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Abstract 

Pentlandites have demonstrated promising hydrogen evolution reaction (HER) 

performance and are particularly attractive due to their earth abundance and direct 

utilization as naturally occurring ores. However, their micrometer-scale particle size 

limits the accessible surface area and effective catalyst utilization. Laser fragmentation 

in liquids (LFL) offers an approach to overcome this limitation by producing 

nanoparticles while largely preserving the structure and composition of the pristine 

material. Therefore, picosecond LFL was employed to fragment Ni2.25Co6.75S8 

pentlandite microparticles into nanoparticles with the aim of enhancing their HER 

performance. By systematically varying the laser fluence (200-800 mJ/cm²) and the 

induced pulses per volume (24-72 PPV), optimal fragmentation conditions were 

identified, while the resulting structural and chemical composition as well as the HER 

performance were comprehensively investigated using electron microscopy, X-ray 

diffraction, energy-dispersive X-ray spectroscopy, thermogravimetric analysis, electron 

paramagnetic resonance spectroscopy, and electrochemical characterization. The 

microparticles were successfully fragmented into 10-40 nm nanoparticles while largely 

preserving their crystal structure, however with indications of composition changes at 

higher fluences. Laser processing at fluences of ≥600 mJ/cm² reduced the HER 

overpotential by up to 50 mV (≈15%) compared to the pristine material. This 

enhancement is most likely associated with the formation of a thin carbon shell and an 

increased concentration of paramagnetic species, indicating a higher defect density in 

the laser-fragmented nanoparticles. The laser-fragmented catalysts were further 

successfully integrated into a zero-gap electrolyzer, demonstrating their applicability 

under a technologically relevant reaction environment. This approach demonstrates 

the potential of LFL as a promising tool for converting micrometer-sized catalyst 
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powders into nanostructured materials while preserving their crystal structure and 

improving their catalytic performance, thereby enabling catalyst optimization beyond 

the capabilities of conventional processing methods. 
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Nanoparticle Synthesis; Pentlandite 

Introduction 

The transition toward a sustainable energy economy relies on the large-scale 

deployment of renewable energy sources and efficient energy storage technologies, 

with green hydrogen emerging as a key energy carrier for the decarbonization of future 

energy systems. [1–4] Among the available hydrogen production technologies, proton 

exchange membrane (PEM) water electrolysis is currently considered one of the most 

promising approaches. [5–7] However, its widespread implementation is still limited by 

the reliance on expensive and scarce platinum-group metal catalysts. Consequently, 

the development of earth-abundant alternatives capable of delivering competitive 

activity and stability has become a major research focus. Among the emerging 

alternatives to noble-metal catalysts, pentlandite-type sulfides have gained 

considerable attention for the hydrogen evolution reaction (HER) due to their 

competitive catalytic activity and stability in acidic media combined with their 

abundance and low cost. [8–10] Notably, these minerals constitute a major natural 

source of nickel and thus are naturally abundant with different compositions. 

Consequently, sufficiently pure deposits can be mined at low cost and used with 

minimal further processing, although with non-uniform µm-ranged particle sizes and 
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varying Fe : Ni contents.[11] Subsequently, a broad range of synthetic pentlandite-type 

sulfides, including NiFeS [12, 13], NiCoS [9, 14], and NiCoFeS [8, 15] compositions, 

were already investigated and have demonstrated promising HER and oxygen 

evolution reaction (OER) performance, highlighting the potential of this material class. 

Despite these advantages, the catalytic performance of pentlandite materials may still 

be limited by the relatively large particle sizes commonly obtained through 

conventional synthesis and processing routes.[16] Reducing particle size is expected 

to increase the accessible surface area and improve catalyst utilization. However, 

established top-down approaches such as mechanical ball milling typically remain 

restricted to the hundreds of nanometers and the lower micrometer regime and do not 

readily provide access to well-defined pentlandite nanoparticles.  [12, 10] To overcome 

these limitations, alternative particle downsizing strategies capable of producing 

nanoscale pentlandite while preserving its composition and structural integrity are 

required. In this context, LFL has emerged as a versatile and contamination-free 

technique for the production of nanomaterials through the controlled downsizing of 

suspended microparticles. [17] LFL has successfully been applied to a broad range of 

material classes, including Au [18], ZnO and B4C microparticles [19], pharmaceuticals 

[20], and organic compounds such as curcumin. [21] Furthermore, the laser-induced 

downsizing of IrO2 [22] and Co3O4[23] microparticles has been reported to enhance 

electrocatalytic performance toward the OER, suggesting it may also be beneficial for 

improving the catalytic performance of pentlandite-based HER catalysts. Importantly, 

LFL is not limited to laboratory-scale investigations, as continuous-flow processing 

concepts have already demonstrated nanoparticle production rates on the order of 10 

g/h, highlighting the scalability and technological relevance of this approach. [24] 

Motivated by these considerations, the present work investigates the laser 

fragmentation of Ni2.25Co6.75S8 pentlandite microparticles in a liquid round jet to 
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generate nanoscale catalysts (Figure 1) and evaluate the potential of particle 

downsizing as a strategy to enhance HER performance. To preserve the crystal 

structure and chemical composition of the material, fragmentation was performed 

using picosecond laser pulses, which promote photomechanical fragmentation while 

reducing thermal energy transfer compared to nanosecond processing, thereby 

minimizing melting and oxidation processes. [25] Furthermore, a wavelength of 

1064 nm was chosen due to its greater optical penetration depth compared to visible 

and ultraviolet wavelengths, enabling more homogeneous energy deposition within the 

microparticles and thus facilitating efficient bulk fragmentation. Isopropanol was 

chosen as the fragmentation medium owing to its efficient radical-scavenging 

properties [26], which minimize oxidation during laser processing, and because 

alcohols have been reported to form the thinnest carbon shells among commonly used 

organic solvents in laser-based nanoparticle synthesis. [27] Based on this approach, a 

systematic study varying the laser fluence (200, 400, 600, and 800 mJ/cm2) and the 

induced laser pulses per volume (24, 48, and 72 PPV) was conducted. The selected 

laser fluence range is consistent with previous studies on picosecond laser 

fragmentation of microparticles in liquids [28, 29], while the applied pulse exposure 

was systematically varied to investigate its influence on particle fragmentation and 

catalytic performance. The resulting particles were subsequently characterized with 

respect to their size, composition, and HER performance in a standard H-type cell as 

well as a zero-gap PEM setup in order to identify the optimal laser processing 

parameters for efficient pentlandite fragmentation. 
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Figure 1: Schematic overview of the experimental design used to evaluate the 

fragmentation of Ni2.25Co6.75S8 pentlandite microparticles. 

