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Popular Science Summary 

Green hydrogen is a potential candidate to be one of the future energy sources. It is a non-

pollutant, sustainable and renewable fuel obtained via clean ways from water. However, current 

ways of producing hydrogen in a sustainable process are inefficient and expensive; therefore, 

more extensive efforts should be made to progress in green hydrogen production. The process 

of generating hydrogen from water and solar light using a photocatalyst is called photocatalysis. 

The photocatalyst is a material that increases the rate of a chemical reaction, and its design is 

the focus of this work. 

An essential factor for efficiently promoting chemical reactions via light is the photocatalyst’s 

surface interacting with the reactants. Nanoparticles, structures a million times smaller than a 

metre, have a large surface-volume ratio and are therefore ideal catalysts. There is a wide range 

of materials used in photocatalysis. However, recent developments highlight the need to create 

sustainable and efficient materials to progress in this field. Transition metal phosphides are 

known for their excellent performance in photocatalysis due to their exceptional electronic and 

physical properties. Moreover, it is well-known in the literature that combining nanomaterials 

can drastically improve the performance of photocatalysts. 

This thesis focuses on the controlled formation of nickel and copper-based phosphides. For this 

purpose, we created nanoparticles containing the two metals and exposed them to controlled 

flows of phosphine gas, resulting in the formation of transition metal phosphides. As their 

photocatalytic activity depends on the shape and structure of the nanoparticles, we investigated 

those properties in an electron microscope. Specifically, we studied the effect of different 

parameters, such as temperature and precursor flow, on the shape and structure of the 

nanoparticles. The obtained results provide a basic understanding of the nickel-copper-

phosphorus system and highlight ways to design future photocatalysts with the potential to 

progress in clean energy production.  
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Abstract 

Transition metal phosphides are low-cost, earth-abundant semiconductors with promising 

properties for photocatalysis, including water-splitting. When combined with other 

semiconductors or noble metals in nanoparticles, their photocatalytic performance can be 

drastically enhanced. Currently, significant research efforts are aiming to explore the facet and 

interface evolution and the correlation with their photocatalytic activity. However, the 

controlled formation of multi-component nanoparticles is not trivial due to the little knowledge 

of their formation mechanisms. 

This thesis aims to provide a fundamental understanding of the Ni-Cu-P nano-system, including 

its dependence on the synthesis parameters. For that purpose, Ni-Cu nanoparticles reacting with 

phosphine were investigated under growth conditions using an environmental transmission 

electron microscope with an integrated gas handling system. The used setup allowed the 

assessment of dynamic processes during the synthesis and detailed characterisation of the 

products using power spectra of the acquired high-resolution transmission electron microscopy 

images/movies and energy dispersive X-ray spectroscopy. The reaction of Ni-Cu nanoparticles 

with a relatively low phosphine flow yielded nanoparticles containing the Ni5P4 and Cu3P 

phases, whereas higher phosphine flows helped stabilise the Ni5P4 and CuP2 phases. 

Furthermore, annealing under different conditions enabled the nanoparticles’ rearrangement, 

including forming a single ternary phase and its separation.  

This work provides a starting point for studying the Ni-Cu-P nano-system and demonstrates the 

impact of different parameters, such as the precursor flow and temperature, on forming different 

phases and their arrangement. Therefore, the obtained results will help progress in developing 

and designing sustainable photocatalysts to produce clean energy efficiently. 

 

Keywords: facet control, in-situ TEM, nanoparticle heterostructures, phase transformation, 

transition metal phosphides.   
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1 Introduction 

The recent developments in the global energy crisis and the European Commission’s 

commitments to reduce greenhouse gas emissions to at least 55% by 20301 highlight the 

urgency of creating non-pollutant, sustainable, and renewable energy sources. Green hydrogen, 

generated exclusively by renewable energy sources such as solar or wind energy in combination 

with water, is a promising environmentally friendly substitute for traditional fossil fuels. 

Currently, the high costs of green hydrogen production prevent progress in reaching the defined 

goals. In 2020, 76% of the global production was provided from natural gas via steam methane 

reforming, 22% from coal gasification, and only 2% from water.2 

Photoelectrochemical and photocatalytic (PC) water-splitting are approaches for generating 

green hydrogen. Equation 1 reveals the chemical reaction representing the addressed process. 

It allows the conversion of earth-abundant water by solar light to chemical energy in the form 

of H2 and O2 using a catalyst. 

 

𝐻2𝑂 
hν,   photocatalyst  
→              𝐻2 + 

1

2
 𝑂2             Δ𝐺298 𝐾

0  = +273 kJ mol-1,  Δ𝐸0 = 1.23 V               (1) 

𝑐𝑎𝑡ℎ𝑜𝑑𝑒: 2 𝐻+ + 2 𝑒−
 
→𝐻2  Δ𝐸

0 = -0.41                                                                             (2) 

𝑎𝑛𝑜𝑑𝑒: 𝑂2−
 
→+ 

1

2
 𝑂2 + 2 𝑒

−  Δ𝐸0 = +0.82 V                                                                     (3) 

 

However, H2 and O2 need to be spatially separated to prevent the explosive backward reaction 

for the safe implementation of the addressed approaches.3 For this reason, in 

photoelectrochemical water-splitting, each of the semi-reactions, the hydrogen evolution 

reaction (HER, Equation 2) and the oxygen evolution reaction (OER, Equation 3), is performed 

in a different half-cell. Ion-exchange membranes or ion-permeable separators connect the half-

cells.4,5 In PC water-splitting, the generated gases are separated downstream by gas separation 

systems.6 The generated hydrogen can be stored and transported, making it an interesting 

energy carrier for the industry. H2 exhibits higher heating values than most fuels. However, its 

lower energy density results in the drawback that bigger tanks are required for storage than 

those currently used for fossil fuels.7 Moreover, H2 can weaken metals (H2 embrittlement), and 

its capability to escape through many materials due to its small molecule size is a significant 

challenge for H2 storage.7,8  
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An efficient photocatalyst is essential for implementing Equation 1 via a PC process. The 

photocatalyst is a semiconductor whose role is to initiate and accelerate the chemical reaction 

by offering charge carriers. The mechanism by which charge carriers are generated in a 

semiconductor by light irradiation with energies equal to or higher than the bandgap energy of 

the semiconductor is revealed in Figure 1. The absorption process leads to the excitation of 

electrons to the valence band (VB), leaving a positively charged hole in the conduction band 

(CB). Electrons and holes can rapidly recombine in bulk or on the surface of the photocatalyst, 

releasing energy in the form of heat or photons. However, the electrons/holes that diffuse to the 

photocatalyst surface without recombination are capable of reducing/oxidizing reactants 

adsorbed to the photocatalyst surface.9 Consequently, the efficient separation of electron-hole 

pairs and the charge carrier diffusion are essential aspects that must be considered for designing 

photocatalysts.  

