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Abstract: The catalytic activity of graphite (C) and conductive silver nanowire (AgNW) networks coated on glass 
and graphite substrates with low platinum content towards hydrogen evolution reaction (HER) is reported. The results 
exhibit that the chronoamperometric electrodeposition of platinum on AgNW substrates results in the formation of 
spherically shaped nanoparticle agglomerates aligned on the nanowires. Also, platinum doped graphite electrodes 
with a rough surface showed an efficient distribution of platinum nanoparticles (PtNPs). Studies of the electrocatalytic 
HER activity as a function of platinum loading indicate that the optimum loading is in the range of 60 µg/cm2 and 
further loading results only in a minor reduction of the overpotential. At low Pt content, a synergistic effect of the 
AgNW network in terms of enhancement of the HER performance was observed. Tafel analysis showed that in the low 
overpotential region, the Volmer reaction was the rate determining step for the graphite based electrodes. The graphite 
substrate in conductive connection with the nanowires was shown to significantly boost the hydrogen formation rate.

Keywords: silver nanowire, platinum nanoparticle, hydrogen evolution reaction, graphite, platinum loading, Tafel 
analysis, electrocatalytic activity

1. Introduction
In the broad field pertaining to sustainable energy generation, hydrogen has assumed a pivotal role as a chemical 

energy storage medium, particularly in reference to its application in fuel cells, which enable energy generation whereby 
only heat and water vapor are produced, reducing the emission of greenhouse gases [1-3]. Besides energy applications, 
hydrogen is widely used in chemical and petroleum industries [4-6]. Currently, hydrogen production primarily relies 
on thermochemical processes such as hydrocarbon reforming, pyrolysis, coal gasification, and plasma reforming, all of 
which depend on fossil fuels and result in significant CO2 emissions [1]. In contrast, technologies based on renewable 
sources, like electrochemical water splitting, offer the potential to reduce the carbon footprint associated with hydrogen 
generation. However, the sustainability of these alternative methods hinges on the cleanliness of the production pathway 
and crucially, on the efficient utilization of renewable energy to avoid high operational costs [7, 8]. A key challenge in 
the widespread adoption of hydrogen as an energy carrier lies in its efficient production, where catalysts are of central 
importance in accelerating the hydrogen evolution reaction [9, 10].

Platinum-based catalysts are known to need only very low overpotentials for HER in acidic solutions [11-13]. 
Nevertheless, the usage of platinum is associated with high costs, making the production of hydrogen with Pt catalysts 
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on a large scale economically unfeasible. It is therefore necessary to reduce the proportion of platinum in catalytic 
converters without significantly restricting the catalytic effect for HER. It was shown that employing Pt nanoparticles 
results in a high catalytic HER efficiency even at low loadings [14, 15]. PtNPs exhibit a high specific surface area and 
their excellent conductivity, as well as hydrogen adsorption and desorption properties, make them particularly suitable 
for HER [16-19]. The catalytic properties of PtNPs are highly dependent on shape and size as this influences the 
distribution of different types of catalytically active sites on the NPs [20, 21]. 

Despite their high HER activity, PtNPs have shown some severe problems. It was observed that, depending on the 
size of the NPs and the substrate to which they were attached, they tend to agglomerate into larger particles, resulting in 
a decreased hydrogen formation rate [22, 23]. On certain substrates, even detachment was observed to lower the HER 
performance [24]. It is therefore an important concern to stabilize nanoparticles on substrates while also maintaining 
their catalytic effect. To tackle this task novel catalyst materials, including metal oxides like MoOx/Mo [25] and Pt metal 
composites, were developed to prevent aggregation and detachment of the nanoparticles [26, 27]. Also, synergistic 
effects were noticed on composite materials comprising PtNPs, which promoted favorable kinetics of the HER [28-30]. 
Often carbon based substrates like carbon black [31], graphene [32], carbon nanotubes and nanofibers [33, 34] are used 
as substrates due to their good stability and conductivity. Additionally, it was shown that structural defects in carbon 
materials can enhance electrochemical activity due to alteration of the electronic properties at defect sites [35]. The use 
of nanostructured carbon supports for PtNPs has been the subject of considerable research interest. In addition to their 
ability to stabilize nanoparticles, these supports have also been shown to provide active sites and exert synergistic effects 
between the components [36-41]. 