 

The results demonstrate successful fragmentation of the Ni2.25Co6.75S8 pentlandite 

microparticles for all investigated laser fluences, with TEM analysis revealing efficient 

particle downsizing into the tenth-nanoscale regime. While laser processing at 200 

mJ/cm² results in only partial fragmentation, fluences of 400 mJ/cm² and above lead to 

essentially complete fragmentation of the microparticles into nanoparticles, with no 

significant differences in particle size observed upon further increasing the laser 

fluence. While XRD demonstrates that the pentlandite crystal structure is largely 

retained during laser processing, SEM-EDS measurements reveal compositional 

changes at laser fluences of ≥400 mJ/cm² and ≥48 PPV, evidenced by a progressive 

decrease in the sulfur content. Interestingly, substantial improvements in HER activity 

are observed primarily for samples processed at 600 and 800 mJ/cm2, accompanied 

by enhanced electrochemical stability. Since these performance gains cannot be 

explained solely by particle size reduction, additional characterization was performed. 
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EPR measurements reveal an increased concentration of paramagnetic species in 

samples processed at higher fluences, indicating an elevated defect density, which is 

widely recognized to promote electrocatalytic activity. [30–33] Furthermore, TEM-EDS 

analyses suggest the possible presence of thin carbon surface layers formed during 

laser processing, which may additionally contribute to the enhanced HER 

performance, consistent with previous reports on carbon-coated electrocatalysts. [34] 

The study demonstrates that LFL provides an effective route toward nanoscale 

pentlandite catalysts and establishes a foundation for further optimization of earth-

abundant HER materials through laser-based nanostructuring. 
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Results and Discussion 

 

 

Figure 2: Representative TEM micrographs and corresponding number-based particle 

size distributions of Ni2.25Co6.75S8 pentlandite particles: (a) pristine material, (b) sample 

processed at 200 mJ/cm² and 48 PPV, and (c) sample processed at 800 mJ/cm² and 

48 PPV. (d) Mean particle diameters determined from statistical TEM analysis of 500 

particles for all investigated laser fluences and PPV.  

 

The influence of picosecond laser processing on the morphology and particle size of 

Ni2.25Co6.75S8 pentlandite particles was first investigated by transmission electron 

microscopy (TEM). Representative TEM micrographs together with the corresponding 
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particle size distributions are shown in Figure 2a-c, illustrating the morphological 

evolution from the pristine material to partially and completely fragmented particles. A 

quantitative comparison of all investigated laser fluences and Pulses per Volume 

(PPV) is provided by the mean particle diameters obtained from statistical TEM particle 

analysis (Figure 2d). The calculation of the PPV is described in Supporting Information 

Section S1. For each sample, 500 particles were evaluated to obtain statistically 

representative number-based particle size distributions. The complete TEM particle 

size distributions for all investigated processing conditions, from which the mean 

particle diameters shown in Figure 2d were derived, are provided in the Supporting 

Information (Figures S3-S6). The pristine Ni2.25Co6.75S8 material exhibits a mean 

particle diameter of 348 nm with a standard deviation of 439 nm and a polydispersity 

index (PDI) of 1.592 (Figure 2a). The large standard deviation, exceeding the mean 

particle diameter, reflects the highly heterogeneous nature of the starting material, 

which contains particles spanning from the sub-micrometer to the micrometer size 

range. Following laser processing at 200 mJ/cm² and 48 PPV, the mean particle 

diameter decreases to 142 nm (Figure 2b), demonstrating that fragmentation is already 

initiated at the lowest investigated laser fluence. However, the large standard deviation 

of 268 nm together with the high PDI of 3.861 indicates that the particle population 

remains highly heterogeneous. The coexistence of newly formed nanoparticles and 

larger residual particles suggests that fragmentation is incomplete under these 

processing conditions. In contrast, processing at 800 mJ/cm² and 48 PPV results in a 

mean particle diameter of only 46 nm, accompanied by a standard deviation of 45 nm 

and a PDI of 0.930 (Figure 2c). The pronounced decrease in both the mean particle 

diameter and the PDI indicates substantially more extensive fragmentation and the 

formation of a considerably more homogeneous nanoparticle population compared 

with the pristine material and the sample processed at 200 mJ/cm². Besides the 
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influence of laser fluence, the induced PPV also has a pronounced effect on the 

fragmentation process (Fig. 2d). Increasing the number of PPV decreases the mean 

particle diameter, demonstrating that repeated laser-particle interactions progressively 

refine the remaining larger particles. This trend is particularly evident at 400 mJ/cm², 

where the mean particle diameter decreases from 45 nm after 24 PPV to 25 nm after 

48 PPV and further to only 17 nm after 72 PPV. Furthermore, the distributions become 

progressively narrower with increasing PPV, indicating an increasingly monodisperse 

particle population (Figures S3-S7). Besides the pronounced reduction in particle size, 

the TEM micrographs reveal a distinct evolution of the particle morphology with 

increasing laser processing intensity. The pristine material is dominated by irregularly 

shaped particles with sharp edges and angular morphologies (Figure 2a). After 

processing at 200 mJ/cm² and 48 PPV, an increasing fraction of particles exhibits 

rounded morphologies, while irregular residual particles are still present (Figure 2b). In 

contrast, the sample processed at 800 mJ/cm² and 48 PPV consists almost exclusively 

of spherical nanoparticles (Figure 2c).  