 

Figure 1. Schematic diagram of the charge carrier separation mechanism in a semiconductor. i) Adsorption of reactants. ii) 

Absorption of photons with equal or higher energy than the semiconductor’s bandgap energy (Eg). iii) Transition of electrons 

from VB to CB. iii’) Recombination of charge carriers yielding heat or photons. iv) Transport of electrons (e-) and holes (h+) 

towards the surface. v) Redox reactions. vi) Desorption of the products. 

Semiconductors with favourable bandgaps and charge carrier transport properties are ideal 

candidates for the role of a photocatalyst.10 Since discovering TiO2 photocatalysed water-

splitting in 1972,11 research on semiconductors for PC applications, like pollutant 

degradation,12–14 CO2 reduction,14–16 or N2 fixation,15,17,18 has been intensified. Metal oxides, 

including ZnO,10,19 Fe2O3,
14,20 WO3,

13,21 and the already mentioned TiO2,
16,17,22–31 as well as 



 

 9 

chalcogenides12,32–34 and nitrides18,33,35 have proven their potential to progress in this research 

field. Currently, there are huge efforts to expand the range of earth-abundant materials with the 

potential of achieving efficient water-splitting.5,36,37  

For efficient hydrogen production, the CB minimum of the semiconductors should be more 

negative than the HER potential (H+/H2, 0 V versus the Normal Hydrogen Electrode (NHE) at 

pH 0). Analogously, the VB maximum should be more positive than the OER potential 

(O2/H2O, +1.23 V versus the NHE at pH 0) for efficient oxygen generation.8,26 In other words, 

a water-splitting photocatalyst should theoretically have a bandgap energy greater than 1.23 eV 

and suitable CB and VB energy levels. However, in reality, slightly higher potentials are needed 

to achieve efficient water-splitting due to the high activation energies required to overcome the 

kinetic energy barriers.38–40 In addition, the semiconductor should ideally have a bandgap 

energy of less than 2.0-2.2 eV to efficiently convert water into H2 and O2 by using a large 

fraction of the solar light spectrum as energy input.25,41 Higher bandgap energies would result 

in the sole absorption of radiation in the ultraviolet region of the solar light spectrum. For 

instance, TiO2 is only capable of absorbing 5% of the solar light due to its large bandgap (3.0-

3.2 eV).26 

It is worth mentioning that the band structure is not the only aspect that must be considered 

when designing an efficient photocatalyst. The reagent’s adsorption/activation and product’s 

desorption are facet-dependent, and surface terminations play an essential role in water-

splitting.42,43 Therefore, depending on the available surface facets and their atomic arrangement, 

the properties of the semiconductor can vary, and the overall PC performance can improve.44 

For instance, Cu2O {110} and {111} facets terminated by Cu atoms show higher PC activity 

for methyl orange degradation due to Cu atoms’ vital role in interacting with the involved 

supplied species.45 In general, photocatalysts should have neither too weak nor too strong free 

energy of reagents adsorption. Weak adsorption may prevent the reaction, and too strong 

adsorptions could poison the catalyst since all the active sites were occupied.43,46  

It is well-known in the literature that the proper selection of crystal facets can enhance the PC 

activity of semiconductors. For instance, the anatase TiO2 {101} facet, which is the 

thermodynamically most stable TiO2 facet,24 shows the best PC activity in HER,31 whereas the 

{001} facet shows higher activity in toxic pollutant degradation.23 In another example, anatase 

TiO2 nanoparticles (NPs) with {111} facets exhibited a significantly higher PC activity in the 

HER than those with {010}, {101}, and {001} facets.47 The identity of the facets exposed to 
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the reactants can affect the PC performance in different ways, such as the facet-dependent          

1) adsorption and activation of reactants on the surface,28 2) electronic band structure,47 and         

3) accumulation of photogenerated electrons and holes, favouring specific reactions.48 By 

increasing the fraction of high activity facets in mono-component semiconductors, highly 

efficient photocatalysts for a particular chemical reaction can be developed.42 

Commonly, mono-component photocatalysts with the desired surface facets are synthesised by 

solution-based synthesis approaches. Thermodynamically controlled syntheses usually result in 

the formation of facets with low surface energies. Consequently, this form of control usually 

leads to fewer high-index facets due to their higher surface energies. On the other hand, 

kinetically controlled syntheses preserve facets with low growth rates, as those with higher rates 

disappear.49 By altering parameters such as the reagents’ starting concentration, solvent 

selection, reaction time, and temperature, growth kinetics can be manipulated.24,50,51 Therefore, 

thermodynamically unfavourable facets can be formed, allowing the facet-design of NPs.52 It 

should be mentioned that the balance between thermodynamics and kinetics must be considered 

for a controlled surface facet design.42  

One of the most common synthesis strategies for facet-engineering includes capping 

agents,42,51,53 such as surfactants, polymers, or inorganic ions, that are adsorbed to certain facets 

and suppress their growth by reducing their surface energy or selectively blocking the surfaces. 