In the present work, the catalytic activity of platinum nanoparticles immobilized on a rough graphite substrate and 
deposited on silver nanowires is studied with various platinum loadings. The rough texture of the graphite substrate is 
anticipated to facilitate extensive dispersion across various morphological sites thereby promoting a uniform distribution 
of the deposited PtNPs. The diversity of anchoring sites for Pt and AgNWs can enhance catalyst stability by preventing 
agglomeration of PtNPs and detachment of PtNPs and AgNWs [42].

Silver nanowires, which were applied on glass as well as on graphite substrates, were thermally pretreated to 
form conductive percolation networks [43]. Scanning electron microscopy (SEM) images were recorded to study the 
texture of the electrode substrates and in particular the localization and shape of the deposited platinum. By linear 
sweep voltammetry, the catalytic performance for the HER, which is noticeable in the promotion of a higher hydrogen 
formation rate with the same applied potential, was studied in 0.5 M H2SO4. The electrochemical measurements allow 
not only the revelation and quantification of the catalytic activity relative to the mass of precious metal used but also the 
visualization of synergistic effects of the nanostructured substrate in the context of platinum dotation. Kinetic processes 
and their relationship with electrocatalysis were further investigated using Tafel analysis.

2. Experimental
2.1 Preparation of platinum decorated AgNW coated electrodes

AgNW ink purchased from Dycotec (UK) was applied on glass substrates by doctor blade coating and on graphite 
plates (Phywe, Germany) by dip coating. Average nanowire dimensions are 25 µm in length and 50 nm in diameter. The 
films were dried under ambient conditions for at least 12 hours to ensure complete evaporation of the solvent. For the 
production of conductive films, the substrates were in a further step thermally annealed for 45 min at 140 °C. Previous 
investigations have demonstrated that exposure to temperatures exceeding 300 °C can lead to the disintegration of 
nanowire morphology [44]. However, given the significantly lower temperature employed in this study for thermal 
treatment, substantial degradation of the AgNWs is not anticipated.

Platinum decorated electrodes were prepared with graphite and AgNW coated graphite (C/AgNW), as well as 
AgNW coated glass substrates, using 5 mM H2PtCl6 (Merck, Germany) in an acidic solution with 1 M HCl (Merck, 
Germany). Before the deposition of Pt and AgNW, the graphite substrates were treated in an ultrasonic bath of acetone 
for 5 minutes. Chronoamperometric electrodeposition was conducted at 0.034 V versus RHE, a potential previously 
demonstrated to minimize hydrogen evolution on Pt loaded electrodes [45]. This potential was selected to optimize the 
deposition process, ensuring adequate current flow for the fabrication of even the highest loaded electrodes within a 300 
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second timeframe. 
Considerable silver dissolution was observed upon electroless immersion of the AgNW electrodes in the platinum 

solution for 2 minutes. This phenomenon can be attributed to the strong oxidizing nature of platinum ions, which induce 
silver oxidation under open-circuit conditions [46]. To preserve the integrity of the silver nanowires, the electrode 
potential was applied immediately after immersion. This procedure ensured that platinum reduction occurred via 
electrochemical means rather than through the oxidation of the silver nanowires, thereby maintaining the nanowire 
structures intact throughout the deposition process. After deposition, the electrodes were gently rinsed with deionized 
water and dried under ambient conditions. By varying the deposition time, different Pt loadings were obtained.

2.2 Electrochemical characterization methods

All the electrochemical measurements were carried out using a calibrated PalmSens4 (PalmSens, Netherlands) at 
25 °C and a three electrode electrochemical system. The counter electrode was an inert graphite plate three times larger 
than the working electrode to minimize the solution resistance. A calibrated Ag/AgCl electrode in 3 M KCl served as a 
reference electrode whose potential was periodically verified against a further reference electrode.

