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Tunable nanostructures that feature high surface area, are firmly attached to a conducting substrate 

and can be fabricated efficiently over significant areas, are of interest for a wide variety of 

applications in, for instance, energy-storage and catalysis. We present a novel approach to fabricate 

Fe nanoparticles using a pulsed plasma process and their subsequent guidance and self-organization 

into well-defined nanostructures on a substrate of choice by the use of an external magnetic field. 

A systematic analysis and study of the growth procedure demonstrate that non-desired nanoparticle 

agglomeration in the plasma phase is hindered by electrostatic repulsion, that a polydisperse 

nanoparticle distribution is a consequence of the magnetic collection, and that the formation of 
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highly networked nanotruss structures is a direct result of the polydisperse nanoparticle 

distribution. The nanoparticles in the nanotruss are strongly connected and their outer surfaces are 

covered with a 2-nm layer of iron oxide. A 10-µm thick nanotruss structure was grown on a light-

weight, flexible and conducting carbon-paper substrate, which enabled the efficient production of 

H2 gas from water splitting at a low overpotential of 210 mV and at a current density of 10 mA/cm2. 
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Solution-based magnetic self-assembly of in situ or ex situ synthesized ferromagnetic 

nanoparticles is currently a vibrant field1-9, partially since the resulting nanostructures promise 

important or improved application in energy storage10,11, chemical production12, and ultra-high-

density magnetic storage13. A drawback with this solution-based approach is the difficulty in 

keeping the nanoparticles clean from oxides and other impurities, and that the inter-particle 

contacts and resulting nanostructures consequently suffer in both stability and electrical 

conductivity. Magnetic nanoparticles can also be grown by the method of arc discharge plasma, 

but although creative attempts have been made to reduce the amount of carbon impurities by 

inclusion of an external magnetic field14, significant amounts of carbon impurities are typically still 

present. 

An alternative method for nanoparticle synthesis is by plasma sputtering. The employment of a 

controlled atmosphere results in a high degree of impurity control, however, the main setback with 
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conventional continuous-plasma nanoparticle deposition is inefficient production15. The recent 

invention of pulsed-plasma deposition improves the yield by up to two orders of magnitude 

compared to continuous-plasma deposition16,17. 

Here, we combine pulsed-plasma fabrication of nanoparticles with magnetic-self-assembly 

within the same reaction chamber, and demonstrate that this novel approach results in an efficient 

production of ordered and stable ferromagnetic nanostructures on a substrate of choice. 

Specifically, we show that branched wires of Fe nanoparticles can be fabricated onto both metal 

and carbon paper substrates, and that the nanostructure stability is due to both strong particle-

particle bonding and a large degree of interlinking between the nanowires through branching.  

Figure 1. Experimental setup and generated nanostructures. (a) Schematic of the pulsed-plasma 
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fabrication setup. The blue shaded area represents the high electron-temperature region and the 

dotted red line indicates the outer edge of the magnetic capture zone for nanoparticles with a 

diameter of 40 nm. (b) SEM image of a dense grass-like array oriented by an external magnet. (c) 

TEM image displaying the truss-like architecture of individual strains in this array. (d) TEM image 

of the contact between two nanoparticles. (e) SEM image of a stretched nanowire. The higher-

magnification image in the lower left inset indicates a plastic deformation of the nanoparticles 

during stretching.  

The fabrication setup is schematically shown in Fig. 1a. It essentially comprises a hollow Fe 

cathode, through which Ar gas is fed into the reaction chamber, and below which a grounded 

stainless-steel ring anode is positioned. By applying high-power electric pulses to the cathode, Fe 

atoms are sputtered out from the inside of the cathode, and when they enter the intense plasma 

region they become ionized. A cylindrical mesh, kept at floating potential, is confining the plasma. 

O2 gas was also introduced into the chamber, but at a much lower flow rate. This is an established 

technique to reduce variations in the nanoparticle production rate.18 In our process, the introduction 

of O2 gas implies that a two-body collision in the form of O2 + Fe → FeO + O becomes dominant 

over the slower three-body collision of 2Fe + Ar → Fe2 + Ar for the first step of nucleation (the Ar 

atom is a critical constituent in the latter reaction, since it carries away the excess energy required 

to keep the Fe2 dimer bound). Furthermore, the Fe in an oxidized cluster is stronger bound than an 

Fe in a pure metal cluster, which reduces the evaporation rate during growth and makes the critical 

size for stable clusters smaller. However, it is notable that the required O2 flow rate was so low that 

the overall oxidation of the nanoparticles is negligible.  

The substrate on which the nanoparticles are collected, and the nanostructures are grown, is 

positioned at the inner edge of the mesh at the same height as the ring anode. A permanent magnet 
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is placed behind the substrate to effectively guide the ferromagnetic nanoparticles to the substrate. 

The process can be upscaled, e.g. by using hollow cathode arrays or linear hollow cathodes. More 

experimental details are available in the Methods Section.  