By, e.g., adjusting the capping agent’s concentration, the growth of different facets can be 

rationally controlled.42 Moreover, capping agents can help create stable NP suspensions by 

avoiding strong interactions between the particles due to electrostatic and steric stabilisation, 

which is beneficial for photocatalysis.54 Nonetheless, capping agents usually remain adsorbed 

on the facets even after purification and can affect the PC activity by hindering the adsorption 

and activation of reagents. This can significantly affect the PC activity and highlights the 

importance of characterising the photocatalysts properly after the synthesis and purification 

steps to guarantee reliable PC activity measurements.42 In addition, the capping agents’ removal 

can alter the facet evolution of NPs and initiate the formation of oxide layers which might 

negatively affect the stability and properties of the photocatalyst.53,55 

Another synthetic approach to designing NP crystal facets is selective etching, which is based 

on selectively removing specific NP facets. Due to the atomic and bond arrangement, the 

etching rates of an extensive range of potential etching reagents can vary in different 

crystallographic directions, leading to particular NP shapes.56 The etching rates can also be 



 

 11 

influenced by the temperature, solvent selection, and etching time.57 Additionally, selective 

etching can be performed using protecting agents that adsorb on certain nanocrystal facets 

subsequently protected from the etching reagents. As a result, only the unprotected facets are 

etched, and the desired facets remain.58  

Multi-component nanostructures, including the combination of semiconductors with other 

semiconductors or noble metals, have been developed in the last years to improve the 

performance of photocatalysts. The advantage of such structures originates in two different 

aspects: 1) the extension of the light absorption range and 2) the efficient separation of electron-

hole pairs preventing their recombination.  

By coupling small bandgap semiconductors (<1 eV) with large bandgap semiconductors                 

(>1 eV),59 it is possible to achieve electron-hole pair separation using longer wavelengths, 

shifting or extending the light absorption to the visible region.10 The type of the semiconductor-

semiconductor heterojunction must be considered an important aspect of achieving efficient 

charge carrier separation. In general, the interface between two semiconductors (A and B) can 

be classified into three types (Figure 2): 1) straddling gap (type 1), 2) staggered gap (type 2), 

and 3) broken gap (type 3).60 In the type 1 heterojunction, the CB/VB of A is higher/lower than 

the corresponding band of B. Consequently, both electrons and holes accumulate in B, not 

allowing an efficient charge carrier separation. In the type 2 heterojunction, both the CB and 

the VB of A are higher than those of B. Hence, the photogenerated electrons will accumulate 

in B and the holes in A. Therefore, the charge-carrier pairs can be spatially separated. Finally, 

in the type 3 heterojunction, the bandgap regions of the two semiconductors do not overlap, 

making electron-hole pair separation impossible. Consequently, type 2 heterojunctions are the 

most efficient for electron-hole pair separation and, therefore, promising for enhancing the PC 

performance.  



 

 12 

 

Figure 2. Schematic diagrams of the three different band alignments for semiconductor heterojunctions: a) straddling gap (type 

1), b) staggered gap (type 2), and 3) broken gap (type 3). 

Another possibility to achieve higher PC performances is the coupling of semiconductors with 

noble metals, such as Au or Ag, due to the plasmonic effect. The plasmonic energy transfer 

from the metal to the semiconductor extends the light absorption range through localized 

surface plasmon resonance (LSPR) excitation.26,61 Moreover, the plasmonic effect in metal-

semiconductor heterostructures forming a Schottky junction allows the delocalisation of 

electrons and holes.26,62 This junction enables the photogenerated electron to move in a specific 

direction depending on the type of the semiconductor.22 In n-type semiconductors, the electrons 

will be transferred to the metal, whereas in p-type semiconductors, electrons will be transferred 

to the semiconductor.63 The overall plasmonic effect can significantly enhance PC performance. 

For instance, TiO2 with attached Au NPs exhibits a 66 times higher PC activity in water-splitting 

due to the increase of the electron-hole generation rate.64  

When designing a multi-component photocatalyst, both the surface and the interface facets need 

to be controlled.44 Approaches already mentioned above for mono-component semiconductors 

can also achieve surface facet control in multi-component photocatalysts. On the other hand, 

the interface design using different components can help accumulate charge carriers and 

increase their transfer efficiency. The key factors that must be considered for an efficient charge 

carrier separation on heterointerfaces, and thus for an efficient PC activity are 1) the facet-

dependent ability to accept electrons or holes, considering the accumulation of charge carriers 

on specific facets, 2) the facet-dependent electronic band structure, which influences the 

interfacial charge transfer, and 3) the interfacial structural and electronic couplings relying on 

the facet contacts, wherein semiconductor-metal structures the plasmonic effect plays an 



 

 13 

important role.42 Therefore, potential advantages of multi-component heterostructures require 

an understanding of how to control their surfaces and interfaces.  

A common approach for creating multi-component photocatalysts is the self-assembly of two 

or more independent components65,66 or the growth of one component on already existing 

surface facets of the other component.67 The latter case can be combined with the 

aforementioned thermodynamic and kinetic approaches to tailor crystals in mono-component 

systems. For instance, when tailoring PdPt nanocrystals’ facets with different capping agents, 

two PdPt/TiO2 interfaces formed by different facets were observed in the literature.68 Overall, 

capping agents are widely used for achieving interface facet control for synthesising multi-

component photocatalysts in solution-based processes. 

However, other strategies must be developed to progress in this research field. Currently, 

potential drawbacks of solution-based processes include long processing times, expensive 

precursors,69 and the already addressed effects of capping agents on the PC performance.42,53,55 

Capping agent-free facet-controlled synthetic approaches include other solution-based 

approaches, such as electrodeposition techniques70 and hydrothermal routes,71 and gas-phase 

syntheses.72,73 In this work, gas-phase processes are of particular interest, aiming to evaluate 

the PC performance in the absence of capping agents subsequent to this study. 

As already discussed above, several intermediate-size bandgap semiconductors have proven 

their suitability in PC applications by controlling their surface and combining them with other 

materials. Some common semiconductors for PC water-splitting are CdS,22,33,34,74 g-C3N4,
22,33,35 

and most importantly TiO2,
22,25,27,29,30 whereas noble metals such as Pt68,75 or Au34,64 are widely 

used as co-catalysts to achieve high PC activity. However, the disadvantages of noble metal co-

catalysts are their high cost, low abundance, and sensitivity to poisoning,76 which decreases 

their activity, highlighting the necessity to find efficient, earth-abundant, low-cost 

photocatalysts.  