Linear sweep voltammetry (LSV) was performed in a 0.5 M H2SO4 electrolyte with a scan rate of 50 mV/s in 
the potential range from 0.1 V to -0.37 V vs. RHE. Prior to recording the polarization curves, typically 10 cyclic 
voltammograms (CV) were taken (50 mV/s) until a stable current voltage curve was obtained over the potential range 
with a variation of less than 2%. The polarization curves were calibrated according to RHE using the equation ERHE = 
EAg/AgCl + 0.207 V + 0.059 V ∙ pH. The 0.5 M sulfuric acid had a pH value of 0.46.

In a non-faradaic potential region (0.03-0.43 V vs. RHE) the electrochemical double layer capacitance (Cdl) of the 
graphite substrate was determined with cyclic voltammetry measurements using scan rates from 20 to 200 mV/s.

3. Results and discussion
3.1 Surface characterization

The topology of the graphite substrate [42, 47], as well as the shape, size and location of the deposited nanoparticles 
have a strong impact on the catalytic activity of the HER [48]. In particular, the arrangement of the deposited platinum 
on the AgNWs, which are coated both on the glass and graphite substrate, is expected to be responsible for possible 
synergistic silver induced effects [49]. The deposition characteristics of the platinum particles were studied using 
scanning electron microscopy for the different prepared electrodes. 

The mass mPt of deposited Pt under applying a constant potential (0.034 V vs. RHE) was calculated by the charge 
Q transferred during the deposition time, which is determined by integrating the current density i and considering the 4 
electrons needed for the reduction of Pt4+. With the Faraday constant F and the molar mass MPt the platinum loading is 
determined according to Eq. 1

.
4 4Pt Pt Pt

idtQm M M
F F

= = ∫

The metal loadings for the distinct electrode materials, divided by the geometric area that was immersed in 
the platinum acid solution, are presented in Table 1. Figure 1 depicts SEM images of electrodeposited Pt on various 
substrates, each with two different view fields.

The AgNWs in the SEM images Figure 1a and b show a statistical non-directional distribution of the nanowires on 
the surface without preferred orientation. Thermal post-treatment welded the intersections of the wires and a percolation 
network with direction-independent conductivity was obtained. Along individual silver nanowires, nanoparticles can 
be clearly recognized. The nanoparticles are not evenly distributed along the length of the wires, but most of them are 
preferably lined up directly one behind the other. 

(1)



Advanced Energy Conversion Materials 262 | Martina Schwager, et al.

Figure 1. SEM micrographs of electrodeposited Pt nanoparticles: a) Pt on AgNW coated glass substrate (mPt = 28 µg/cm2), c) Pt on graphite (mPt = 47 
µg/cm2), e) Pt on AgNW coated graphite (mPt = 66 µg/cm2). b), d) and f) show higher magnifications of a), c) and e) respectively

A significant proportion of nanowires exhibit larger nanoparticles at their termini compared to those along their 
lengths, with maximum particle dimensions reaching approximately 250 nm. This morphological trend suggests a size-
limited growth mechanism, where particle formation is preferentially initiated at wire ends. Detailed analysis of the 
magnified image (Figure 1b) reveals that the observed structures are agglomerates composed of coalesced particles 
ranging from approximately 10 to 20 nm in diameter. Such a formation of secondary Pt structures consisting of 
aggregated particles (30-50 nm) has been observed in the case of electrodeposited Pt on glassy carbon [50]. The more 
spherical agglomerates are attributed to the low current densities between -0.3 and -1.2 mA/cm2 that occurred at the 
applied potential of 0.034 V vs. RHE. Previous studies have indicated that low current densities below -1.5 mA/cm2 are 
conducive to the formation of spheres [51, 52].

In Figure 1c the graphite substrate with its coarse surface texture illustrates well distributed nanoparticles 
preferentially located on top of the surface and less in recesses or pores. The enlarged image (Figure 1d) clearly reveals 
that these particles are more dendritic shaped which can be attributed to the more negative current density during the 
deposition (-1.9 mA/cm2) [52]. 

