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Abstract 

Clean hydrogen production via water electrolysis is incumbent upon the development of high-

performing hydrogen evolution reaction electrocatalysts. Despite decades of commercial maturity, 

however, alkaline water electrolyzers continue to suffer from limitations in electrocatalytic activity and 

stability, even with noble metal catalysts. In recent years, combining platinum with oxophilic materials, 

such as metal hydroxides, has shown great promise for improving performance potentially by enabling 

stronger water dissociation at the surface of electrocatalysts. In this work, we leveraged the nanoscopic 

proportions and surface programmability of the filamentous M13 bacteriophage in the design, synthesis, 

and exceptional performance of 3D nanostructured biotemplated electrocatalysts for alkaline hydrogen 

evolution. We developed a facile synthesis method for phage-templated, Pt–Ni(OH)2 nanonetworks, 

relying on scalable techniques like electroless deposition and air oxidation. After optimization of the 

platinum content, our materials display –4.9 A mg–1
Pt at –70 mV versus the reversible hydrogen electrode, 

the highest reported mass activity in 1 M KOH to date, and undergo minimal changes in overpotential 

under galvanostatic operation at –10 mA cm–2
geo. Looking forward, the performance of these catalysts 

suggests that biotemplating nanostructures with M13 bacteriophage offers an interesting new route for 

developing high-performing electrocatalysts. 

 

Keywords: hydrogen evolution reaction; electrocatalysis; M13 bacteriophage; 3D nanostructure; 

biotemplating 
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1. Introduction 

Hydrogen has stimulated intensive research focus over the last several decades as an alternative to 

fossil fuels due to its high gravimetric energy density and carbon-free combustion [1–3]. Nevertheless, its 

production remains dominated by environmentally unfriendly methods, including steam methane 

reforming and coal gasification [4,5]. Water electrolysis offers the possibility to couple hydrogen 

production with more environmentally friendly methods, especially when used in conjunction with 

renewably generated electricity. Despite its maturity, water electrolysis accounts for only 4% of the global 

hydrogen production today due to its relatively high capital costs and uncertainty regarding future costs 

and performance [6], both of which could be mitigated by improving electrocatalysts. 

Several strategies are currently being explored to engineer more cost-effective performance in water-

splitting electrocatalysts. Efforts to minimize the utilization of noble metals or to find suitable, earth-

abundant alternatives are among the most active areas of research [7]. Water splitting is comprised of two 

half reactions, the cathodic hydrogen evolution reaction (HER) and the anodic oxygen evolution reaction 

(OER), both of which require electrocatalysts to occur with minimal overpotentials. The OER is generally 

understood as easier to catalyze under alkaline conditions with both precious and non-precious materials. 

Moreover, as high OER overpotentials dominate electrolyzer inefficiencies, it tends to direct the 

electrolyte choice on a commercial scale [8,9]. Although a number of potential HER electrocatalysts have 

approached the performance of platinum benchmarks in acid electrolyte, including metal chalcogenides, 

phosphides, nitrides, and carbides [10–14], this success has not been mirrored in alkaline electrolyte. 

Materials typically feature 2–3 times lower activity in alkaline HER than in acidic HER, due to 

mechanistic changes which have not been fully elucidated [15]. It is commonly understood that the 

adsorption energy of hydrogen is the defining material descriptor correlated with high HER activity. Due 

to the scarcity of hydronium, the proton donor in typical acidic electrolytes, dissociative adsorption of 

water dominates the proton-donating mechanistic step in alkaline HER. Strong alkaline HER 

electrocatalysts, then, must feature both strong dissociative water adsorption and optimal hydrogen 

adsorption [16]. 
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Following from these two design criteria, several recent reports have concluded that cooperative, 

bimetallic electrocatalysts can greatly improve alkaline HER activity. In particular, the incorporation of 

an oxophilic material with traditionally active materials results in enhanced electrocatalytic performance. 