Transition metal phosphide (TMP) semiconductors are promising candidates for facilitating 

efficient H2 production due to their abundance, stability, and versatility. They can work in 

photocatalysis and photoelectrocatalysis as mono-component catalysts or in combination with 

co-catalysts.38,77,78 The multi-electron orbitals of P are likely to lead to better chemical 

properties of TMPs compared to nitrides.36 The strong M-P bond in the crystal results in high 

corrosion resistance in acidic mediums and high thermal and structural stability.79,80 While 
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metal-richer phosphides, like MP or M2P, show metallic behaviour with electric and thermal 

conductivity similar to noble metals,81 P-richer TMPs have semiconductor properties,79,82 

where the electronegativity of P restricts the electron delocalisation in the metal.83 In addition, 

experimental data show that the best performances in HER correspond to the TMPs with higher 

P content.46,84–86 The electronegativity of P results in drawing electrons from the metal, acting 

as a negatively-charged proton trap during the redox reaction.87 P also has a significant effect 

on H2 desorption. The presence of P dilutes the density of the metal on the surface, which 

decreases the binding energy with H2, favouring its desorption.43,46  

TMPs synthesis strategies can be classified into solution-phase and gas-solid reactions.36,73,88,89 

For the first approach, TMPs are usually synthesised using organic P sources, like 

triphenylphosphine and tri-n-octylphosphine. Control over the particles’ size, morphology, and 

stoichiometry can be achieved by adjusting the reaction parameters, such as the temperature or 

precursor ratios.73 On the other hand, gas-solid reactions usually involve hypophosphites, which 

can decompose and produce phosphine (PH3). This approach requires working in an air-free 

environment and implies working with toxic and pyrophoric P-containing substances.73 

Additionally, white and red P can also be used to prepare mono- and multi-component TMPs. 

However, rigorous control of the reaction is required due to the formation of white P and/or 

PH3.
88,89  

P can react with a wide range of elements to form phosphides. The most common TMPs in 

photocatalysis are based on Fe,36,38,43 Co,36,38,43,86 Mo,36,43,46 Ni,36,38,43,74,84,85,90–92 and 

Cu.27,36,43,72,77,93,94 Ni and Cu are earth-abundant metals and their phosphides have promising 

PC properties. According to the literature,43,85 the main Ni phosphides used for PC water-

splitting are Ni2P, an n-type semiconductor with a calculated indirect bandgap energy of 1.31 

eV,92 Ni12P5, an n-type semiconductor with a calculated bandgap energy of 0.88 eV,74 and 

especially Ni5P4, which exhibits the best HER activity among the three phases.43,84,85 On the 

other hand, Cu3P is a p-type semiconductor due to a high density of Cu vacancies,95 with a 

direct bandgap energy of 1.3–1.6 eV.27,96 Cu3P is usually combined with n-type 

semiconductors97 or metals93 to enhance the PC performance. Its promising electronic structure 

and mechanical and thermal stability make Cu3P an ideal candidate for water-splitting.94 The 

controlled combination of Cu- and Ni-based TMPs could result in an efficient, non-noble metal-

containing, and sustainable photocatalyst.  
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This study aims to examine the synthesis of Ni and Cu phosphides by gas-solid reactions and 

form different phases with specific interfaces by varying the synthesis parameters. Data for this 

study were collected using an environmental transmission electron microscope (TEM) 

equipped with a gas handling system capable of supplying PH3. The findings of this project 

intend to provide an elemental understanding of the Ni-Cu-P system, allowing the design of 

advanced NP heterostructures with potential applications in PC water-splitting. 
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2 Materials and Methods 

2.1 Experiments 

• Ni-Cu NP synthesis and deposition: The bimetallic NPs were generated in a home-

built spark ablation system using Cu as the anode and Ni as the cathode. An N2/H2 gas 

mixture carried the generated agglomerates through a furnace kept at 900 ºC for 

sintering. Subsequently, a differential mobility analyser (DMA) selected particles with 

a particular mobility diameter. NPs with a diameter of approximately 30 nm were 

deposited on microelectromechanical systems (MEMS)-based heating chips via the 

electrostatic precipitator.72,98 

 

• Annealing: For the first experiment, the bimetallic particles were annealed at 650 ºC 

for 12 min, with the supply of 2.0 sccm H2, to remove oxides and contamination from 

the NP surfaces. For the second experiment, two annealings at 650 °C were performed 

without any H2 supply – the first for 12 min and the second for 10 min. 

 

• Phosphides synthesis: The TMP synthesis was performed by the controlled supply of 

PH3 via the side port injector integrated into the column and connected to the gas 

handling system. Different PH3 flows were supplied directly to the heated area of the 

MEMS-based chip. For experiment 1, the Ni-Cu particles were kept at 350 ºC after the 

annealing with H2, and 0.2 sccm of PH3 were added. The phase transformation occurred 

a few seconds after PH3 was supplied. For experiment 2, the Ni-Cu particles were 

annealed without H2 at 650 ºC, and approximately after 8 min, 0.4 sccm of PH3 were 

added. Detailed graphs representing the process parameters used for both experiments 

are shown in Figures A and B. 

 

• Environmental TEM imaging and characterisation: Experiments were performed 

with a Hitachi HF-3300S environmental TEM operated at 300 kV. The microscope can 

record high-resolution TEM (HRTEM) images/movies with a relatively high temporal 

resolution using a GATAN OneView IS camera. Moreover, it allows performing 

scanning TEM (STEM) and energy-dispersive X-ray spectroscopy (EDS) analyses.  
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2.2 Data processing 

• Environmental TEM data processing: The environmental TEM images and movies 

were recorded and processed with DigitalMicrograph from Gatan (Version 

3.50.3584.0). The HRTEM movie used for Figure 5 was acquired with a frame rate of 

20 frames per second, and the one used for Figure 11 was acquired with a frame rate of 

25 frames per second. HRTEM images extracted from both movies were generated by 

combining 10 averaged consecutive frames. DigitalMicrograph was also used to 

calculate power spectra of specific HRTEM image regions by applying a fast Fourier 

transform (FFT) on the selected image region. This allowed the analysis of the present 

phases in the samples.  