 

 

Figure 3: Electrochemical HER performance of pristine and laser-fragmented 

Ni2.25Co6.75S8 pentlandite particles. (a) HER overpotential at a current density of 10 

mA/cm² for all investigated laser fluences (200, 400, 600, and 800 mJ/cm²) and 

induced Pulses per Volume (24, 48, and 72 PPV). (b) Chronoamperometric stability 

measurements comparing the pristine Ni2.25Co6.75S8 material with the sample 
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processed at 800 mJ/cm² and 48 PPV, which exhibited the highest HER activity in the 

RDE screening. (c) Zero-gap electrolyzer polarization curves of selected Ni2.25Co6.75S8 

pentlandite samples exhibiting enhanced HER activity in the RDE measurements, with 

the pristine microparticles included as a reference.[35] 

 

Having established that picosecond laser processing enables efficient fragmentation 

of Ni2.25Co6.75S8 pentlandite particles over a broad range of laser parameters, the 

resulting nanoparticles were subsequently evaluated for the hydrogen evolution 

reaction (HER). Figure 3a summarizes the HER overpotentials at a current density of 

10 mA/cm² for all investigated conditions together with the pristine material. The 

corresponding polarization curves are provided in the Supporting Information (Figure 

S7). The pristine Ni2.25Co6.75S8 exhibits an overpotential of approximately 368 mV at 

10 mA/cm², which is in good agreement with the HER activity reported for comparable 

pentlandite-based catalysts in the literature. [9] The 200 mJ/cm² series shows 

considerably larger error bars compared to the other fluence series, which could be 

attributed to the incomplete fragmentation and the resulting heterogeneous particle 

population revealed by the TEM analysis. Consequently, the apparent improvement 

observed for the sample processed at 200 mJ/cm² and 48 PPV was not considered 

statistically significant and was therefore excluded from the statistical evaluation. 

Taking that into account, processing at 200 and 400 mJ/cm² for all investigated PPV 

results in only minor changes in the HER overpotential, indicating no significant 

improvement in HER performance. In contrast, samples processed at 600 and 800 

mJ/cm² exhibit a pronounced improvement in HER performance, decreasing the 

overpotentials by 10-15 % to approximately 320-340 mV, depending on the PPV. 

Interestingly, the observed enhancement in HER activity does not correlate directly 

with the reduction in particle size. As demonstrated by the TEM analysis (Figure 2), 
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partial particle size reduction is already achieved at 200 mJ/cm², while processing at 

400 mJ/cm² produces nanoparticles with mean diameters comparable to those 

obtained at 600 and 800 mJ/cm². These findings indicate that the increased 

electrochemically accessible surface area resulting from particle size reduction alone 

cannot account for the enhanced catalytic performance. Since the increase in 

geometric surface area resulting from particle size reduction does not necessarily 

correlate with the electrochemically active surface area (ECSA), double-layer 

capacitance measurements were performed for the pristine Ni2.25Co6.75S8 

microparticles and samples processed at 400 and 800 mJ/cm² 48 PPV to assess 

whether differences in electrochemically accessible surface area could explain the 

enhanced HER activity (Figure S8). Interestingly, the pristine material exhibited a 

capacitance of approximately 6 mF/cm², which decreased to approximately 4 and 

3.4 mF/cm² after laser processing at 400 and 800 mJ/cm², respectively. These results 

indicate that the enhanced HER activity at higher laser fluences cannot be attributed 

to an increase in electrochemically accessible surface area. Instead, additional laser-

induced modifications to the catalyst, beyond simple fragmentation, must contribute to 

the improved HER activity observed at higher laser fluences. The sample processed 

at 800 mJ/cm² and 48 PPV, exhibiting the highest HER activity, was selected for further 

electrochemical RDE characterization. Chronoamperometric measurements 

(Figure 3b) further demonstrate that the laser-fragmented sample not only exhibits 

higher HER activity but also improved electrochemical stability compared to the pristine 

Ni2.25Co6.75S8. Although both electrodes display a gradual decrease in current density 

over time, the fragmented material consistently maintains higher cathodic currents 

throughout the measurement. It should be noted that stability measurements 

performed on RDE generally exhibit pronounced current decay due to substrate 

passivation. [36] This interpretation is in good agreement with previous studies on 
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laser-generated electrocatalysts, where laser-induced defects have likewise been 

associated with enhanced electrochemical performance. For example, 

laser-synthesized Ag nanoparticles exhibiting a high density of stacking faults showed 

significantly improved stability compared to the corresponding pristine material. [31] 

Similarly, laser fragmentation of IrO2 has been reported to simultaneously enhance 

both catalytic activity and stability through laser-induced structural modifications. [28] 

Based on the RDE screening, the most promising samples, comprising the complete 

600 mJ/cm² series together with the sample processed at 800 mJ/cm² and 48 PPV, 

were subsequently evaluated in a zero-gap electrolyzer to assess their performance 

under application-relevant conditions (Figure 3c). The resulting polarization curves 

reveal comparable overall cell voltages for all laser-fragmented samples and the 

pristine Ni2.25Co6.75S8 catalyst. In contrast to the RDE measurements, which 

predominantly probe the intrinsic electrocatalytic HER kinetics under well-defined 

mass transport conditions, the performance of a zero-gap electrolyzer is additionally 

influenced by factors such as mass transport limitations, gas evolution, catalyst layer 

architecture, and cell resistances. [37] Consequently, improvements in the intrinsic 

catalytic activity do not necessarily translate directly into enhanced full-cell 

performance. Consistent with this observation, electrochemical impedance 

spectroscopy performed at current densities of 0.5 and 1.0 A/cm² (Figures S9a,b) does 

not reveal a significant reduction in the charge-transfer resistance for the laser-

fragmented catalysts compared to the pristine material.  
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Figure 4: Structural and compositional characterization of selected laser-fragmented 

Ni2.25Co6.75S8 pentlandite particles. (a) X-ray diffraction (XRD) patterns of the pristine 

material and samples processed at 400, 600, and 800 mJ/cm² with 48 PPV. (b) Sulfur-

to-metal [S/(Co + Ni)] ratio, determined by SEM-EDS for all investigated laser fluences 

and PPV. (c) STEM-EDS line scan profiles of the samples processed at 400 and 800 

mJ/cm² at 48 PPV. (d) Electron paramagnetic resonance (EPR) spectra of the pristine 

material and samples processed at 400 and 800 mJ/cm² at 48 PPV. 