Fig. 1b presents a scanning electron microscopy (SEM) image of the material collected on a Ti-

coated Si-substrate, following 10 min exposure to the plasma and with a 0.36 T permanent magnet 

positioned behind the substrate. A dense and well-oriented grass-like array, with a thickness of 

150-200 µm, has formed on the substrate. The array invariably orients itself in the direction of the 

field of the permanent magnet. The transmission electron microscopy (TEM) image in Fig. 1c 

reveals that the grass-like structure is built up from nanoparticles, with a typical diameter of 10-60 

nm, that have assembled into long nanowires with a high degree of branching and linking between 

the nanowires. A deeper analysis of the structure can be found in the caption of Fig. S1. 

High-resolution TEM imaging (for details see Supporting Information Fig. S2) reveals that: (i) 

the interior bulk of the nanoparticles comprises pure Fe crystallized in a single domain in the bcc-

phase, α-Fe; (ii) the outer nanowire surface exposed to the ambient consists of a ≈2 nm thick 

crystalline oxide layer, with a lattice spacing compatible with the Fe3O4 structure. The oxide 

formation is consistent with the Cabrera–Mott model, which Krajewski et al. used when they 

reported that a pure iron surface exposed to an oxygen-containing atmosphere will form a 1 nm-

thick iron oxide layer within 0.2 fs, a 2 nm layer within 40 s, and a 3 nm layer within 40 weeks7. 

Fig. 1d is a TEM image of a typical nanoparticle-nanoparticle contact area. The vertical straight 

interface between the two Fe nanoparticles displays a Moiré pattern, which is a strong indicator of 

a well-ordered interface free of oxides. It should be pointed out, although most particle-particle 

contacts appear to be free of oxides, not all are. A few observations clearly show a thin oxide layer 

in-between the particles. The origin of this interfacial oxide is unclear, but could be due to partial 

oxidation of the nanoparticle surface before assembly or due to oxidation of the metal-metal 
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interface after removal from the vacuum system by diffusion of oxygen in the grain boundary 

between the nanoparticles.  

The relative large contact surfaces between the irregularly formed nanoparticles suggest 

reshaping of the nanoparticles after they have come in contact. This can be explained by pressure 

and temperature induced sintering. The magnetic force between two cubic 40 nm single-domain 

magnetized nanoparticles in contact, independent of any external magnetic field, gives a pressure 

of 3 MPa for a contact area of 30x30 nm2 and proportionally higher for smaller contact areas. It is 

difficult to estimate the actual temperature of the nanoparticles in our process, but Magnolini and 

Kortshagen have reported a temperature of several hundred K above the gas temperature in a 

plasma system.19 Sintering of Ag nanoparticles have been demonstrated by Guo et al. at 3 MPa and 

523 K. For Ag 523 K corresponds to 34% of the melting temperature.20 For Fe the corresponding 

temperature is 616 K suggesting that sintering between the Fe nanoparticles is likely. 

By removing the magnet, nanostructures featuring a random orientation and without significant 

branching and linking were fabricated, as shown in Fig. S3. This procedure allowed for facile 

extraction and studies of single wires, and one such single wire is shown in the SEM micrograph 

in Fig. 1e. One should note here that all nanowires grown with the present technique are wiggly 

and never straight, probably due to irregularly shaped nanoparticles. The wire in Fig. 1e, that 

comprises ≈200 nanoparticles in the field of view, is unintentionally stretched during preparation 

for microscopy to a straight line without breaking. This implies a strong inter-particle bond also in 

the case where no external magnetic field is applied. This is further supported by high resolution 

TEM (see Fig. S4) illustrating metal-metal bonded nanoparticles. To further illustrate the strength 

of the two types of growth structures (with and without external magnet), samples of the two were 

put through ultrasonic treatment. Both kept their nanowires intact, but for the samples grown 
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without an external magnet it was possible to separate different nanowires from each other. TEM 

images of these samples can be seen in Fig. S5. 

With the hierarchical nanostructure being characterized, we turn our attention to the 

understanding and elucidation of the nanostructure formation process within the growth chamber. 

A first question relates to whether the nanoparticles are beginning to assemble into nanowires 

already in the plasma phase, or if this is solely taking place at, or next to, the substrate (see Fig. 

1a).  The Fe-based nanoparticles are ferromagnetic, and will as such experience an attractive inter-

particle force when magnetically aligned. At the same time, the negative charge of the nanoparticles 

in the plasma17 results in a counteracting repulsive electrostatic force. 