 

• Power spectra analysis: Power spectra of the NPs were overlaid with simulated 

electron diffraction patterns using SingleCrystal and CrystalMaker from CrystalMaker 

Software Ltd. (Version 4.1.6). The CIF files were downloaded from the Inorganic 

Crystal Structure Database of the FIZ Karlsruhe – Leibniz Institute for Information 

Infrastructure. 

 

• EDS and STEM-EDS data processing: The EDS data were acquired and processed 

with AZtec from Oxford Instruments Nanotechnology Tools Ltd. (Version 5.0). The 

error of the compositional analysis is ~ 0.5 %. However, due to the small size of the 

NPs, the error is expected to be more significant.  

 

• Figures: The figures of this work were prepared using PowerPoint from Microsoft 

Corporation (Version 2204) and GIMP (Version 2.10.30). 
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3 Results and Discussions 

Ni-Cu NPs were generated in a home-built spark ablation system and deposited on MEMS-

based heating chips for in-situ TEM analysis. The diameter of the deposited NPs was 

approximately 30 nm. As revealed in their binary phase diagram, Ni and Cu show complete 

miscibility over the whole composition range.99  

3.1 Experiment 1 

STEM-EDS elemental maps of NPs recorded before the phosphorisation (Figure 3) showed an 

average NP composition of 79 at% ± 4 at% Ni and 21 at% ± 4 at% Cu (7 NPs were measured). 

Both elements were homogeneously distributed within the NPs. The low Cu content in the NPs 

is due to the fact that fewer Cu atoms were ablated from the corresponding electrode during the 

NP generation. Contamination on the NP surfaces could be observed exemplarily shown in 

Figure 3a. The contamination could originate from the oxidation of the metals or the electron 

beam-induced deposition of carbon from hydrocarbon sources present in the microscope. 

 

Figure 3. (a) HRTEM image of a Ni-Cu NP acquired at 350 ºC without a previously performed H2 treatment. (b) Ni (Kα1) and 

(c) Cu (Kα1) STEM-EDS elemental maps of the NP presented in (a).  

Although most NPs had a spherical shape and the desired size (Figure C), some nanostructures 

showed incomplete compaction. Those structures revealed a sintering neck and similar 

composition in both NP parts (Figure 4). EDS spectra also showed that before the annealing, a 

phase that might be a metal arsenide was present, most likely formed at the interface of the two 

Cu/Ni solid alloy phases. The deposited NPs were annealed at 650 ºC with an H2 supply of 2 

sccm to remove surface oxides. The arsenide phase was examined after the annealing and could 

be assigned to ternary (Ni, Cu)5As2 phase using the phase’s power spectrum (Figure D). 
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Figure 4. HRTEM images of a Ni-Cu NP acquired at 350 ºC (a) before and (b) after the annealing performed at 650 ºC with 

an H2 supply of 2.0 sccm. An additional phase was observed at the interface of the two Cu/Ni solid alloy phases. It is expected 

that the additional phase formed due to the As background pressure in the microscope caused by contamination from previous 

experiments. EDS spectra of the NP’s (c) upper part and (d) lower part before the annealing. (e) EDS spectrum of the NP after 

the annealing. The Si peaks observed in the EDS spectra correspond to the chip’s SiNx membrane on which the NPs were 

deposited. 

After the H2 treatment at 650 °C, 0.2 sccm PH3 were supplied to the sample kept at 350 ºC. A 

graph showing the used process conditions of experiment 1 is presented in Figure A. The 

dynamic processes occurring as part of the phase transformation are shown as a sequence of 

HRTEM images extracted from an HRTEM movie (Figure 5). Before adding PH3, the NP 

composition was homogeneous, and its morphology was spherical (Figure 5a). The metals’ 

chemical reaction with PH3 yielded a faceted nanostructure growing on the upper-right part of 

the NP indicated by a white arrow (Figure 5b-c). The phosphide phase, which could be assigned 

to Ni5P4 oriented in its [0001] zone axis (Figure 5e), kept growing, as revealed and indicated by 

a white arrow in Figure 5d. Finally, after approximately 51 s of PH3 supply, the NP stopped 

growing, resulting in the nanostructure presented in Figure 5f. It is worth mentioning that no 

Cu-phase could be identified in this NP. There are two possible explanations. One likely 
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scenario is that the total Cu amount in the NP was small enough to be completely dissolved in 

the Ni5P4 phase. However, the lattice parameters correlated to the reflections in the power 

spectrum did not show alterations compared to the pure Ni5P4 phase represented by the 

simulated electron diffraction pattern in Figure 5e. On the other hand, similar Ni and Cu radii59 

would lead to negligible expansion or contraction of the phase, resulting in a similar pattern. 

The other possibility is that a Cu-based phase was attached to the Ni5P4 phase but oriented off 

a specific zone axis, making its observation difficult. Since no EDS data of this NP were 

acquired, a detailed characterisation of the present phase(s) was not possible. 

 

Figure 5. Selected averaged frames of an HRTEM movie at (a) -7.5 s, (b) 1.6 s, (c) 8.3 s, (d) 27.3 s, and (f) 51.3 s after 

supplying 0.2 sccm PH3 to a Ni−Cu NP kept at 350 °C. (e) The power spectrum corresponding to (d) was overlaid with a 

matching simulated electron diffraction pattern of the Ni5P4 phase100 oriented in its [0001] zone axis. 

A detailed characterisation of a NP just after starting the PH3 supply revealed the presence of 

two different phases (Figure 6). The power spectrum of the HRTEM image in Figure 6b shows 

the presence of a relatively large Ni5P4 phase and a minor Cu3P phase. STEM-EDS elemental 

maps of the NP in Figure 6a confirmed the assigned identity of the phases (Figure 6c-e). 