 

Although no significant improvement in the overall zero-gap electrolyzer performance 

was observed for the investigated Ni2.25Co6.75S8 system, the intrinsic HER 

enhancement revealed by the RDE measurements highlights the potential of laser 
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fragmentation in liquids as a strategy for boosting catalyst performance. These findings 

encourage the application of LFL to other catalyst materials, where laser-induced 

structural modifications may translate more directly into improved device performance. 

Consequently, understanding the origin of the enhanced intrinsic catalytic activity is 

crucial for enabling the targeted introduction of these laser-induced modifications in 

future catalyst design. Therefore, selected samples were subjected to comprehensive 

structural and compositional analyses (Fig. 4) to identify the laser-induced material 

modifications responsible for the observed improvement in HER performance.  

X-ray diffraction (XRD) was employed to determine whether the enhanced catalytic 

activity originates from laser-induced changes in the crystal structure. The 

corresponding diffraction patterns of the pristine Ni2.25Co6.75S8 together with the 

samples processed at 400, 600, and 800 mJ/cm² at 48 PPV are shown in Figure 4a. 

These samples were selected because the electrochemical measurements revealed a 

distinct improvement in HER activity beginning at laser fluences of 600 mJ/cm², 

indicating a predominantly fluence-dependent rather than PPV-dependent effect. To 

not exclude PPV-dependent effects, XRD patterns of the entire 600 mJ/cm² PPV series 

were also investigated and are provided in the Supporting Information (Figure S10a). 

Overall, the diffraction patterns reveal no significant changes in the characteristic 

reflections of the pristine material upon laser processing, indicating that the crystalline 

structure is largely preserved without any clear evidence of amorphization. This 

observation is consistent with previous studies on picosecond laser processing in 

liquids, typically yielding crystalline rather than amorphous nanoparticles. [38] 

However, additional small diffraction peaks emerge after laser processing, which can 

be attributed to the formation of a minor CoS phase and are further analyzed and 

discussed in the following section. 
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The subsequent Rietveld refinement reveals subtle changes in the phase composition 

(Fig. S11). For the pristine Ni2.25Co6.75S8, the diffraction pattern is predominantly 

described by a Co9S8-type phase (88 wt%), while a minor NiCo2S4 phase (12 wt%) is 

required to account for the remaining reflections. Following laser fragmentation, as 

mentioned, a small CoS phase is additionally detected in all processed samples. 

However, the CoS phase is detected in all laser-fragmented samples, including those 

processed at 400 mJ/cm² that exhibit no improvement in HER activity, indicating that 

its formation is unlikely to be responsible for the enhanced catalytic performance. 

Additionally, the laser processing reduces the NiCo2S4 phase fraction to approximately 

5 wt%, accompanied by a corresponding increase in the Co9S8-type phase fraction to 

about 94 wt%. Notably, these changes are also already observed for samples 

processed at 400 mJ/cm², where no significant improvement in HER activity is 

detected, indicating that the observed variations in phase composition cannot explain 

the enhanced catalytic performance.  

The crystallite sizes obtained from the Rietveld refinement are summarized in Figures 

S10d-f. For the pristine material, average crystallite sizes of approximately 13 nm and 

15 nm were determined for the Co9S8- and NiCo2S4-type phases, respectively. These 

values are substantially smaller than the particle size of the pristine material, which is 

in the micro- to sub-micrometer range, as well as the average particle size of the laser-

fragmented samples (~40 nm, TEM), demonstrating that both the pristine and laser-

fragmented particles are polycrystalline rather than single-crystalline. Following laser 

processing, only a slight increase in crystallite size is observed for both phases, 

reaching approximately 16 nm for the Co9S8-type phase and 19 nm for the NiCo2S4-

type phase (Fig. S10d-f). Notably, this increase is present for every laser treatment 

and shows no systematic dependence on either laser fluence or pulses per volume 

(PPV). Consequently, the modest crystallite growth does not correlate with the fluence-



17 

dependent enhancement in HER activity and is therefore unlikely to be the origin of the 

improved catalytic performance.  

The evolution of the lattice parameters is summarized in Figure S12. Only a slight 

lattice contraction is observed for the CoS phase, with the lattice parameter a 

decreasing from approximately 3.395 Å at 400 mJ/cm² to values ranging from 3.387 to 

3.392 Å at 600 and 800 mJ/cm². Apart from this minor change, no clear systematic 

trends in the lattice parameters can be identified when comparing the sample 

processed at 400 mJ/cm² with those exhibiting enhanced HER activity at higher laser 

fluences (≥600 mJ/cm², 24 PPV). Thus, the lattice parameter analysis provides no clear 

evidence of substantial crystallographic differences between the laser-processed 

samples with unchanged HER activity and those exhibiting enhanced catalytic 

performance. Nevertheless, such subtle lattice contractions are consistent with the 

concept of pulsed laser defect engineering in liquids (PUDEL), for which laser-induced 

lattice distortions and defect formation have previously been demonstrated. [32, 39] 

While the observed changes alone do not provide direct evidence of defect formation, 

they suggest that laser-induced defects may contribute to the enhanced catalytic 

activity and therefore warrant further investigation using complementary 

characterization techniques.  