Previous works suggest that oxophilic sites strongly adsorb water molecules, which can then dissociate 

into adsorbed hydrogen atoms and recombine into molecular hydrogen on the neighboring active surface 

[17]. Pt–Ni(OH)2 in particular has shown promise, as Ni(OH)2 displays a strong affinity toward water 

adsorption, and platinum is well-known for its high HER activity. Most reported Pt–Ni(OH)2 

electrocatalysts in literature, however, have been prepared by modifying single-crystal platinum catalysts 

with Ni(OH)2 ad-islands [18] or similar, nanostructured materials [19–22]. These examples have been 

tested with a mechanistic study in mind, rather than developing a more cost-efficient, practical material 

that minimizes the utilization of platinum. If Pt–Ni(OH)2 materials are to be implemented in commercial 

alkaline water electrolyzer cathodes, in which transition metal electrocatalysts like Ni–Mo alloys are used 

[23], further optimization of the platinum loading is necessary, as well as the development of specific 

design principles.  

One heretofore unexplored method of water-splitting electrocatalyst design is to use biological 

templates to nucleate and control the growth of electrocatalytic materials. Biotemplating is characterized 

by several inherent advantages not found in traditionally inorganic synthesis methods. Under mild 

conditions, biological organisms can form a range of complex nano and microstructures that are typically 

difficult to synthesize, including nanowires, nanoplatelets, and nanofoams [24]. Additionally, organisms 

like the filamentous M13 bacteriophage offer a genetic handle on material-binding properties, thereby 

offering simultaneous control over surface chemistry, nanostructure, and microstructure. Phage has 

already been successfully incorporated into a number of energy applications, including photovoltaics 

[25,26],  Na–ion and Li–ion batteries [27–29], and piezoelectric energy generation [30]. In the design of 

higher-performing alkaline HER electrocatalysts, biotemplating with phage facilitates the formation of 

high-surface-area, contiguous nanostructures and the ability to assemble multiple components, such as Pt 

and Ni(OH)2, at the nano and microscale. 
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Herein, we report the design, synthesis, and exceptional performance of 3D, biotemplated Pt–

Ni(OH)2 nanonetworks in alkaline HER electrocatalysis. We leveraged the nanoscopic proportions and 

surface programmability of the M13 bacteriophage to further the traditionally nonbiological field of 

material design. Electrocatalysts were prepared using facile, binder-free techniques, including electroless 

deposition and air oxidation, directly on conductive substrates. The Pt–Ni(OH)2 nanonetworks possess 

high activity, –200 mA cm–2
geo and –4.9 A mg–1

Pt at –70 mV versus the reversible hydrogen electrode 

(RHE), and outperform commercial Pt/C, phage-templated Pt nanonetworks, and phage-templated Ni 

nanonetworks in alkaline media. With optimized platinum loading, the Pt–Ni(OH)2 nanonetworks 

demonstrate the highest mass activities in 1 M KOH reported to date. They show stable performance, 

undergoing far smaller changes in overpotential than platinum controls over four hours of passing a 

current density of –10 mA cm–2
geo. Finally, several insights related to material design were obtained; most 

notably, the cooperativity between Pt and Ni(OH)2 may suffer from lower efficiency at higher platinum 

loadings due to poorer dispersion and a diminution of accessible, electrocatalytically active sites. 

 

2. Experimental Section 

In this work, we designed Pt–Ni(OH)2 nanonetworks using M13, a filamentous bacteriophage 880 nm 

long and 8 nm in diameter, as a material building block. Phage-templating was selected as it enables the 

fabrication of high-surface-area catalysts while maintaining high surface site accessibility [31]. 

Additionally, the surface coat proteins of phage provide a genetic handle to control surface chemistry. We 

leveraged previously reported, phage-templated, nickel nanofoams to control the nano and microscale 

morphology of Pt–Ni(OH)2 electrocatalysts. The synthesis process is summarized in Figure 1 and is 

detailed more completely in Section S1.3 in the Supporting Materials. In order to bind positively charged 

metal cations and facilitate metallization, we utilized the phage clone EEAE. This clone is engineered to 

display the negatively charged sequence E–E–A–E on the N–terminus of the main coat protein, pVIII. 