Moreover, EDS data confirmed that no significant As content was present in the NP. 
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Figure 6. (a) HRTEM image of a Ni-Cu NP acquired at 350 ºC just after starting the PH3 supply. (b) Power spectra of (a) with 

overlaid simulated electron diffraction patterns of the Ni5P4 ([0001] zone axis, blue pattern) and Cu3P ([100] zone axis, orange 

pattern101 phases are shown. The phases’ locations are indicated with labels in (a). STEM-EDS elemental maps of (d) Ni (Kα1), 

(e) Cu (Kα1), and (f) P (Kα1) confirm the presence of the addressed phases in the NP revealed in (a). 

Subsequently, temperature annealings under different conditions were performed (see Figure 

A). The resulting NPs, where one is exemplarily shown in Figure 7, revealed similar results as 

the NP in Figure 6. The overlay of the power spectra corresponding to the HRTEM image in 

Figure 7a with matching simulated electron diffraction patterns allows the association of Ni5P4 

to the larger phase (Figure 7b) and Cu3P to the smaller one (Figure 7c). The power spectra 

analysis revealed that the sharp interface between the two phases was formed by Ni5P4{12̅10} 

and Cu3P{001} facets. 

STEM-EDS maps confirmed the chemical compositions associated with the attributed phases 

in the NP (Figure 7d-g). A small amount of As was likely present in the bottom right part of the 

NP, as suggested by the corresponding EDS map (Figure 7g). The data indicate that As was not 

exchanged completely with P after supplying PH3. The chemical composition of the Ni-based 

phase could be determined to be approximately 54 at% Ni, 42 at% P, and 4 at% Cu. On the 

other hand, a chemical composition of approximately 46 at% Cu, 38 at% P, and 16 at% Ni was 

observed for the Cu-based phase, indicating the incorporation of Ni atoms in the Cu3P phase. 

However, it is worth mentioning that the volume of the Cu-based phase was extremely small, 

making a precise quantification of the chemical composition impossible. Still, the trends are 

visible and confirm the conclusions from above. 
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Figure 7. (a) HRTEM image of a Ni-Cu NP acquired at 400 ºC after stopping the PH3 supply. Power spectra of the (b) Ni-

based and (c) Cu-based NP phases are shown. Simulated electron diffraction patterns of (b) the Ni5P4 phase-oriented in the 

[0001] zone axis and (c) the Cu3P phase oriented in the [100] zone axis matched the power spectra confirming their presence. 

The phases’ locations are indicated with labels in (a). STEM-EDS elemental maps of (d) Ni (Kα1), (e) Cu (Kα1), (f) P (Kα1), 

and (g) As (Kα1) confirm the presence of the addressed phases in the NP revealed in (a). 

Finally, the temperature was increased step-wise after stopping the PH3 supply (see Figure A). 

The effect of the temperature on the NPs was evaluated, emphasizing potential dynamic 

processes initiated by the energy input. The studied NP had a spherical shape at 228 s after 

increasing the temperature to 550 ºC (Figure 8a). The power spectrum of the NP (Figure 8d) 

allows the identification of the ternary phosphide (Ni, Cu)5P4 phase, oriented in its [0001] zone 

axis by overlaying it with a matching simulated electron diffraction pattern. Interestingly, at 

311 s after increasing the temperature to 550 °C, another phase separated from the (Ni, Cu)5P4 

phase on the top part of the NP, as indicated by a white arrow (Figure 8b). The power spectrum 

of the whole NP revealed new reflections, as indicated by white circles, which suggests the 

separation of a Cu-based phase (Figure 8e). The primary phase could still be assigned to the 

Ni5P4 phase in its [0001] zone axis, with the incorporation of Cu atoms expected to be 

significantly lower. Finally, when the NP was heated to 678 ºC and kept at the same temperature 

for approximately 1 min, the separated phase rearranged at the surface of the Ni5P4 phase 

(Figure 8c). 

We concluded that the Ni5P4 phase initially contained significant amounts of Cu atoms based 

on those observations. The Ni5P4 phase formed a sharp interface with the Cu-based phase 

involving a Ni5P4{32̅1̅0} facet. Unfortunately, the Cu-based phase was not oriented in one of 

its zone axes, making a more detailed characterization impossible. The Cu-based phase was 

likely to be Cu3P due to Cu3P{100} planes that could be associated with the intense reflections 
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highlighted by the white circles in Figure 8f. However, EDS data were required to determine 

the presence of the Cu3P phase during this process stage.  

 

Figure 8. HRTEM images of the same Ni-Cu NP acquired at (a) 550 ºC, (b) at the same temperature and a longer annealing 

time, and (c) at 678 ºC. HRTEM images were acquired after (a) 228 and (b) 311 s of annealing at 550 ºC. (c) The HRTEM 

image was acquired after 52 s of annealing at 678 ºC. (d-f) Power spectra of the NPs shown in (a-c) with overlaid simulated 

electron diffraction patterns of the (Ni, Cu)5P4 ([0001] zone axis, blue pattern) phase. The power spectra of the Ni5P4 (blue 

frame) and the separated phase (white square) are included as insets in (f). 

Subsequently, the sample was heated to 700 ºC, which caused the rearrangement of the Cu-

based phase located in the left part of the NP, as indicated with a white arrow in Figure 9a. The 

temperature was decreased to 400 ºC to achieve better imaging of the particle (Figure 9b). The 

power spectrum of the HRTEM image in Figure 9b confirms that the larger phase was Ni5P4 

and that the smaller phase was Cu3P (Figure 9c). Moreover, the sharp interface between the two 

phases was identified as a Ni5P4{101̅0}/Cu3P{010} interface. These results suggest that, as 

already mentioned above, the separated phase in Figure 8c was very likely Cu-based and the 

energy input, either from the temperature or the electron beam, caused the rearrangement of the 

phases.  
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Figure 9. HRTEM images of the same Ni-Cu NP acquired at (a) 700 ºC and (b) 400 ºC. (c) Power spectrum of the NP shown 

in (b) with overlaid simulated electron diffraction patterns of the Ni5P4 ([0001] zone axis, blue pattern) and Cu3P ([100] zone 

axis, orange pattern) phases. The power spectra of the pure phases are shown as insets in (c). Labels in (b) indicate the phases’ 

locations. 