 

Figure 2. The magnetic influence on the capture and growth processes. (a) The energy barrier 

against agglomeration of differently sized nanoparticles in a plasma with an electron temperature 
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of 1.0 eV. The black stars show Finite-Element-Method (FEM) calculations. Dashed lines indicate 

separations where the analytic model is less good. (b) The magnetic capture zones for fully 

magnetized Fe nanoparticles as a function of their diameter, for a 0.36 T magnet and a kinetic 

temperature of 300 K. The free rotation and subsequent alignment, of a 40 nm nanoparticle at the 

capture zone edge, are depicted by the dotted black line. (c) TEM image of a single linear nanowire 

comprising narrow size-dispersed nanoparticles. (d) TEM image of a single branched nanowire 

comprising broad size-dispersed nanoparticles. (e-g) Illustrations of the role of differently sized 

nanoparticles. Branching and interlinking is promoted by leak fields from the larger nanoparticles. 

With this in mind, we have derived an analytic model for the energy barrier against 

agglomeration. Key results are presented in Fig. 2a and the detailed derivation can be found in the 

Supporting Information. We find that the height of the energy barrier is strongly dependent on the 

electron temperature (Fig. S6) but, somewhat surprisingly, independent of the nanoparticle size. A 

typical value for the electron temperature within this type of plasma is 1 eV17, and it translates into 

an energy barrier of more than 10 eV. As the average thermal translational energy of a nanoparticle 

is only 0.04 eV (at a gas temperature of 300 K), this implies that it is effectively impossible for the 

ferromagnetic nanoparticles to overcome the electrostatic barrier and agglomerate within the 

plasma. Although the electron temperature will drop closer to the substrate, it is not probable that 

it in any location in the plasma chamber will reach the calculated electron temperature threshold 

of 0.15 eV (that results in a barrier height of 0.04 eV), at which aggregation becomes significant. 

We thus draw the conclusion that the plasma environment is effective in hindering premature 

agglomeration of the ferromagnetic nanoparticles. 

When a magnet is introduced at the substrate position (see Fig. 1a), the magnetic nanoparticles 

will tend to align with the external magnetic field and accelerate towards the substrate/magnet. 
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This will significantly increase the collection yield of nanoparticles on the substrate, but has also 

other interesting implications. By analyzing how the magnetic forces on nanoparticles depend on 

their size and orientation (for details, see Supporting Information), we find the critical distance 

from the magnet where the nanoparticles are likely to be magnetically aligned and trapped. Fig. 2b 

illustrates the calculated capture zone boundaries for three differently sized nanoparticles as dashed 

lines (diameter = 20, 40, 60 nm). A trajectory for a magnetic nanoparticle with a 40 nm diameter 

is illustrated in Fig. 2b by the dotted line. Note that the nanoparticle is attracted in the direction 

𝑔𝑟𝑎𝑑|𝐁| of increasing field strength, which is perpendicular to the capture zone boundaries. The 

kinetic energy gained by a nanoparticle can help it penetrate opposing electric fields at the 

substrate. 

The fact that the boundary of the capture zone depends on the nanoparticle size has a significant 

influence on the nanoparticle size distribution on the substrate when an external magnet is 

employed. For some particles the nucleation takes place close to the substrate, and they are 

effectively drawn to the magnet when they still are relatively small; but when the nucleation takes 

place further away, the nanoparticles have to grow larger in size before they are attracted by the 

magnet. The consequence is thus that the inclusion of the magnet will not only significantly 

increase the yield, but also result in a polydisperse nanoparticle distribution on the substrate. This 

predicted behavior has been verified in experiments. Fig. 2c presents a TEM image of the 

monodisperse nanoparticle distribution that results when the magnet is removed, while the TEM 

in Fig. 2d displays the polydisperse distribution observed when the external magnet is used.  

An additional interesting observation is that the monodisperse nanoparticles invariably arrange 

into linear wires (Fig. 2c), whereas the polydisperse nanoparticles form networked nanotruss 

structures (Fig. 2d and Fig. 1c). The physical reason for this difference is revealed in magnetic-

field simulations. Fig. 2e-g present three stages in the growth of two nanowires on a substrate with 
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the magnetic field strength outside the nanoparticles color-coded. It is energetically preferable for 

a ferromagnetic nanoparticle to dock at a site on the substrate with a large magnetic leak field in 

order to lower the total magnetic energy of the system. In Fig. 2e, only monodisperse nanoparticles 

have arrived at the substrate, and for this configuration the largest leak field is localized at the wire 

end of the growing nanowire, resulting in a linear growth for the two nanowires. In Fig. 2f, we also 

include two larger nanoparticles, with the consequence that significant leak fields remain when 

smaller nanoparticles have attached on top of the larger nanoparticles. These remaining leak fields 

will function as additional connection points for later arriving nanoparticles, and as such allow for 

branching and nanotruss formation, as depicted in Fig. 2g. If the supply of nanoparticles continues, 

this process will go on until the magnetic leak fields are minimized in an interlinked structure with 

few open ends. Note that, regardless the nanoparticle size, an arriving particle will align itself to 

assemble north-to-south with the already deposited wire, to minimize the magnetostatic energy. 