Solutions of phage particles were first assembled into hydrogels under the cross-linking action of 

glutaraldehyde on a conductive, titanium substrate. Next, electroless deposition (ELD) with sodium 



6 
 

hypophosphite as the reducing agent was utilized to directly coat nickel onto the phage scaffold. The shell 

of the nanonetworks was then fabricated upon exposing the metallized nanostructures to dilute 

chloroplatinic acid, before rinsing and drying. The aerobic, aqueous conditions of incubating this solution 

encouraged the formation of a thin Ni(OH)2 sheath, as well as the galvanic deposition of platinum 

nanoislands [32]. Macroscopically, the resulting Pt–Ni(OH)2 “nanonetworks” appeared as thin films with 

geometric surface areas ranging between 0.2 and 0.3 cm2.  

 

Figure 1. (a) Synthesis of Pt–Ni(OH)2 nanonetworks: EEAE M13 virus particles are (1) crosslinked and 
(2) metallized. (3) Nickel spontaneously oxidizes to Ni(OH)2 in aerobic conditions, and (4) platinum is 
deposited on the surface of the phage-templated scaffold. (b) Macroscopic view of a Pt–Ni(OH)2 
nanonetwork. Scale bars in (a) and (b) are 5 mm. 

 

The performance of Pt–Ni(OH)2 nanonetworks as HER electrocatalysts in alkaline electrolyte was 

assessed using standard benchmarking electrochemical tests. Cyclic voltammetry and chronoamperometry 

were conducted in a typical three-electrode setup in order to quantify the overall activity and perform a 

Tafel analysis, respectively. Activity was normalized by either the geometric area or mass of platinum in 

the sample. As platinum is far more active than nickel in HER electrocatalysis, the mass of platinum was 

chosen as a suitable approximation for the number of active sites. Chronopotentiometric and 

chronoamperometric stability testing and H2 product measurement was conducted using a glass H-cell 
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setup and anion exchange membrane to prevent gas crossover. A more detailed description of the testing 

setup and methodology can be found in Sections S1.7–S1.9 in the Supplementary Materials.  

 

3. Results and Discussion 

3.1 Physical Characterization 

Transmission electron microscope (TEM) and scanning electron microscope (SEM) images of the Pt–

Ni(OH)2 nanonetworks are given in Figure 2a–c. The structures are characterized by interconnected, 

biotemplated, metallized nanowires, decorated with platinum nanoislands typically on the order of 

200 nm, as dictated by the templated nanowire diameter (200 nm). A nanoisland size dependence on the 

platinum precursor concentration was observed, where larger nanoislands (>200 nm) formed at higher 

platinum concentrations. Phosphorus was also co-deposited with nickel during ELD, originating from the 

use of sodium hypophosphite as the nickel reducing agent. The choice of sodium hypophosphite was 

intentional, as (1) it enables nickel deposition under buffered, neutral conditions, and (2) it does not have 

enough reducing power to reduce platinum under these conditions [33]. This prevented undesirable 

platinum ELD in subsequent synthesis steps. The composition of nanofoams at different nickel deposition 

times was probed using ICP–OES and reported in Figure S1a–d. The increase in mass of both nickel and 

phosphorus is relatively steady with time during the first 90 minutes of deposition, indicating a constant 

deposition rate. Conversely, the relative elemental composition first changes rapidly and then stabilizes 

between 10 and 11 wt% phosphorus after 40 minutes. Both behaviors are typical of hypophosphite ELD 

baths [34].  
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Figure 2. (a) HRTEM, (b) high-magnification SEM, (c) low-magnification SEM, and (d) HAADF-STEM 
images of a Pt–Ni(OH)2 nanonetwork with 35.5 μgPt cm–2

geo. (e) EDX line scan identifying the (1) 
Ni(OH)2 shell and (2) platinum nanoisland. Scale bars are 5 nm, 200 nm, 5 μm, and 200 nm for (a), (b), 
(c), and (d), respectively. 
 