To further investigate laser-induced compositional changes, SEM-EDS measurements 

were performed to determine the global elemental composition of the pristine and 

laser-fragmented particles. Figure 4b presents the sulfur-to-metal ratio, S/(Co+Ni), 

calculated from the measured sulfur, cobalt, and nickel contents, enabling a direct 

assessment of changes in the overall sulfur content as a function of laser processing. 

Figure S13 summarizes the individual Ni, Co, and S elemental fractions from which the 

sulfur-to-metal ratios were calculated. For the pristine Ni2.25Co6.75S8 this corresponds 

to a sulfur-to-metal ratio of approximately 0.80. Interestingly, no measurable change in 
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the sulfur content is observed for samples processed with 24 PPV, irrespective of the 

applied laser fluence. Even at the highest investigated fluence of 800 mJ/cm², the 

sulfur-to-metal ratio remains essentially unchanged. Likewise, the complete 

200 mJ/cm² PPV series exhibits a nearly constant sulfur-to-metal ratio. Consequently, 

these results provide no evidence for substantial oxidation of the particles. In contrast, 

a pronounced decrease in the sulfur-to-metal ratio is observed for the 400-800 mJ/cm² 

series at 48 and 72 PPV. Here, the sulfur-to-metal ratio decreases from approximately 

0.80 for the pristine material to around 0.70 for the 400 and 800 mJ/cm² series and to 

approximately 0.55 for the 600 mJ/cm² series. This progressive decrease in sulfur 

content may be associated with partial oxidation of the particles during laser processing 

or the formation of sulfur vacancies, which are known to influence the catalytic 

properties of pentlandite and may therefore contribute to changes in HER activity. 

However, since sulfur depletion is already observed for the 400 mJ/cm² series, where 

no significant enhancement in HER activity is detected, sulfur loss alone cannot explain 

the improved catalytic performance at higher laser fluences. The potential role of sulfur 

vacancies is further discussed in the context of the EPR measurements presented later 

in this work. In addition to the Ni, Co, and S contents, the oxygen and carbon contents 

were determined by SEM-EDS to evaluate the formation and deposition of 

carbonaceous pyrolysis products or oxidized surface species (Fig. S14). Such laser-

induced solvent decomposition, leading to the formation of carbon-rich deposits or 

carbon shells on laser-generated nanoparticles, is widely known for laser 

fragmentation in organic solvents. [38, 27, 40] Interestingly, the pristine Ni2.25Co6.75S8 

already contains approximately 12 at.% carbon and 15 at.% oxygen. Since 

tetraethylene glycol is used during the ball-milling process, residual or decomposition 

products derived from this organic compound may contribute to the observed carbon 

and oxygen contents. Following the laser processing, both elemental fractions increase 
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progressively with increasing processing intensity. For the 200 mJ/cm² series (Figure 

S14a), only a slight increase to approximately 17 at.% carbon and 20 at.% oxygen is 

observed. Since the Ni, Co, and S contents remain essentially unchanged under these 

conditions, the additional carbon and oxygen are most likely associated with pyrolysis 

products originating from the decomposition of isopropanol. For the 400 mJ/cm² series, 

the carbon and oxygen contents increase to approximately 24 and 28 at.%, 

respectively. For the 600 mJ/cm² series, both elemental fractions increase only 

moderately up to 48 PPV, followed by a pronounced rise to approximately 40-45 at.% 

after 72 PPV. As this behavior deviates from the overall trend and the remaining 

particle fraction in this sample is comparatively low, the values obtained for 72 PPV 

should be interpreted with caution. Finally, the 800 mJ/cm² series exhibits the highest 

carbon and oxygen contents, reaching approximately 30 at.% carbon and 40 at.% 

oxygen after 72 PPV, consistent with the increasing laser fluence and PPV.  

To further investigate the nature of the pyrolysis products formed during laser 

processing, thermogravimetric analysis coupled with evolved gas analysis by GC-MS 

was performed (Figure S15). First, the appropriate desorption temperature was 

determined from the TGA curve (Figure S15c). Based on the maximum mass loss 

associated with the decomposition of the pyrolysis products, a temperature of 275 °C 

was selected for the subsequent ATD measurements. The GC-MS analysis reveals 

the formation of several volatile compounds that are absent in the pristine material and 

therefore originate from the laser treatment. These products can be grouped into three 

categories. The first comprises compounds originating solely from the pyrolysis of 

isopropanol (e.g. 2-ethylhexanal). The second includes sulfur-containing species, (e.g. 

methylthio-2-propanone), indicating that the laser-induced reactions involve not only 

solvent decomposition but also interactions between isopropanol and the sulfur-

containing pentlandite particles. Finally, several silane compounds, such as 
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hexamethyldisilathiane, are detected. These species most likely originate from the 

tubing material of the experimental setup and may additionally participate in secondary 

reactions. The observed product distribution is consistent with previous studies on 

laser fragmentation in organic liquids, where laser-induced solvent decomposition 

leads to the formation of reactive radical species that subsequently undergo 

recombination and secondary reactions, giving rise to a wide range of pyrolysis 

products. [41–43] 

Laser processing in organic liquids has also been reported to induce the formation of 

carbon shells around nanoparticles. [38, 40, 27] Such graphitic or carbonaceous layers 

may not decompose under the selected ATD conditions and therefore remain 

undetected. To investigate the possible presence of carbon shells or carbon 

incorporated at or within the particles, STEM-EDS line scans were performed on 

selected samples processed at 400 mJ/cm² 48 PPV and 800 mJ/cm² 48 PPV (Figure 

4c). These conditions were chosen to determine whether differences in the carbon 

distribution correlate with the onset of the enhanced HER activity. Interestingly, the 