Figure 1e shows that the deposition has taken place both on the graphite and on the nanowires. In contrast to 
the pure silver nanowire network (Figure 1a), the platinum forms almost a complete shell around the nanowire core. 
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The particles on the wires are considerably smaller (50-150 nm) than those that have grown on the substrate (about 
300-500 nm). Prolonged current flow primarily enhances particle growth on the graphite substrate, likely due to the 
distinct materials and topologies of wires versus rough graphite. Similar substrate-dependent growth patterns have been 
observed on carbon nanofibers with different structural compositions. Platelet nanofibers exhibited superior platinum 
distribution compared to tubular counterparts, featuring smaller nanoparticles (up to 10 nm) with reduced coalescence 
and a highly nanostructured surface [53]. This enhanced performance was attributed to stronger catalyst anchoring in 
platelet morphologies, minimizing coalescence and maintaining well-dispersed, nanometer-sized catalyst particles. 
These observations underscore the critical role of substrate characteristics in nanoparticle growth.

The dendritic appearance (Figure 1f) of the particles becomes even more pronounced compared to Pt/AgNW 
(Figure 1b). Investigation into parameters used for metal doping such as exposure time and current density on platinum 
nanoparticle formation revealed that apart from current density the exposure time also encourages dendritic formation, 
resulting in more flower like structures [52]. The resulting larger effective precious metal surface area due to the 
nanostructured morphology may prove beneficial in terms of the hydrogen reaction kinetics.

Table 1. Kinetic parameters of the Pt loaded electrodes in 0.5 M H2SO4

Pt/AgNW

Pt loading (µg/cm2) 5 14 26 52 126

E-10 mA/cm2 (mV) -264 -231 -220 -195 -162

Tafel slope (mV/dec) -105 -97 -93 -90 -92

Pt/C

Pt loading (µg/ cm2) 5 13 19 63 101 136

E-10 mA/cm2 (mV) -387 -234 -81 -51 -42 -39

Tafel slope (mV/dec) -160 -142 -57 -53 -49 -52

Pt/AgNW/C

Pt loading (µg/cm2) 5 14 25 41 64 115

E-10 mA/cm2 (mV) -236 -116 -86 -72 -67 -43

Tafel slope (mV/dec) -121 -68 -59 -60 -55 -52

To examine the roughness of the graphite substrate itself, CV measurements were performed to determine the 
electrochemical double layer capacitance. Figure 2 displays the recorded curves at different scan rates in a non-faradaic 
region where only double layer charging occurs. The double layer capacitance was calculated according to Eq. 2 with 
the scan rate v at a potential of 0.23 V vs. RHE [54].

.dl
Q idt iC
E dE v

δ
δ

= = =

By plotting half the difference between the positive and negative current densities for each scan rate, the double 
layer capacitance is determined as 153 µF. By comparing the obtained value with the capacitance of an ideal flat catalyst 
surface, which is usually assumed to be 0.02 mF/cm2 [55] the surface of the graphite substrate exhibits a roughness 

(2)
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factor of about 7.7. This suggests that the graphite substrate offers a diverse range of surface areas with varying 
electronic properties, which might benefit the anchoring and growth properties of nanoparticles.

Figure 2. a) Cyclic voltammograms for the graphite substrate at different scan rates; b) dependence of the capacitive current density on the scan rate 
at 0.23 V vs. RHE

3.2 Electrocatalytic HER activity

Figure 3 shows the polarization curves for the different substrates with varying Pt loadings, corrected for 
the solution resistance. The solution resistance was estimated by measuring the high frequency resistance (HFR) 
of a platinum plate, which yielded a value of 0.8 Ω ∙cm2 in the same cell configuration [56]. This ensures that the 
conductivity properties of the different electrode substrates (AgNW, C, AgNW/C) are not compensated and the 
electrocatalysis measurements reflect the activity of the electrode materials [57]. All Pt decorated electrodes display 
progressive electrocatalytic activity with increasing Pt loading. Their corresponding overpotentials required to drive a 
current of -10 mA/cm2 are listed in Table 1.