The concentration of Na2PtCl6 in the platinum deposition bath was used to control the final loading of 

platinum in the Pt–Ni(OH)2 nanonetworks. The overall platinum loading, measured using inductively 

couple plasma optical emission spectroscopy (ICP–OES), ranged from 2.50 μg to 46.4 μg or 1.39 wt% to 

19.1 wt% (Figure S1e). Nickel is oxidized under ambient conditions upon exposure to dissolved oxygen 

in water [35,36]. An oxide layer less than 10 nm thick spontaneously grew around the as-deposited nickel, 

shown in Figure 2b, yielding Ni(OH)2-coated nanonetworks. High angle annular dark-field scanning 

TEM (HAADF–STEM) and energy-dispersive X-ray spectroscopy (EDX) were performed to corroborate 

the composition of the Ni–P core, Ni(OH)2 outer layer, and platinum nanoislands (Figure 2d–e). The lack 

of platinum and phosphorus in the outer shell of the nanonetworks, as well as the positive identification of 

platinum in the nanoisland, support our hypothesized structure. Further EDX mapping (Figure S2) 

provided additional confirmation of the composition of the platinum nanoislands, as well as the oxygen-

rich surface layer. The lack of phosphorus in both the Ni(OH)2 surface layer and the platinum nanoislands 
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also suggests that it does not affect the electronic structure of the surface material. Therefore, we do not 

expect phosphorus to play an important role in the electrocatalytic performance of the Pt–Ni(OH)2 

nanonetworks. 

Two additional controls were created to help elucidate the contributions of both the Pt–Ni(OH)2 

material system and the phage-templated structure while testing electrocatalytic behavior (see 

Supplementary Infromation). First, platinum was electrolessly deposited directly onto the phage scaffold, 

yielding nanonetworks with wire diameters around 150 nm and an average loading of 140 ± 24 μgPt, 

measured with ICP–OES. (Figure S3). The Pt nanonetworks offer a useful comparison to the Pt–Ni(OH)2 

nanonetworks because they are characterized by an analogous nanostructure and similar geometric areas. 

This allows for a closer comparison than that between the Pt–Ni(OH)2 nanonetworks and any similar 

platinum-based systems in the literature. The Pt nanonetworks can also demonstrate the HER 

performance associated with high platinum loading in the catalyst, but without cooperativity between Pt 

and Ni(OH)2. As a second control, a similar Pt–Ni(OH)2 synthesis procedure was applied directly on a 

titanium foil substrate, without the phage hydrogel. This untemplated version of the Pt–Ni(OH)2 material 

system possessed a similar morphology to the phage-templated nanonetworks, including platinum 

nanoislands on agglomerated Ni–P nanoparticles and an oxidized surface layer (Figure S4). 

The crystallography of the Pt–Ni(OH)2 nanonetworks was characterized using X-ray diffraction 

(XRD) on samples at several different platinum loadings and compared to as-deposited nickel wires. The 

Ni–P alloy deposit was largely amorphous, displaying only a weak, broad peak centered on the (111) 

facet of fcc nickel (ICDD reference pattern 04–010–6148), similar to previous literature reports for high-

phosphorus-content, electroless nickel deposits [37]. Additionally, this provides strong evidence against 

the formation of metal phosphides like Ni3P, which have also shown electrocatalytic HER activity [38]. In 

contrast, the deposited platinum nanoislands were crystalline in nature, as seen by the appearance of fcc 

platinum (ICDD reference pattern 04–001–0112) with higher platinum loadings (Figure 3a). These facets 

were corroborated using high-resolution TEM (HRTEM), shown in Figure 2a. Lattice spacings of 1.96 Å 

and 2.29 Å were measured, corresponding to the (200) and (111) planes, respectively, of platinum. The 
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outer, oxidized nickel layer was too thin to deliver an identifiable signal with XRD and appeared largely 

amorphous under the TEM beam.  

 

Figure 3. (a) XRD characterization at four different platinum loadings (0, 35.5, 59.2, and 90.1 μgPt cm–

2
geo, respectively) and (b) XPS characterization of Pt–Ni(OH)2 nanonetworks in the Ni 2p3/2, P 2p, O 1s, 

and Pt 4f–Ni 3p regions. 
 