We now turn our attention to the application potential of the realized nanostructures. In this 

context, we note with interest that the nanotruss structures appear to feature a manifold of desirable 

characteristics for efficient catalysis: (i) the nanoparticle surface comprises iron-oxide that is 

frequently reported to be catalytically active21, (ii) the high surface-to-volume ratio allows for a 

manifold of reactant sites, and the strong inter-particle contacts provides for (iii) mechanical 

strength and also (iv) for an efficient transport path to the current-distributing substrate.  

Fig. 3a presents a photograph of a 40×20 mm2 carbon-paper substrate. Details on its fabrication 

are available in the Methods section.  The carbon fibres comprise a wire network that is visible as 

the bright features with an average diameter of 10 µm in the low-magnification top-view SEM 

image in Fig. 3b. It appears that this carbon-fibre network is effectively coated by a dense mat of 

nanotrusses, which is confirmed in the higher-magnification side-view SEM image in Fig. 3c. For 
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this particular experiment, the deposition time in the plasma chamber was 5 min, and it resulted in 

a thickness of the nanotruss deposit on the carbon paper of ~10 µm.  

The electrocatalytic capacity of the nanotruss-coated carbon-paper electrode was investigated by 

linear sweep voltammetry (LSV) in alkaline water solution; for experimental details see Methods 

section. When driving such an experiment to a negative potential with respect to the relative 

hydrogen electrode (RHE), it is possible to split water into hydrogen gas. Fig. 3d presents the LSV 

data for a bare carbon paper (solid line), a carbon paper coated by nanotrusses for 1/5/10 min 

(dashed lines), and a high-performance Pt-wire reference (dotted line). The bare carbon paper is 

essentially inactive over the entire potential range, which demonstrates that it is not catalytically 

active for water splitting. The nanotrusses are in contrast highly active, and the 10-min-nanotruss 

electrode only required an overpotential of 210 mV in order to produce a high current density of 

10 mA/cm2. It is notable that this experiment was preceded by a five time cycling between -0.4 V 

and 0.0 V (vs. RHE) at a scan rate of 2 mV/s.  Fig. S7 depicts a stability test of a nanotruss-coated 

carbon-paper electrode, revealing that over 12 h of constant-current operation at 10 mA/cm2 the 

overpotential vs. RHE is essentially unchanged. A movie depicting the corresponding vibrant 

formation of H2 gas bubbles from a nanotruss electrode is available in the Supporting Information 

(and Fig. S8). We have also calculated the exchange current density as a function of deposition 

time using the LSV data, and the observed linear relationship for deposition times ≤ 10 min (data 

presented in Table S1) implies that also the longer nanotrusses remain well-connected with the 

carbon-paper substrate. Samples coated for longer time than 10 minutes showed an uneven growth 

with areas of very fluffy and low-density nanostructures, which had a higher tendency to peel off 

from the substrate. Therefore, it is not possible to achieve reliable tests of the catalytic performance 

for these samples.  
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Figure 3. Nanotrusses as catalysis electrode material (a) Photograph of the bent carbon-paper 

substrate. (b) Low-magnification SEM image of a nanotruss coated carbon-paper substrate. The 

long (bright) carbon fibers with a typical diameter of 10 µm feature a wire-network morphology, 

with each carbon fiber being coated with a film of nanotrusses. (c) Side-view SEM highlighting 

the dense mat of nanotrusses on top of a carbon fiber. (d) Linear sweep voltammetry of a bare 

carbon paper (solid line), carbon paper coated by nanotrusses (dashed lines) with the coating time 

marked in the graph, and a Pt wire (dotted line). The counter electrode was a Pt wire, and the 

electrolyte solution was 0.1 M KOH (pH = 13). 

Importantly, to our knowledge, the herein reported data for hydrogen splitting from water for the 

10-min-nanotrusses-on-carbon-paper catalyst-electrode compares favourably with previous studies 

on single transition-metal-oxides catalyst-electrodes synthesized by conventional chemical 
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methods (see Table S2), and is in fact only ~90 mV higher than that of the expensive standard in 

the field, platinum (see the dotted line in Fig. 3d). We finally wish to call attention to that this 

catalyst-electrode is both light-weight and flexible (see Fig. 3a), and as such can offer a very high 

capacity per both volume and mass, and that all constituent materials (Fe, O, C) are 

environmentally benign, low cost and plentiful. 

In summary, we have shown that networked nanostructures, nanotrusses, can be directly self-

assembled from Fe nanoparticles generated in a low-pressure pulsed plasma. The nanoparticles do 

not assemble in the plasma due to a barrier raised by the charge of the nanoparticles. However, at 

the substrate this barrier is removed and all nanostructures in contact with the substrate are 

uncharged. Therefore, approaching nanoparticles will self-assemble due to magnetic interactions. 