The conductive AgNW network shows a good capability to promote hydrogen evolution with rising Pt content. In 
particular, a low loading of 5 µg/cm2 results in a significant potential reduction of 238 mV at -2 mA/cm2 relative to the 
pure AgNW network. However, it exhibits for loadings above 14 µg/cm2 diminished catalytic activity in comparison to 
the graphite or the directly on the graphite substrate applied AgNWs. In the nanowire substrate, the current flow has to 
occur through the percolation network, whereby the sheet resistance of 6 Ω is particularly noticeable at higher current 
flows. Compared to the graphite based substrates, higher voltages are required for the same hydrogen formation rate.

The bare graphite and AgNW substrates show only a low catalytic activity towards HER, similar to bulk silver 
as predicted by the volcano plot, where the current exchange density is about 5 orders of magnitude lower than for 
platinum [58]. The Pt/C and Pt/AgNW/C demonstrate similar HER performance at higher loadings, which indicates that 
the AgNW network on the graphite substrate does not limit the substrate conductivity. This is in accordance with the 
SEM micrographs which illustrate that the particles tend to deposit uniformly on the wires and that no particular regions 
are preferentially occupied. At very small amounts of Pt, the Pt/AgNW and Pt/AgNW/C electrodes (5 and 14 µg/cm2) 
evince markedly enhanced electrocatalytic activity compared to the AgNW free carbon substrates at nearly the same 
loadings (5 and 13 µg/cm2). The highest Pt loaded carbon based electrode materials (136 µg/cm2 and 115 µg/cm2) need 
only a small overpotential of -39 mV and -43 mV, respectively, for a current density of -10 mA/cm2. This performance 
is comparable to a commercial 20 wt% Pt/C electrode with an overpotential of approximately -29 mV [59].
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Figure 3. Polarization curves of the platinum decorated electrodes a) Pt/AgNW (5, 14, 26, 52, 126 µg/cm2 Pt); b) Pt/C (5, 13, 19, 63, 101, 136 µg/cm2 
Pt); c) Pt/AgNW/C (5, 14, 25, 41, 64, 115 µg/cm2 Pt)

The data demonstrate that as the Pt loading is increased, the overpotential undergoes a notable reduction (Figure 
4). This trend is observed to be analogous in the case of the Pt loaded graphite and AgNW/C substrates. However, 
in the region of low Pt amounts an increase in Pt content from 5 to 26 µg/cm2 results in a significant reduction of the 
overpotential. This increase in catalytic activity with platinum amount flattens significantly with loadings exceeding 
about 60 µg/cm2. Beyond this point, further increases in platinum loading have only a minor impact on improving 
the catalytic performance. This suggests that a sufficient level of performance in relation to the precious metal used is 
already achieved around 60 µg/cm2.

Figure 4. Overpotential at -10 mA/cm2 as a function of the Pt loading

Looking at very small loadings (5 µg/cm2) a strong effect of the silver nanowire network can be observed. Here, 
the Pt/C electrode exhibits the largest overpotential whereas the silver nanowires show the capability to reduce the 
overpotential by 121 mV in case of Pt/AgNW and 151 mV for Pt/AgNW/C. In the range of very small Pt loadings, 
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the presence of lower sized platinum nanoparticles is predominant, which facilitates a more substantial electronic 
impact of the silver on the platinum compared to larger platinum nanoparticle assemblies where the silver influence is 
insignificant. A synergistic effect was also observed for Pt nanoparticles deposited on AgNPs, where the overpotential 
at -10 mA/cm2 was found to be decreased by 43 mV in comparison to bare PtNPs [49]. This effect was attributed to an 
improved proton affinity resulting from a more negative surface potential in the Pt satellites. It was thus concluded that 
the more electropositive silver core raises the Fermi level of Pt in Ag/Pt assemblies.