3.2 Experiment 2 

In the second experiment, the NPs also revealed As contamination before supplying PH3, as 

demonstrated by STEM-EDS elemental maps acquired at 350 °C (Figure E). Moreover, a small 

amount of P was found in the NP before any PH3 was supplied (71 at% Ni, 22 at% Cu, 5 at% 

As, and 2 at% P). After 8 min of annealing at 650 °C without adding H2, another NP showed 

different phases (Figure 10a) instead of a homogeneous spherical NP as in Figure 3. Due to 

their complete miscibility over the whole composition range already addressed above,99 Ni and 

Cu formed a Ni1-xCux solid solution. The power spectrum of the NP was overlaid with simulated 

electron diffraction patterns of the Ni1-xCux phase for the [110] and [101] zone axes (Figure 

10b). Therefore, the NP revealed a twinned Ni1-xCux phase with an interface formed by {111} 

facets. The formation of interfaces involving {111} facets is common for cubic systems, as 

reported in the literature.102 The two phases had approximately the same composition, as 

observed in STEM-EDS elemental maps (Figure 10c-e). 

Moreover, As contamination was also observed in the right part of the NP. As reacted with the 

Ni1-xCux phase, forming an arsenide. The arsenide could be assigned to Ni5As2, but as Cu was 

also part of the phase, it is expected that Cu was also incorporated into the Ni5As2 phase, 

forming a ternary Ni-Cu arsenide phase ((Ni, Cu)5As2) with a composition in accordance with 

the Ni:Cu ratio of the initial metal NP. EDS data of the As-rich phase (Ni 73 at%, Cu 15 at%, 

and As 12 at%) are in good agreement with this hypothesis. It is worth mentioning that it is 

likely that the NP already presented the twinned phases before the chemical reaction with As 

occurred. 
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Figure 10. (a) HRTEM image of a Ni-Cu NP with As contamination acquired at 650 ºC without previous H2 treatment and 

before the PH3 supply. (b) Power spectrum of the whole NP in (a) with overlaid simulated electron diffraction patterns of        

Ni1-xCux oriented in the [110] zone axis (pale yellow pattern)103,104, Ni1-xCux oriented in the [101] zone axis (brown pattern), 

and (Ni, Cu)5As2 oriented in the [145̅0] zone axis (purple pattern)105. The phases’ locations are indicated with labels in (a). 

STEM-EDS elemental maps of (c) Ni (Kα1), (d) Cu (Kα1), and (e) As (Kα1) highlight the chemical distribution in the NP 

revealed in (a). 

The chemical reaction with P was performed at 650 °C by supplying 0.4 sccm of PH3. A graph 

summarising the process parameters of experiment 2 is shown in Figure B. As PH3 reacted with 

the NP, its morphology changed, as shown in a sequence of HRTEM images extracted from an 

HRTEM movie (Figure 11). The sequence reveals the chemical reaction of Ni and Cu with P 

resulting in the growth of a new phase while consuming the Ni1-xCux phases (Figures 11a-c). 

The initially present (Ni, Cu)5As2 phase acted as a nucleus for the new phase and remained 

attached to the NP during the transformation process. The power spectra corresponding to the 

HRTEM images in Figures 11a-c confirm the abovementioned observations (Figure 11d-f). 

Moreover, the chemical reaction led to the evolution of a single Ni-Cu phosphide phase from 

the twinned Ni1-xCux phase, which implies that Cu was incorporated in the Ni-rich phosphide 

phase.  
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Figure 11. Selected averaged frames of an HRTEM movie at (a) 3.1 s, (b) 4.1 s, and (c) 9.0 s after supplying 0.4 sccm PH3 to 

the same NP as in Figure 10a kept at 650 °C. (c) The (Ni, Cu)5P4 phase nucleated at the (Ni, Cu)5As2 phase and grew by 

consuming the Ni-Cu solid solution. (d-f) The identity of the present phases was assigned by overlaying the power spectra 

corresponding to the HRTEM images in (a-c) with matching simulated electron diffraction patterns of Ni1-xCux oriented in the 

[110] zone axis (pale yellow pattern), Ni1-xCux oriented in the [101] zone axis (brown pattern), (Ni, Cu)5As2 ([145̅0] zone axis, 

purple pattern), and (Ni, Cu)5P4 ([112̅3] zone axis, blue pattern) phases. Labels in (a-c) indicate the phases’ locations. In contrast 

to (d) and (e), new reflections can be observed (marked with a blue ellipse) in (f), corresponding to the formed (Ni, Cu)5P4 

phase. It should be noted that in the bottom left inset of (f), the power spectrum includes both the (Ni, Cu)5As2 and (Ni, Cu)5P4 

phases.  

Finally, the Ni1-xCux phases were completely consumed, resulting in a ternary phosphide 

(Figure 12a). Interestingly, phase separation was observed when the temperature was decreased 

from 650 ºC to 350 ºC without stopping the PH3 supply (Figure 12b). The new phase could be 

identified as CuP2 via the overlay of the power spectrum with a simulated electron diffraction 

pattern of this phase (Figure 12c). The Ni-based phase could still be assigned to Ni5P4 (Figure 

12c). The EDS analyses of the phases’ chemical composition confirmed the allocation of the 

Ni5P4 phase (58 at% Ni, 39 at%, and 3 at% Cu), but showed a mismatch for the Cu-based phase 

(42 at% Cu, 45 at% P, and 13 at% Ni). The mismatch might be caused by the small volume of 

the Cu-based phase and the resulting significant error in the EDS measurements. Therefore, the 

Cu phase could be either assigned to the CuP2 phase (33 at% Cu) or the Cu3P phase (75 at% 

Cu). However, the pattern of the power spectrum and the relatively high PH3 flow used for this 
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experiment suggest the presence of a P-richer phase. Moreover, STEM-EDS elemental maps 

(Figure 12d-f) revealed that after the PH3 supply, P entirely replaced As in the NP, as the latter 

was not detected in the maps. Finally, it is also worth mentioning that the energy input of the 

electron beam could affect the processes discussed above.72 

 