This results in nanowires growing out from the substrate. If a polydisperse size distribution of 

nanoparticles is used, magnetic leak-fields in the nanowires will create preferential sites for 

branching and linking. Hence, by controlling the size distribution of nanoparticles, we can tailor 

the branching of the nanostructures and shape these, into either single nanowires or nanotrusses, 

on demand. The use of controlled plasma environment allows for pure Fe nanoparticles to be 

generated, and as a consequence the assembled nanotrusses consist of a highly electrically 

conducting core while the surface is oxidized in the exposure to air after the process. The 

nanotrusses obtain a huge surface that, if grown on a conducting surface, have potential to generate 

highly performing electrodes. We have demonstrated this electrode performance in a water splitting 

experiment where hydrogen gas could be generated with a low overpotential. 

 

Methods 

The nanoparticles where synthesized using hollow cathode sputtering in a high vacuum system 

with a base pressure of approximately 310-7 Torr (410-5 Pa). The arrangement is schematically 
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illustrated in Fig. 1a. The cathode, with an inner diameter of 5 mm and a length of 54 mm, consisted 

of Fe with a purity of 99.95%. The cathode was mounted in a copper block, which in turn was 

placed on a magnetron (with its magnets removed) to provide electrical connection and water 

cooling. The copper block was isolated from the plasma using Kapton tape. A cylindrical mesh, 

with a diameter of 85 mm and a length of 110 mm was placed in front of the cathode to confine the 

plasma. The mesh was kept at floating potential throughout the experiments. Around 20 mm from 

the exit of the cathode, a grounded anode was placed. The anode, made from stainless steel, was in 

the form of a ring with a diameter of 35 mm. The support rods that holds the actual ring in place 

was covered with Kapton tape to make sure that only the ring acted as anode. As sputter gas, Ar 

with a purity of 99.9997 %, was let in through the hollow cathode with a flow rate of 70 sccm. To 

ensure nucleation of nanoparticles, O2 was let in to the chamber about 30 cm downstream from the 

cathode exit.  The O2 was diluted with Ar resulting in an effective O2 flow of 0.025 sccm. A throttle 

valve was used to keep the working pressure around 0.8 Torr (105 Pa) during experiments. The 

electric power to the cathode was supplied using a pulsed power supply (HiPSTER 1, Ionatics AB, 

Sweden). The pulsing frequency was kept at 1200 Hz and the pulse width at 80 µs throughout the 

experiments. The average output power was kept constant, at 75 W. A permanent magnet and 

substrate were placed as shown in fig. 1a. The magnet had a diameter of 9 mm, a height of 7 mm 

and a magnetic flux density, at the center of the surface facing the plasma, of 0.36 T. Substrates 

were attached to the magnets by the use of double-sided copper tape and all substrates were 

quadratic with 10 mm side. The Si wafer substrates were coated with a 200 nm thick Ti film to 

make them conductive. The carbon paper, Sigracet GDL 34 AA, was purchased from Ion Power, 

NafionStore, US. The substrates were in all experiments kept at floating potential. No shutter 

was used between the cathode and substrate during the process, which means that the substrate was 
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exposed to nanoparticle “collection” from the moment the power supply was turned on. When NPs 

were collected without a permanent magnet, as in Supporting Information Fig S3, the nanowires 

assembled at one of the 90 ° angles on the anode seen in Fig. 1a. All SEM images, except the ones 

on carbon paper, were taken using a LEO 1550 Gemini. The images with carbon paper were taken 

with a Zeiss Merlin FEG-SEM microscope. The TEM images were taken using a FEI Tecnai G2. 

For TEM samples, substrates with the nanostructures were ultra-sonicated in isopropanol and TEM 

grids with an amorphous carbon support layer were then dipped in the solution and left to dry. 

Comsol Multiphysics version 5.3 has been used for the numeric magnetic and electric field 

calculations. The catalytic capacity of the Nanotruss/Carbon Paper electrode was investigated by 

linear sweep voltammetry using a three-electrode cell connected to a potentiostat (Metrohm-

Autolab-PGSTAT302N). The working electrodes were prepared by cutting 0.2 cm2 pieces of bare 

or nanotruss-coated carbon paper. The reference electrode was Ag/AgCl (CHl111-CH 

instruments), the counter electrode was a Pt coil (99.999%), and the electrolyte solution was 0.1 M 

KOH (pH = 13). The scan rate was 0.2 mV/s and the potentials vs. Ag/AgCl were transformed to 

the reversible hydrogen electrode (RHE) scale with the following equation: V (vs. RHE) = V (vs. 

Ag/AgCl) + 0.222+0.059×pH. The potentials were compensated ex situ for the iR drop between 

the working and reference electrodes.  

