 
The prepared high-purity alloy wires have a dense internal 
structure and smooth diameter shrinkage. By analyzing the 
results obtained, an upper size limit of the electrodeposited 
wire diameter of about 0.68 µm, nearly one-third of the nozzle 
diameter, and a high gradient ratio of up to 0.025 were obtained 
in our experiments. Moreover, the effect of shape-gradient on 
magnetism was studied by comparing the hysteresis loop of the 
uniform-diameter array and shape-gradient array. The magnetic 
test indicates that the stable control of the wire diameter is ben-
eficial to the study of the magnetic mechanism of the micro/
nanowire arrays. The MCED process provides an effective 
method for well-defined gradient magnetic micro/nanowire 
alloy arrays, which may be beneficial to the magnetic recording 
and microwave devices development.

4. Experimental Section
Materials: In this study, Cobalt sulfate heptahydrate (CoSO4⋅7H2O, 

99.99%, Aladdin), copper sulfate pentahydrate (CuSO4⋅5H2O, 99.99%, 
Aladdin), boric acid (H3BO3, 99.99%, Aladdin), Saccharin (C7H5NO3S, 
98%, Macklin) and sulfuric acid (H2SO4, ACS reagent, 95.0–98.0%, 
Sigma-Aldrich) were used as received. The prepared electrolyte 
contained CoSO4 (178 mmol L–1), CuSO4 (6.7 mmol L–1), C7H5NO3S 
(0.5g L–1), H3BO3 (0.5g L–1), and H2SO4 (50 mmol L–1). The pH of the 
electrolyte is about 1. Boric acid was used as a buffer to maintain the 
stability of the pH of the electrolyte. The substrates were Si wafers 
coated with conductive titanium/gold (10 nm/30 nm) bilayers.

Fabrication of Shape-Gradient Magnetic Alloy Microwires: As shown in 
Figure 1, the electrodeposition system consists of a glass micropipette, 
a conductive substrate, and a power supply. The glass micropipette with 
a nozzle opening of 2 µm diameter was prepared by a pipette puller 
(P-2000, Sutter Instrument). The micropipette was filled with electrolyte 
and used as the printing head. In this study, a simple two-electrode 
configuration was chosen for the fabrication of magnetic shape-gradient 
alloy microwires. A 250 µm diameter Au wire was inserted into the 
micropipette to act as the anode, and the distance between the anode 
tip and the nozzle tip was adjusted to be 15 ± 0.2 mm. The micropipette 
was fixed to a fast response nanopositioning piezo stage ((N-664.3A, 
Physik Instrument GmbH, Karlsruhe, Germany) with the positioning 
resolution below 0.5 nm, and the substrate was fixed to a triaxial high-
precision nanopositioning piezo stage (P-562.3CD, Physik Instrument 
GmbH, Karlsruhe, Germany) with a positioning resolution below 10 nm. 
The current was applied by a high-voltage source measurement unit 
(SMU237, Keithley, Cleveland, OH, USA) for deposition of Cu2+ and Co2+ 
in the meniscus. All printing experiments were carried out at an ambient 
temperature of 25 ± 0.2°C and controlled relative humidity (RH). 
The RH of the nozzle system was controlled by a humidity chamber 
and monitored with a humidity sensor. RH of 40–80% with less than 
5% variation is used. The whole printing process was controlled by a 
home-written LabVIEW program, and the process is monitored in situ 
by a high-resolution optical objective lens (VMU-V, Mitutoyo, Kawasaki, 
Japan) and a 3.3-megapixel digital camera (SC30, Olympus, Tokyo, 
Japan). When the meniscus was established between the micropipette 
and the substrate upon lowering down the micropipette, the circuit was 
closed, and the printing process began by elevating the micropipette 
simultaneously. Here, the conductive substrate or the subsequently 
deposited alloys functions as the cathode. It has been proved that the 
wettability of the substrate has a profound effect on the dynamics wire 
deposition process.[40] The wire diameter is controlled by the contact 

angle, the contact time, and the nozzle height. To minimize the dynamic 
effect, a quasi-static condition is maintained by keeping the substrate 
contact angle, the contact time and the nozzle flying-height constant 
in the initial stage. This ensures an initial spot-shaped base with an 
identical base with a diameter of 2.74 ± 0.03 µm is obtained for all 
subsequent deposition. During the subsequent gradient wire growth, 
the meniscus shape is thus controlled by the nozzle flying-height and 
the wire diameter only,[33] since the wettability of the electrolyte with the 
previously deposited copper base is constant. Thus, we can fine-turn 
the deposited wire diameter solely by modulating the printing speed 
continuously.