STEM-EDS line scans reveal a clear difference between the two samples. While the 

400 mJ/cm² 48 PPV sample exhibits a pronounced increase in the overall carbon 

content according to the SEM-EDS analysis, the STEM-EDS line scan reveals no 

pronounced carbon enrichment at the particle surface. This suggests that carbon-

containing pyrolysis products are present in the sample but seem not to be deposited 

specifically on or inside the particles. In contrast, the 800 mJ/cm² 48 PPV sample 

exhibits a significant carbon signal that starts approximately 1 nm before the particle 

edge and extends across the entire particle. Although the line scan alone does not 

allow an unambiguous assignment of the carbon distribution within the particle, the 

increased carbon intensity at the particle boundary would be consistent with surface 

carbon enrichment. Previous studies have demonstrated that thin carbon shell features 
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can positively influence the HER performance of nanocatalysts. Consequently, the 

surface carbon enrichment identified for the 800 mJ/cm² 48 PPV sample may 

represent one possible origin of the observed activity enhancement. [34]  

As discussed above, the subtle lattice contraction observed by XRD suggests that laser 

processing may induce structural defects, potentially including sulfur vacancies, which 

could also contribute to the observed sulfur depletion. To further investigate this 

hypothesis and to elucidate the origin of the enhanced HER activity, electron 

paramagnetic resonance (EPR) spectroscopy was performed on the pristine material 

as well as the selected 400 and 800 mJ/cm² samples processed at 48 PPV (Figure 

4d). Interestingly, the pristine Ni2.25Co6.75S8 exhibits no detectable EPR signal, 

indicating the absence of a significant concentration of paramagnetic species. In 

contrast, a distinct EPR signal is observed for the 400 mJ/cm² sample, while the 800 

mJ/cm² sample exhibits a substantially stronger signal. These results demonstrate that 

laser processing leads to a progressive increase in the concentration of paramagnetic 

species. Interestingly, although the overall extent of sulfur depletion determined by 

SEM-EDS is comparable for the samples processed at 400 and 800 mJ/cm², the latter 

exhibits a substantially stronger EPR response. Considering that sulfur vacancies are 

known to enhance HER activity [44, 45], these findings suggest that, despite the similar 

overall sulfur loss, a larger fraction of the sulfur depletion at higher laser fluences may 

be associated with the formation of sulfur defects, which could contribute to the 

observed improvement in catalytic performance. However, the exact nature of the 

paramagnetic species cannot be unambiguously identified from the present EPR data, 

as the observed signals may also originate from other structural defects or specific Ni 

and Co oxidation and coordination states. 
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Figure 5: Schematic illustration of the proposed laser-induced evolution of 

Ni2.25Co6.75S8 pentlandite particles during picosecond laser fragmentation in liquids. 

Processing at 200-400 mJ/cm² primarily produces nanoparticles with a largely 

preserved crystal structure, whereas processing at 600-800 mJ/cm² is proposed to 

additionally induce thin carbon shell formation and an increased concentration of 

paramagnetic species associated with laser-induced defects. 

 

Taken together, the present results indicate that increasing the accessible surface area 

through particle size reduction alone is insufficient to enhance the HER activity of 

pentlandite. While complete fragmentation into nanoparticles is already accomplished 

at 400 mJ/cm², a significant improvement in HER activity is observed only for samples 

processed at 600 and 800 mJ/cm². This finding indicates that additional laser-induced 

material modifications, rather than particle size reduction alone, are responsible for the 

observed enhancement in catalytic performance. As summarized schematically in 

Figure 5, fragmentation at relatively low laser fluences (200-400 mJ/cm²) 

predominantly produces nanoparticles while largely preserving their crystal structure. 
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In contrast, processing at higher laser fluences (600-800 mJ/cm²) results in the 

simultaneous formation of a thin carbon shell and a pronounced increase in the 

concentration of paramagnetic species, indicating a higher density of laser-induced 

defects. Although the exact nature of these paramagnetic species remains unresolved, 

the combined experimental evidence suggests that these structural and chemical 

modifications, represent the only distinguishable material modifications between the 

400 and 800 mJ/cm² samples. Since particle size, crystal structure, sulfur depletion, 

these laser-induced structural and chemical modifications are considered the most 

likely origin of the enhanced electrocatalytic performance. The proposed mechanism 

therefore highlights that picosecond laser fragmentation in liquids not only represents 

an effective nanoparticle fabrication technique but also enables simultaneous 

nanoscale surface and defect engineering, providing an additional degree of freedom 

for tailoring the catalytic properties of pentlandite-based electrocatalysts. 

Conclusion 

Pentlandites are promising electrocatalysts for the HER due to their favorable catalytic 

performance, earth abundance, and the possibility of directly utilizing the naturally 

occurring ore as catalyst material. However, conventional synthesis routes typically 

yield micrometer-sized particles, and further particle size reduction by established 

mechanical processing methods remains challenging. Transforming these materials 

into nanoparticles is expected to improve catalyst utilization through a higher 

accessible surface area and may further enhance the catalytic performance. 

Therefore, picosecond LFL has emerged as a promising solution, as it has been 

successfully applied to a wide range of materials while largely preserving their pristine 

structure. In this work, the impact of laser fluence and induced PPV on the 
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fragmentation of Ni2.25Co6.75S8 pentlandite microparticles was systematically 

investigated and correlated with the resulting structural, chemical, and electrochemical 

properties to identify optimal laser processing conditions for improved HER 

Performance. Laser processing successfully transformed the pentlandite 

microparticles into nanoparticles with average particle sizes between 10 and 40 nm. 

While processing at 200 mJ/cm² resulted in only partial fragmentation of the particle 

population, fluences of 400 mJ/cm² and above led to essentially complete 

fragmentation without further significant reductions in particle size. Throughout the 

investigated parameter range, the crystalline pentlandite structure remained largely 

preserved, whereas SEM-EDS revealed the onset of sulfur depletion at laser fluences 

of ≥400 mJ/cm² and ≥48 PPV, indicating compositional modifications. Despite the 

comparable particle sizes obtained at fluences of 400 mJ/cm² and above, a 

pronounced enhancement of the HER activity was exclusively achieved for samples 

processed at 600 and 800 mJ/cm², reaching a maximum overpotential reduction of 

approximately 50 mV (≈15%) together with improved electrochemical stability in RDE 

based measurements. These findings clearly demonstrate that size reduction and 

sulfur depletion alone are insufficient to explain the improved catalytic performance. 