 

Supporting information Available: 

SEM analysis of nanotrusses, (S)TEM analysis describing the nature of the oxide layer that 

surrounds the Fe nanoparticles and the assembled nanotrusses, SEM image of nanowires grown 

without external magnet, TEM image of interparticle interface between two nanoparticles collected 

without an external magnet, TEM images of nanotrusses and nanowires after being dispersed in 

isopropyl alcohol and ultrasonicated, analytic model for the energy barrier against agglomeration, 
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nanoparticle capture zone estimations, interaction between two magnetized nanoparticles in a 

plasma calculations, electrocatalysis: description and measurements 
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Figure S1. Scanning electron microscopy analysis of the nanotrusses. (a) a cross section image 

showing their entire structure. These structures also reveal the formation mechanism, as the 

particles adjacent to the substrate must have been deposited first. It can be seen that initially 

(close to the substrate) individual nanowires are formed that propagate upwards with relatively 

large distances between them (typically 50-150 nm) indicating little interaction, (b). With 

increasing nanotruss height the distance between individual wires reduces dramatically, often 

to within 20 nm, (c). A top view image (d) shows that the nanotrusses terminate with the 

individual wires combining to form a single strand or point.  
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Figure S2. (S)TEM analysis describing the nature of the oxide layer that surrounds the Fe 

nanoparticles and the assembled nanotrusses. (a) HAADF-STEM image of, predominantly, 

three attached particles which form part of a longer wire. The core of the particles is clearly 

visible with a 2 nm thick ‘halo’ surrounding them, which corresponds to the oxide layer. Both 

types of particle attachments are highlighted. The middle and lower particles appear sintered 

together, whilst the middle and top particles appear attached by physical contact. Although in 

both cases the apparent area of interaction is smaller than the actual one due to influence of the 

oxide layer and is strong enough to withstand ultrasonic treatment. The presence of a metal core 

and oxide shell is confirmed by high resolution TEM analysis (b-d). (b) shows an overview of 

a single nanoparticle that forms part of a longer wire. The core shell structure is clear. The 

crystal structure of both the shell and core are apparent in high resolution images of the 

respective areas (c and d from the shell and core respectively). FFT patterns obtain from these 

images could be indexed to simulated patterns obtained from the Fe3O4 (zone axis (1,1,0)) and 

Fe (zone axis (1,0,0)) crystal structures for the shell and core respectively. Similar phenomena 

have been observed in previous studies.1,2 
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Figure S3. SEM image of nanowires grown without external magnet.  Featuring nanowires of 

random orientation. 
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Figure S4. TEM image of interparticle interface between two nanoparticles collected without 

an external magnet.  
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Figure S5. TEM images of nanotrusses and nanowires after being dispersed in isopropyl 

alcohol and ultrasonicated. (a) from nanotruss structures grown on a magnet, similar to sample 

in fig. 1b. (b) from sample grown without external magnet, similar to sample in fig S3. 

The above figure highlights the microscopic differences in the structures consisting of iron 

nanoparticles produced with (a) and without (b) an applied magnetic field. Without the applied 

field long, sparsely branched wires are produced which can be easily separated by ultrasonic 

treatment. With the applied field, abundantly branched and cross-linked wires are produced 

which cannot be separated under ultrasonic treatment. 
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Figure S6. The energy barrier against agglomeration for nanoparticles with 20 nm diameter in 

a plasma with different electron temperatures, 1, 0.25 and 0.15 eV. The analytic model shows 

excellent agreement with Finite-Element-Method (FEM) calculations, black stars, for 

separations larger than 1.5 to 2 times the nanoparticle diameter. The dashed red line indicates 

separations where the analytic model is less good. The dashed black line indicates the average 

thermal translational energy for a nanoparticle in a gas at a temperature of 300 K (0.04 eV).  
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Section 1: Nanoparticle capture zone estimation. 

As a nanoparticle with the magnetic moment 𝒎 is approaching an external magnet with the 

magnetic field 𝑩 it will experience a magnetic potential energy of ∅B =  − 𝒎 ∙ 𝑩. 

Nanoparticles with a rotational energy lower than |𝒎𝑩| will become more and more aligned 

with the external field as the field strength increases. The rotational energy can be estimated 

from the average thermal rotational energy 𝑊th,rot =
3𝑘B𝑇g

2
 . Although the internal temperature 

of the NPs can be considerably higher than the process gas temperature 𝑇g,3 their translation 

and rotation degrees of freedom are in equilibrium with the gas. Combined this give a critical 

field strength for alignment 

 𝐵𝑐 =
3

2
𝑘𝐵𝑇𝑔 (𝑀

4𝜋𝑟𝑁𝑃
3

3
)

−1

=
9

8

𝑘𝐵𝑇𝑔

𝜋𝑟𝑁𝑃
3 𝑀

 ,  (S1) 

where 𝑀 is the magnetization and 𝑟𝑁𝑃 is the radius of the nanoparticle. When B > Bc, the 

rotation of a nanoparticle becomes constrained to limited deviations from alignment between 

m and B. Furthermore, nanoparticles are drawn towards regions with strong magnetic field in 

order to lower their average magnetic energy. For the special case where m and B are fully 

aligned, the magnetic potential energy is −𝑚𝐵. Nanoparticles are thus not only aligned but also 

trapped and cannot escape the magnetic potential well from an external magnet if their 

translational kinetic energy is lower than 𝑚𝐵 for the fully aligned case. We define a critical 

field strength for entrapment as when the depth of this well, 𝑚𝐵, equals the average thermal 

kinetic energy 𝑊th,kin in translational motion of the nanoparticles. At thermal equilibrium 