The surface chemistry of the Pt–Ni(OH)2 nanonetworks was characterized with X-ray photoelectron 

spectroscopy (XPS) and is summarized in Figure 3b. The O 1s peak position at a binding energy of 

531 eV suggests the formation of Ni(OH)2 as opposed to NiO. Further, the Ni 2p3/2 spectra confirms the 
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presence of both metallic Ni0 and oxidized Ni2+ and was deconvolved to Ni, NiO, Ni(OH)2, and NiOOH 

contributions (see supporting materials). The molar proportions of each nickel species were found to be 

16.7%, 5.1%, 77.8%, and 0.1% before the deposition of platinum nanoislands and 14.4%, 1.9%, 83.7%, 

and 0.0% after the deposition of platinum nanoislands. Thus, Ni(OH)2 is the dominant species in the 

oxidized surface layer both before and after the platinum deposition process. The P 2p peaks confirm the 

presence of atomic phosphorus (P 2p3/2 at 129.1 eV and P 2p1/2 at 129.9 eV), as well as oxidized P3+ 

species at 132.3 eV. Finally, the Pt 4f7/2 and 4f5/2 peaks at 71.6 eV and 71.9 eV, respectively, confirm the 

zero-valent state of metallic platinum in the deposited nanoislands. Figure S5 displays the Pt 4f and Ni 3p 

regions for several platinum synthesis conditions. The molar ratio of Pt:Ni on the surface varies from 

0.036 to 0.13 by varying the concentration of [PtCl6]2– used in the deposition bath, demonstrating that 

changing the platinum loading directly affects the relative surface concentrations of Pt and Ni(OH)2 and 

therefore the concentration of available, electrocatalytically active surface sites. 

In order to further study the availability of these electrocatalytically active surface sites, the total BET 

surface area of phage-templated Pt–Ni(OH)2 samples with increasing platinum loadings (0, 1.5, 7.3, and 

19 wt% Pt) were determined using Krypton (Kr) adsorption. Kr is preferred to traditional N2 or Ar as it 

provides more accurate measurements for small sample sizes. The detailed description of the technique 

and the calibration method used are discussed in Section S1.6 and Figure S6a in the supplementary 

materials. Interestingly, the total BET surface area per gram of sample (ranging from 8.5 to 12.7 m2 g–1) 

shows a non-monotonic behavior while increasing the platinum content with an optimum at 7.3 wt% Pt 

(Figure S7a). Above this optimal platinum loading, the surface area per gram of sample decreases 

indicating a lower availability of adsorption sites for Kr molecules. This is further explained by SEM 

images of these four phage-templated Pt–Ni(OH)2 nanonetworks that shows a gradual increase in the 

average size of the platinum nanoislands with the platinum concentration (Figure S7b–e), ultimately 

leading to an optimal number of accessible electrocatalytically active platinum adsorption sites per unit 

mass of sample at 7.3 wt% Pt. 
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3.2. Electrocatalytic Results 

Next, the Pt–Ni(OH)2 nanonetworks were assessed and optimized for their electrocatalytic 

performance. HER activity was averaged for 3–4 samples at several platinum deposition conditions and is 

reported here with error bars representing one standard deviation. The exact platinum loading was 

determined for each sample with ICP–OES after testing. All sample types are denoted by the legend in 

Figure 4a. The phage-templated Pt–Ni(OH)2 nanonetworks were highly active in terms of current density 

(Figure 4b). As expected, samples with the highest platinum loading, 141 ± 6 μgPt cm–2
geo, passed the 

highest current densities of –250 mA cm–2
geo at –70 mV vs. RHE. At higher overpotentials, around 

200 mV, these samples reached over –1 A cm–2
geo, well above the typical operating current densities for 

commercial alkaline water electrolyzers [39]. Compared to other reported Pt–Ni(OH)2 electrocatalysts 

with similar platinum loading, these current densities are nearly an order of magnitude higher, likely due 

to the increased number of accessible active sites made possible with phage-templating (Table S1). 