Instead, the comprehensive characterization suggests that the enhanced HER activity 

is most likely associated with the formation of a thin carbon shell, as revealed by TEM-

EDS, together with an increased concentration of paramagnetic species observed by 

EPR, indicating a higher density of laser-induced defects within the nanoparticles. 

Overall, this study demonstrates that picosecond LFL is not merely an effective 

fragmentation technique but also a versatile post-synthetic tool for tailoring catalyst 

properties through controlled laser-induced material modifications. Beyond enabling 

the nanoscale processing of catalyst materials that are inaccessible by conventional 

size-reduction methods, the presented approach opens new opportunities for the 
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development and optimization of earth-abundant electrocatalysts and may provide a 

broadly applicable strategy for future laser-assisted catalyst engineering. 

Experimental Section 

Ni2.25Co6.75S8 microparticles were synthesized mechanochemically according to 

previous reports [16] in a Fritsch planetary ball mill using ZrO2 milling containers and 

ZrO2 milling balls. Metal and sulfur powder were used as reactants and milling was 

performed under inert atmosphere.[46] 

Laser Fragmentation in Liquids (LFL) of Ni2.25Co6.75S8 pentlandite microparticles was 

performed in isopropanol (VWR, 99.9 %) at a microparticle concentration of 1 g/L and 

continuously redispersed by ultrasonication throughout the laser processing. The 

suspension was circulated from a reservoir through a round nozzle (Lechler 

54436016CA001) using a peristaltic pump (Ismatec RHP100994), forming a free liquid 

jet that was irradiated under an argon atmosphere to minimize interactions with 

ambient air. Laser fragmentation was performed using a picosecond laser system 

(EdgeWave SN1056, 1064 nm, 50 kHz). The laser beam was focused onto the liquid 

jet using two lenses with focal lengths of 300 mm, delivering a focal spot of 1.45 mm 

by 0.23 mm. The laser power was adjusted to achieve fluences of 200, 400, 600, and 

800 mJ/cm². The transmitted laser power was monitored using a power meter prior to 

each experiment. The liquid jet exhibited a width of 1.05 mm. A volumetric flow rate of 

63 mL/min was employed, corresponding to approximately 12 pulses per volume 

(PPV) per passage. For each fluence, the suspension was processed for up to six 

passages corresponding to cumulative irradiation doses of 24, 48, and 72 PPV. 

Following laser processing, the fragmented particles were recovered by removing the 
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solvent using a rotary evaporator operated at 60 °C under reduced pressure and 300 

rpm. 

Rotation Disk Electrode (RDE) Measurements were used to investigate the hydrogen 

evolution reaction (HER) activity of pristine and laser-fragmented Ni2.25Co6.75S8 

samples using a conventional three-electrode electrochemical cell. A glassy carbon 

(GC) electrode served as the working electrode, a platinum wire as the counter 

electrode, and an Ag/AgCl (3°M KCl) electrode as the reference electrode. All 

measurements were performed in 0.5 M H2SO4 electrolyte at room temperature. 

Catalyst inks were prepared by dispersing 5 mg of catalyst powder and 1.6 mg carbon 

black in a mixture of 162 μL deionized water, 486 μL isopropanol, and 35 μL of a 5 wt% 

Nafion solution. The suspension was homogenized by ultrasonication prior to 

deposition. A total volume of 27 μL ink was drop-cast onto the GC electrode in nine 

consecutive aliquots of 3 μL, with intermediate drying at 60 °C. Electrochemical 

measurements were conducted using an RDE rotation rate of 1600 rpm to ensure 

efficient mass transport. Prior to each experiment, the electrodes were 

electrochemically cleaned by 50 cyclic voltammetry (CV) cycles between 0 

and -200 mV vs. reversible hydrogen electrode (RHE). Following catalyst activation, 

HER polarization curves were recorded by CV between 0 and -500 mV vs. RHE using 

three consecutive cycles at a scan rate of 5 mV/s, and the third cycle was used for 

activity evaluation. Long-term HER stability was evaluated by chronoamperometry at -

300 mV vs. RHE under continuous electrode rotation at 1600 rpm for 12 h. Double-

layer capacitances were determined by recording cyclic voltammograms within a 

potential window of ±20 mV relative to the open-circuit potential (OCP) at scan rates 

of 10, 20, 30, 40, and 50 mV/s. 

Fabrication of Membrane electrode assemblies (MEAs) was performed as reported 

previously [46] by spray coating of a Nafion115 membrane with catalyst inks. For the 
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anode, Nafion D2020 (IonPower, 20 % dispersion in ethanol/ propanol) in 17.7 % 

relation to commercial IrO2 powder (Thermo Scientifc) were dispersed in 2-propanol 

and this ink was applied to the membrane via automatic spray coating with a Sonotek 

FlexiCoat. Cathode ink was prepared from Ni2.25Co6.75S8 nanoparticles in isopropanol, 

which were combined with Carbon Vulcan (Quintech) and Nafion D2020 in a mass 

ratio of 3:1:1, respectively. The dispersion was filled up with ultrapure water to reach 

an isopropanol:water ratio of 3:1 and subsequently mixed with an Ultra-Turrax at 13500 

rpm for 2 min. The as-prepared inks were manually spray-coated on the back side of 

the IrO2-coated Nafion membrane using an airbrush spray gun until a catalyst loading 

of 1 mg/cm² was achieved. The coated electrodes were hot-pressed at 10 bar and 135 

°C for 90 s in a Servitec Polystat 300 S hot-press. 