𝑊th,kin = 𝑊th,rot and it follows that the critical field strength for magnetic capture is the same 

as Bc in Eq. S1 for alignment. Therefore, the critical field 𝐵𝑐 also define limits of the “capture 

                                                 
* Neglecting long-range electric forces, their initial speed as they form inside a gas flow, and the 
frictional drag between a moving nanoparticle and the neutral gas 
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zone”. The capture zone limit depends on the external magnetic field as well as on the magnetic 

properties and size of the nanoparticle. The capture zones, shown in Fig. 2b are for spherical 

nanoparticles with different diameters, are calculated for the magnet used at the substrate 

position in our experiments.  
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Section 2: Interaction between two magnetized nanoparticles in a plasma. 

Nanoparticles in a plasma will be charged negatively creating a repulsive force. The 

interaction between two magnetized nanoparticles in a plasma will then be subjected to two 

competing forces -  electrostatic and magnetostatic. The magnetic attraction is shorter ranged 

than the electrostatic repulsion and will dominate at small separation. Magnetized nanoparticles 

are thus repelled at large separation and attracted at close distances. 

A simple model system is used to examine the interaction. Each nanoparticle is approximated 

as a point charge qi and magnetic dipole moment 𝒎𝑖 with i = 1,2 for the two nanoparticles. This 

approximation introduces errors due to form factors (the synthesized nanoparticles are not 

spherical), and due to induced mirror charges on the nanoparticle surfaces. Both kind of errors 

increases with decreasing separation between the nanoparticles. Comparison with numerical 

finite element calculations, as implemented in Comsol Multiphysics, for two spherical 

nanoparticles with 20 nm diameter shows excellent agreement as soon as the separation is large 

enough to fit at least an equally sized nanoparticle in between (Fig. 2a). This is a general 

conclusion due to geometric scaling. Using the electrostatic potential from a point charge and 

the magnetic field at large distance from a magnetic dipole moment the total electrostatic and 

magnetostatic energy for the two nanoparticles is 

  𝑊tot = 𝑊e + 𝑊𝑚 =  
 𝑞1𝑞2

4𝜋𝜀0𝑧
−

𝜇0𝑚1𝑚2

2𝜋𝑧3   (S2) 

where 𝜀0 and 𝜇0 are the vacuum permittivity and vacuum permeability, 𝑚1 and 𝑚2 are the 

magnitude of the two magnetic dipole moments and 𝑧 is the separation between the 

nanoparticles. 𝑊tot have a maximum, 𝑊max, at the separation 𝑧max and is given by: 

  𝑊max =
1

𝜋√𝜇0𝑚1𝑚2
(

𝑞1𝑞2

6𝜀0
)

3/2

  (S3a) 
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  𝑧max = √6𝜀0𝜇0√
𝑚1𝑚2

𝑞1𝑞2
   (S3b) 

Hence, the nanoparticles have a barrier 𝑊max to overcome in order to form a pair and they 

are repelled for separations larger than 𝑧max and attracted for separations smaller than 𝑧max. 

Further assumptions in the simple model is that the charge on the nanoparticles are 

independent of their separation and corresponds to a charge 𝑞𝑖 = 4𝜋𝜀0𝑟𝑖𝑉𝑖 on a single sphere 

with radius 𝑟𝑖 at a potential 𝑉𝑖. With a homogeneous magnetization 𝑀𝑖 in the corresponding 

sphere the magnetic moment is 𝑚𝑖 =
4𝜋𝑟𝑖

3

3
𝑀𝑖. Cast in these variables equation (S3a) and (S3b) 

becomes 

  𝑊max = 8𝜋
(𝜀0𝑉1𝑉2)3/2

√6𝜇0𝑀1𝑀2
   (S4a) 

  𝑧max = √
2𝜇0𝑀1𝑀2

3𝜀0𝑉1𝑉2
𝑟1𝑟2   (S4b) 

In a plasma, particles normally acquire the so-called floating potential, at which the net 

current to a particle is zero. By way of example, for an Argon plasma used in accordance with 

the present setup, the floating potential is 𝑉float ≈ −2.41𝑘𝐵𝑇e/𝑒, where 𝑇e is the electron 

temperature, 𝑘𝐵 the Boltzmann constant and 𝑒 the elementary charge.4 With this potential and 

the same magnetization on both nanoparticles, 𝑉1 = 𝑉2 = 𝑉float and 𝑀1 = 𝑀2 = 𝑀, the barrier 

against agglomeration of nanoparticles in the volume is 

  𝑊max =
8𝜋

𝑀
√

𝜀0
3

6𝜇0
(

2.41𝑘𝐵𝑇e

𝑒
)

3

  (S5a) 