Characterization: Surface morphologies and elemental composition 
analysis of Cu/Co microwires were characterized using a field emission 
scanning electron microscopy (FESEM, QuantaTM 250 FEG, FEI, 
Hillsboro, USA) with an energy dispersive spectrometer (EDS). The 
SEM images of the alloy wires were all inclined at 45°. The morphology 
and composition were examined using an electron beam with an 
accelerating voltage of 15 kV. Three microwires were printed under 
each printing condition at least, and the average of three areas from 
the bottom to the top was selected for EDS characterization. The 
microstructure of the wire was studied using an AURIGA CrossBeam 
microscope (FIB, Carl Zeiss, Germany), and a thick layer of carbon 
was deposited on the surface of the wire to protect them against the 
ion damage. The longitudinal section of the wire was milled at a final 
acceleration voltage of 5 keV and a current of 20 pA. The cut sample was 
placed on a copper grid for the high-resolution transmission electron 
microscopy (HRTEM, Tecnai F20, FEI, Hillsboro, USA) test to observe 
the detailed microstructure of the printed sample. Magnetic properties 
of the arrays were measured by a magnetic property measurement 
system (MPMS, SQUID-VSM, QD, USA) with the applied magnetic field 
parallel/perpendicular to the long axis of microwires at a temperature 
of 300 K. for this purpose, 5 × 5 microwire array was fabricated on a 
4 × 4 cm2 Silicon wafer. Both specimens with and without alloy arrays 
were used to evaluate the magnetic properties of the array. Magnetic 
hysteresis loops were measured under a maximum applied magnetic 
field of ±10 kOe. The absolute value of the magnetic microwire 
arrays cannot be determined, so the magnetization measured by the 
experiment was normalized.

Theory: In order to realize the continuous adjustment of wire 
diameter, the speed of the micropipette was increased dynamically by 
an incremental speed ΔV along each micrometer wire growth during 
the printing process. In this study, an initial speed of V  = 0.14 µm s–1 
and ΔV from 0 to 0.024 µm s–1 were used under constant i and RH. 
By dynamically increasing the pulling speed of the micropipette, the 
meniscus is shrunk and the diameter of the deposited microwire is thus 
narrowed. In order to express the shrinkage of the wire diameter, we 
define the gradient ratio χ as

2
χ = −d d

H
b t  (1)

where db is the microwire diameter corresponding to the initial (bottom) 
printing speed, dt is the microwire diameter corresponding to the 
final printing speed at the wire top, and H is the overall height of the 
microwire.

During the printing process, the local wire diameter can be calculated 
theoretically by the Faraday’s law

2 η
ρπ=d ie

v
a

dep
 (2)

where i is the applied electrodeposition current; ea is the electrochemical 
equivalent of binary alloy; vdep is the growth speed of the microwire. 
Here, to simplify the calculation process, a cylinder element of diameter 
d is used to approximate the local shape of the gradient wires. η is 
the current efficiency, which is the percentage of the total quantity of 
electricity consumed utilized for the desired alloy electrodeposition 
reaction. It is well known that the electrochemical equivalent should be 
taken into account for the calculation of the current efficiency, by
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1 2

1 2 2 1
= +e e e

e f e fa  (3)

where e1 and e2 are the individual electrochemical equivalents of binary 
alloy constituents and f1 and f2 are the mass fractions, respectively.

The stability of the meniscus is the basic requirement to maintain 
the continuous and uniform growth of structures in the MCED. The 
stability of the meniscus is controlled by the capillary force between the 
meniscus and the substrate or growth front.[41] Microwire will grow with 
a constant diameter when the growth angle ϕ is equal to the quasi-static 
contact angle ϕ0, controlled by the thermodynamic equilibrium condition 
at the three-phase line. The expression for the meniscus height can be 
expressed as

sin cosh 1
sin

cosh 1
cos0 1

1

1

1

0
α α ϕ( ) = = −


 


− −z R h r  (4)

When the printing speed increases by ΔV, the height of the nozzle 
tips to the growth front is increased, which leads to the elongation of 
the meniscus. For a fixed angle α1, the growth angle φ is less than the 
equilibrium angle φ0. The deviation of φ from φ0 leads to the fluctuation 
of the wire size

tan tan0
δ

ϕ ϕ δϕ( ) ( ) ( )= − − = ∆
d R

dt
v v VN w

 (5)

where vN is the withdrawal speed of the micropipette, and vw is the 
growth rate of the wire.

δφ and δR are the perturbation of the growth angle and the wire 
radius. Then a new steady state is reached in which the equilibrium 
angle and growth angle are adjusted to be equal through feedback, and 
the deposition speed and printing speed will reach a new balance.[29] So 
the following relationship could be obtained

4
2

η
ρπ

=ie
d

va
w

 (6)

where vw is the growth speed of the wire.
For a single microwire, the bottom diameter (db) of the wire can be 

calculated by the deposition speed at the bottom of the wire, which is 
the initial printing speed (vb), and the top diameter (dt) of the wire can 
be calculated by the deposition speed at the top of the wire, which is 
the ending printing speed (vt). During the printing process, the printing 
speed is dynamically increased by ΔV, so the relationship between the 
ending speed and the initial speed is as follows

·= + ∆v v a Vt b  (7)

where a was the number of times the speed increased in a single 
microwire, i.e., the height value of the gradient microwire by µm 
according to the definition of ΔV. In this study, a was taken as 17. The 
bottom diameter (db) and the top diameter (dt) could be calculated by

2 η
ρπ=d ie

vb
a

b
 (8)

2
·

η
ρπ ( )=

+ ∆
d ie

v a Vt
a

b
 (9)

Then, we obtain the relationship between χ and ΔV, as

1 1 1
·

χ η
ρπ= − + ∆









H

ie
v v a V

a

b b
 (10)

Statistical Analysis: For each experiment and test group in 
Figure 3c,d, 4, and 5, three technical replicates (n = 3) were used with 
data summarized as the mean with error bars representing standard 
deviation. The experimental data were analyzed using Student’s t-test. 
p  < 0.05 was considered to be a statistically significant difference. All 
statistical analyses were performed using Origin 2021.
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