3.3 Tafel analysis

In acidic media, the formation of molecular hydrogen is a two step process involving three different reaction 
mechanisms. The initial Volmer reaction is associated with the discharge of the hydronium ion (H3O

+) under the 
formation of a surface adsorbed hydrogen atom

3 ad 2H O e H H O+ −+ → +

The next step is the formation of the hydrogen molecule, either according to a Heyrovsky reaction concomitant 
with electrochemical desorption

ad 3 2 2H H O e H H O+ −+ + → +

or to a Tafel reaction under recombination of two adsorbed hydrogen atoms

ad ad 2H H H+ →

The analysis of the Tafel slope can provide insights into the kinetic processes governing the rate determining 
step in a given current density dependent overpotential region. If the Volmer reaction is the rate determining step of 
the hydrogen evolution, the Tafel slope should be about -120 mV/dec, while a rate determining Tafel or Heyrovsky 
mechanism should result in slopes of about -30 and -40 mV/dec, respectively [60, 61]. 

Figure 5. Tafel plots of the various electrodes (Pt loading in µg/cm2): a) Pt/AgNW; b) Pt/C; c) Pt/AgNW/C
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Pt/C electrodes with higher Pt loadings (63, 101 and 136 µg/cm2) demonstrate Tafel slopes of approximately -52 
mV/dec in the linear low overpotential region corresponding to -3 to -10 mA/cm2 (Figure 5). These values align with 
those observed from the commercial 20 wt% Pt/C with -38.5 mV/dec [59]. These Tafel slope values indicate that the 
electrocatalysts follow a Volmer-Tafel mechanism with the rate determining Tafel step. This is characterized by a fast 
primary discharge step, followed by a slow recombination step due to low surface coverage by adsorbed hydrogen. 
Nevertheless, it has been evidenced that, up to -0.1 V vs. RHE, the Volmer-Heyrovsky mechanism also occurs and 
neither of the two mechanisms can be considered to be exclusively determining [62]. 

In the high overpotential region (current densities above -10 mA/cm2), an increase in Tafel slopes occurs, reflecting 
the potential-dependent reaction rates of individual HER steps [63]. Higher overpotentials lead to increased surface 
coverage of adsorbed hydrogen atoms, resulting in the discharge step becoming rate determining, with a characteristic 
Tafel slope of -120 mV/dec [64]. Similar potential-dependent behavior was reported for bulk Pt disc electrodes, with 
Tafel slopes transitioning from -36 to -125 mV/dec in the high potential regime [65], aligning with the present findings.

The HER performance as well as the Tafel slopes of the electrodes investigated in the present work are in the 
range of previously reported results with PtNP doped electrodes using a carbon based substrate, such as a Pt loaded 
vertical graphene electrode with -47 mV at -10 mA/cm2 and a Tafel slope of -27 mV/dec [66]. HER catalytic and Tafel 
parameters were also obtained for a Pt/pencil graphite electrode with -49 mV and -52 mV/dec [67] and for a platinum-
doped nitrogenated porous two-dimensional C2N structure with -60 mV and -33 mV/dec [68], respectively. These 
findings confirm that the investigated electrodes, which were fabricated using an easy to handle deposition technique, 
enable efficient electrocatalysis which can be even supported by silver nanowire structures.

4. Conclusion
PtNP decorated electrodes were fabricated via constant potential deposition on pristine graphite and silver nanowire 

networks coated on glass and graphite substrates. Varying the platinum loading demonstrated that hydrogen evolution 
is effectively catalysed from a loading level of approximately 60 µg/cm2, requiring overvoltages of -51 mV (Pt/C) and 
-67 mV (Pt/AgNW/C) to achieve a current density of -10 mA/cm2. Beyond this loading, performance improvements 
plateaued. Notably, AgNWs exhibited a significant effect at low Pt loadings (5 µg/cm2) compared to Pt/C, likely due 
to differences in electrode morphology. This hypothesis is supported by observations of Pt shell formation comprising 
small agglomerates at short deposition times. A comparison with Pt/C revealed that extended current flow led to the 
growth of larger Pt particles on Pt/AgNW/C, reducing the nanowires’ synergistic influence on HER catalysis. Kinetic 
Tafel analysis corroborated the excellent electrocatalytic activity, yielding slopes of approximately -52 mV/dec for both 
Pt/C and Pt/AgNW/C systems. These comprehensive electrochemical studies demonstrate that even minimal quantities 
of Pt enable efficient HER electrocatalysis, potentially enhanced by the synergistic effect of AgNWs. 
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