Electrochemical Testing in a Zero-Gap Electrolyzer developed by Fraunhofer ISE with 

Ti felts as porous transport layers was utilized for electrochemical characterization of 

MEAs. [47] The compression on the 4 cm2 active area was set to 3 – 5 MPa as 

deduced from pressure tests prior to electrolysis experiments. Electrolyzer operation 

was executed under circulation of ultrapure water on the anode side at 100 mL/min 

with a dry cathode. The temperature at the cell outlet was regulated to 80 °C. After 

flushing the system for a minimum of 12 h, a short-circuit test was performed followed 

by conditioning at 1 A/cm2 and 1.9 V for 30 min each. Subsequently, polarization 

curves were recorded by 60 s holds of each current density based on the EU 

harmonized protocol. [48] Data points of the polarization curves represent an average 

of the voltage measured during the last 30 s of each current density hold with the 

respective error range deduced from at least two repetitive measurements of different 

electrodes. Electrochemical impedance spectroscopy was performed at 5 % 

perturbation amplitude and 10 points per decade in a frequency range of 1 – 40000 Hz 

in galvanostatic mode. 
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Gas Chromatographic (GC) coupled Automatic Thermal Desorption (ATD) and Thermo 

Gravimetric Analysis (TGA) Measurements were performed using PerkinElmer 

instrumentation. A TurboMatrix 650 thermal desorption unit was coupled to a Clarus 

690 gas chromatograph equipped with a Clarus SQ 8C mass spectrometer as the 

detector. Aliquots of the powdered samples were placed in glass desorption tubes. 

Glass wool plugs were inserted to prevent sample particles from being carried out of 

the tubes by the gas flow. Prior to thermal desorption, the tubes were purged with 

helium for 1 min to remove air. The samples were subsequently desorbed at 275 °C 

for 10 min using a helium flow of 2 mL/min through the tubes. During thermal 

desorption, the desorbed compounds were collected and focused in a cold trap 

maintained at -30 °C. The cold trap was then rapidly heated to 275 °C to transfer the 

trapped compounds to the GC-MS system. Chromatographic separation was 

performed using a PerkinElmer Elite-5MS capillary column with a length of 30 m, an 

internal diameter of 0.25 mm, and a film thickness of 0.25 µm. The outlet split ratio was 

set to 1:9, resulting in the transfer of 10% of the desorbed analytes onto the GC 

column. Helium was used as the carrier gas at a column flow rate of 1.2 mL/min. The 

GC oven was initially maintained at 30 °C. The temperature was then increased to 120 

°C at a rate of 8 °C/min, followed by an increase to 220 °C at 20 °C/min. The final 

temperature was held for 8 min. The mass spectrometer was operated in electron 

ionization mode at an ionization energy of 70 eV. Mass spectra were acquired in full-

scan mode over an m/z range of 30-250. Compounds were tentatively identified by 

comparison of the acquired mass spectra with reference spectra contained in the NIST 

17 Mass Spectral Library.[49] 

Transmission Electron Microscopy (TEM) Measurements were performed using a 

JEOL JEM 1400 Plus and a JEOL JEM 2200FS equipped with a probe-side Cs 

corrector operated at 200 kV to determine the particle size distribution, morphology, 
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and elemental composition of pristine and laser-fragmented Ni2.25Co6.75S8 pentlandite 

samples. 

X-Ray Diffraction (XRD) Measurements were employed to analyze the structural 

integrity, phase composition, and crystallite size of the pristine and LFL processed 

Nanoparticles. Using a powder X-ray diffractometer (PXRD) (Bruker D8 Advance) 

equipped with Cu-Kα radiation (λ = 1.5406 Å), measurements were conducted over a 

2θ range of 15° - 90° with a step size of 0.02°, a dwell time of 4 s per step, resulting in 

a total scan duration of 4.5h. Qualitative phase analysis was performed with the 

software Diffrac.Suite EVA V7.1 (Bruker) with the pattern of NiCo2S4 (#43-1477),  CoS 

(#75-0605) and Co9S8 (#86-2273) from the ICDD database. After  instrumental 

calibration with the reference material LaB6 from NIST (SRM 660b), quantitative 

Rietveld refinement (using fundamental parameters approach, FPA) was performed 

with the software TOPAS 7.0 (Bruker) to calculate the lattice parameters and the 

average crystallite size from diffraction peak broadening. [Rwp (pristine Ni2.25Co6.75S8) 

= 7.53; Rwp (400 mJ/cm² 48 PPV) = 6.66; Rwp (600 mJ/cm² 24 PPV) = 7.43; Rwp (600 

mJ/cm² 48 PPV) = 7.01; Rwp (600 mJ/cm² 72 PPV) = 6.34; Rwp (800 mJ/cm² 48 PPV) 

= 6.66]. 

Scanning electron microscopy (SEM) characterization was performed using an Apreo 

S LoVac microscope (Thermo Fisher Scientific). Samples were prepared by drop-

casting the particle suspension onto a silicon single-crystal substrate and subsequently 

dried under ambient conditions. Energy-dispersive X-ray spectroscopy was performed 

with a Thermo Scientific UltraDry silicon drift X-ray detector coupled to the microscope.  

Electron Paramagnetic Resonance (EPR) spectroscopy Measurements were 

performed at room temperature using a Bruker Magnettech ESR5000 benchtop 

spectrometer (field range: 25-625 mT, modulation amplitude: 0.7 mT, microwave 

power: 0.01 mW, sweep time: 180 s). Low-temperature measurements (20 K) were 
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conducted on a Bruker Elexsys E500 (X-band) spectrometer equipped with an 

ER4116DM resonator and an Oxford ESR900 cryostat (field range: 20-1000 mT, 

modulation amplitude: 0.7 mT, microwave power: 1 mW, sweep time: 204.82 s). 

Spectral simulations were performed using the EasySpin toolbox (Matlab) with the 

“pepper” function. [50] 
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