                                                 
 In a pulsed high density plasma, such charging occurs for all nanoparticles in the size range of above 
10 nm. For smaller nanoparticles, electron field emission can sometimes reduce the negative charge 
(the size for this to happen depends on the plasma density and the electron temperature). However, 
also with reduced charge the nanoparticles can be estimated to have sufficient negative charge to 
avoid agglomeration down to a few nm size. 
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  𝑧max = √
2𝜇0

3𝜀0

𝑀𝑒

2.41𝑘𝐵𝑇𝑒
𝑟1𝑟2   (S5b) 

Note that the height of the barrier decreases with decreased electron temperature (Fig. S6), 

which gives less charge on the nanoparticles, and at the same time the separation at the 

maximum increases. The height of the barrier is to be compared to the typical thermal kinetic 

energy for translational motion 𝑊th,kin =
3𝑘𝐵𝑇g

2
 for nanoparticles in thermal equilibrium with 

the surrounding process gas at the temperature 𝑇g. At room temperature, 𝑇g = 300 K, 𝑊th,kin ≈

3.88 ∙ 10−2 eV. For agglomeration to be likely the thermal translational energy has to be large 

enough to overcome the barrier, 𝑊th,kin > 𝑊max, which is fulfilled if the magnetization is 𝑀 =

1.67 ∙ 106 A/m (the value for Fe) and 𝑇e < 0.15 eV. At higher 𝑇e, agglomeration is suppressed 

by strong electrostatic repulsion due to the charge on the nanoparticles. It should be noted that 

this condition overestimates the probability for agglomeration, since head-on collisions 

combined with magnetic alignment is an unlikely geometry in random collisions between 

nanoparticles that both rotate and have random velocities, even though magnetic interactions 

tend to align the magnetic dipole moments of nanoparticles. 

For reference, it can be noted that the electron temperature in the nanoparticle growth zone 

of our type of plasma discharge has been estimated to be in the order of 1 eV.5 The condition 

above for agglomeration is, surprisingly, found to be independent of the sizes of the two 

nanoparticles involved. If dimers cannot be formed in the gas/plasma phase, then the road to 

the formation of longer nanowires in the plasma is also closed.  
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Section 3: Catalysis 

 

In a water-splitting experiment under alkaline conditions, H2 and O2 gas are formed at the 

cathode and anode, respectively, in accordance with the following equations: 

 

Cathode:  4H2O + 4e- → 2H2 (g) + 4OH-  (S6) 

Anode:  4OH- → O2 (g) + 2H2O + 4e-  (S7) 

Overall: 2H2O → 2H2 (g) + O2 (g)   (S8) 

 

 

Figure S7. The long-term stability of a nanotruss coated carbon-paper electrode (overpotential 

of 0.3 V) when driven at a constant current of -10 mA cm-2 for 12 hours. The electrolyte solution 

comprised 0.1 M KOH. 

 

In line with the above, the photograph in Fig. S8 depicts a vibrant formation of H2 gas bubbles 

at the (black) nanostructured cathode to the left and O2 gas bubbles at the Pt-wire anode to the 

right. A movie of the process is included in the Supporting Information. 
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Figure S8. A photograph of the electrochemical reaction beaker in which H2 gas bubbles are 

formed at the (black) Nanotrusses/Carbon paper cathode to the left and O2 gas bubbles are 

released from the Pt-coil to the right. 
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Figure S9. Tafel plots for the nanotruss-coated carbon papers (dashed lines), and the Pt wire 

(dotted line). The electrolyte was a 0.1 M KOH solution (pH = 13) in all experiments and all 

data is derived from the LSV in Fig. 3d. 

Table S1. The Tafel slope, the exchange current density, and the overpotential for the 

nanotruss-coated carbon papers and the Pt-wire. The values were derived from data presented 

in Fig. 3d and S9. 

Electrode Tafel slope (mV/dec) i0 (µA/cm2) Overpotential 

(@ -10 mA/cm2) 

Nanotrusses/Carbon 

paper 1 min 

167 8.00 520 mV 

Nanotrusses/Carbon 

paper 5 min 

148 91.1 300 mV 

Nanotrusses/Carbon 

paper 10 min 

120 167 210 mV 

Pt-wire (reference) 115 790 120 mV 
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Table S2. Comparison between different metal catalysts for HER in alkaline electrolytes. 

Electrode Electrolyte 
Overpotential 

(@ -10 mA/cm2) 
Reference 

NiOH on Ni foam 1.0 M NaOH 250 mV 6 

NiO/Ni on carbon 

nanotubes 
1.0 M KOH 100 mV 

7 

 

Co3O4 nanoparticles 

on carbon paper 
0.1 M KOH 380 mV 8 

CoOx on N-doped 

carbon 
1.0 M KOH 235 mV 9 

Metallic Fe-

nanoparticulates 

supported on FTO 

0.1 M KOH 420 mV 10 

Nanotrusses/Carbon 

paper 
0.1 M KOH 210 mV This work 
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