Figure 12. (a) HRTEM image of the same NP as presented in Figure 10 and kept at 650 °C after the chemical reaction was 

completed. (b) The HRTEM image reveals the NP after decreasing the temperature to 350 ºC. The PH3 supply remained 

unaltered. The temperature decrease led to separating the ternary phosphide into the Ni5P4 and CuP2 phases. (c) The power 

spectrum of the NP in (b) with overlaid simulated electron diffraction patterns of the Ni5P4 ([0001] zone axis, blue pattern) and 

CuP2 ([010] zone axis, green pattern)106 phases allowed the allocation of the phases suggested above. (d) STEM-EDS elemental 

maps of Ni (Kα1), (e) Cu (Kα1), and (f) P (Kα1) confirm the phase separation process observed in the NP in (b).  
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4 Conclusions 

The deposited NPs revealed a composition of approximately 80 at% Ni and 20 at% Cu. The 

metals formed a Ni1-xCux solid solution, which in some cases were twinned. During the 

conduction of the experiments, As contamination had an unintentional impact on the NPs, 

forming ternary arsenides. However, by supplying PH3 at high temperatures, P could partly and, 

in some cases, completely replace the As from the NPs. 

When Ni-Cu NPs reacted with relatively low flows of PH3, the formation of single-phase               

(Ni, Cu)5P4 and two-phase Ni5P4-Cu3P NPs was observed. We conclude that a limited amount 

of Cu can be dissolved in the Ni5P4 phase. Therefore, the initial bimetallic NPs’ Ni:Cu atomic 

ratio is elemental to control the formation of different phases. We expect that a higher Cu 

content in the NPs will likely lead to two-phase NPs consisting of Cu- and Ni-based phosphides. 

Moreover, the impact of temperature annealing on the arrangement of the phases has been 

observed. Consequently, temperature annealings show potential in rearranging heterointerfaces 

and changing the involved facets. In some cases, the characterisation of the NPs revealed 

defined Ni5P4/Cu3P interfaces with specific facets involved in the formation.  

When the metallic NPs reacted with higher PH3 flows at higher temperatures, the ternary         

(Ni, Cu)5P4 phase formation was observed. We conclude that the elevated temperatures led to 

a higher solubility of Cu atoms in the Ni phosphide phase. Moreover, when the temperature 

was decreased, a Cu-based phase separated from the (Ni, Cu)5P4 phase, lowering its Cu content. 

The separated Cu-based phase could be assigned to the CuP2 phase. 

Overall, these results indicate that different phases can be formed by adjusting different 

parameters, including the initial atomic ratio, precursor flow, and temperature. Furthermore, 

the experiments proved that the NPs are stable up to 700 ºC, as heat treatment did not affect the 

final formation of the Ni5P4, Cu3P, and CuP2 phases. According to the literature, the Ni5P4 and 

Cu3P phases exhibit favourable activity for water-splitting.74,94 Therefore, combining those two 

phases formed by earth-abundant elements in a gas-phase process not involving capping agents 

could significantly improve the PC performance, which will be evaluated in future experiments. 
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5 Outlook 

In this thesis, we have studied the Ni-Cu system with an approximate composition of Ni 80 at% 

and Cu 20 at%. The atomic ratio of the metals has been presumed as an essential factor in 

observing specific phases in the ternary Ni-Cu-P nano-system. Therefore, further experiments 

with different Ni:Cu atomic ratios of the deposited bimetallic NPs could be performed to obtain 

additional control over the formation of the phases. For that purpose, the NP generation via the 

spark ablation system needs to be optimised for a reproducible deposition of Ni-Cu NPs with 

specific Ni:Cu atomic ratios. Moreover, further experiments with different PH3 flows and 

annealing temperatures could be performed to better understand the processes involved in the 

reaction of Ni-Cu NPs with PH3. 

A more detailed analysis of surface and interface facet design could be achieved by performing 

more experiments. Moreover, two different Cu phosphides phases and one Ni phosphide phase 

were synthesised. However, by altering the synthetic parameters, other phases could be 

obtained and studied, resulting in a broader knowledge of the Ni-Cu-P nano-system and a better 

understanding of the nanostructures’ interfaces. Future studies will also correlate this system’s 

designed interfaces and phases with the PC performance in water-splitting. One future goal 

would be to synthesise Cu-Ni5P4 NPs to achieve better charge carrier separation via the 

plasmonic effect originating in the metallic Cu phase. 

Finally, another objective of this work could be the growth of GaP nanowires using Ni-Cu seed 

particles with the ultimate goal to crystalise the relevant phosphides at the tip of the GaP 

nanowires after growth. This approach would allow the combination of three different 

phosphide phases, all showing activity in PC reactions. 
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7 Appendix 

 

Figure A. Detailed graph representing the process parameters of experiment 1. The annealing was performed at 650 ºC with 2 

sccm of H2 for 12 min. In this experiment, 0.2 sccm of PH3 were used for the initial reaction.  

 

 

Figure B. Detailed graph representing the process parameters of experiment 2. In this experiment, no H2 was used for the 

annealing. Two temperature annealings at 650 ºC were performed for 12 and 10 min. The chemical reaction with the bimetallic 

NPs was performed with a flow of 0.4 sccm PH3. 
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Figure C. HRTEM image of the generated Ni-Cu NPs by the spark ablation system. Most of the NPs have a diameter of 

approximately 30 nm. The NP indicated by a white arrow corresponds to the NP in Figure 4 and represents incomplete 

compaction observed for some agglomerates passing the furnace of the spark ablation system.  

 

 

Figure D. Power spectrum of the HRTEM image in Figure 4b with overlaid simulated electron diffraction pattern of the           

(Ni, Cu)5As2 phase ([101̅1] zone axis, purple pattern). The overlaid squares represent forbidden reflections, which can be 

observed most likely due to the thin thickness of the crystal.107 
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Figure E. (a) HRTEM image of a Ni-Cu NP with As contamination acquired at 350 ºC without previous H2 treatment and 

precursor supply. STEM-EDS elemental maps of (b) Ni (Kα1), (c) Cu (Kα1), (d) P (Kα1), and (e) As (Kα1) show the elemental 

distribution in the NP revealed in (a). 

 