Further, Pt–Ni(OH)2 nanonetworks with an average platinum loading as low as 40.8 ± 10.4 μgPt cm–2
geo 

displayed higher current densities than Pt nanonetworks with an average platinum loading of 566 ± 68 

μgPt cm–2
geo. The higher performance of Pt–Ni(OH)2 nanonetworks relative to both Ni nanonetworks and 

Pt nanonetworks gives evidence of the cooperativity between the individual constituents of the combined 

material system. This aligns well with other reported Pt–Ni(OH)2 HER electrocatalysts [18,20,22]. 
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Figure 4. (a) legend entries for tested samples in (b)–(d) and (f); (b) CV scans at comparing Ni and Pt 
nanonetworks with Pt–Ni(OH)2 nanonetworks at several platinum loadings; (c) mass-normalized CV 
scans comparing Pt–Ni(OH)2 nanonetworks to Pt/C and untemplated Pt–Ni(OH)2 controls; (d) Tafel plots 
at several platinum loadings; (e) mass activity benchmarks at –70 mV vs. RHE; (f) galvanostatic stability 
of Pt–Ni(OH)2 nanonetworks with the optimal platinum loading versus untemplated Pt–Ni(OH)2, Pt 
nanonetwork, and Ni nanonetwork controls at a current density of –10 mA cm–2

geo. 
 

To evaluate mass activities, we compared the phage-templated Pt–Ni(OH)2 nanonetworks to Pt/C and 

untemplated Pt–Ni(OH)2 controls with similar platinum loadings (Figure 4c). Phage-templated Pt–

Ni(OH)2 displayed exceptionally strong performance relative to both of these controls. The mass activities 

of all platinum-containing samples were further compared at a 70 mV overpotential (Figure 4e). 

Although higher platinum loadings in the Pt–Ni(OH)2 nanonetworks increased the achievable current 

densities, the higher performance corresponded to lower mass activities and thus increasingly inefficient 

utilization of platinum, in agreement with the relationship between platinum loading and the number of 

accessible platinum sites per unit mass determined using Kr adsorption (Figure S7a). Compared to 

untemplated Pt–Ni(OH)2, the phage-templated system with the optimal platinum loading demonstrated 
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2.1 times higher mass activity, further evidence that templating with phage led to improvements in 

electrocatalytic activity. This improvement may be attributed to improved platinum dispersion on a higher 

surface area Ni(OH)2 framework, as well as material and morphological changes inherent to material 

growth on a protein-based surface. Phage-templated Pt–Ni(OH)2 nanonetworks demonstrated nearly an 

order of magnitude improvement in mass activity relative to Pt/C and phage-templated Pt nanonetworks.  

The optimal platinum loading of the Pt–Ni(OH)2 nanonetworks was 40.8 ± 10.4 μgPt cm–2
geo, which 

corresponded to mass activities of –4.9 ± 0.2 A mg–1
Pt. To the best of our knowledge, this is the highest-

reported platinum mass activity to date in 1 M KOH (Table S1), with no electrocatalyst passing greater 

than 3 A mg–1
Pt under similar testing conditions. An excellent per-site turnover frequency (TOF) of 13 H2 

s–1 was estimated from the Kr adsorption measurements and geometric approximations (see Section S1.10 

in the supplementary materials). While the majority of reported Pt–Ni(OH)2 electrocatalysts do not 

include a TOF estimate, Pt–Ni(OH)2 nanonetworks are around an order of magnitude more active than 

carbon-supported noble metals tested in similar conditions [40]. Thus, the current density, mass activity, 

and TOF benchmarked at –70 mV vs. RHE indicate Pt–Ni(OH)2 nanonetworks are highly active, alkaline 

HER electrocatalysts. 

To probe the electrolyte concentration dependency of this high activity, a Pt–Ni(OH)2 nanonetwork 

sample within the optimal range of platinum loading (34.3 μgPt cm–2
geo) was tested in 0.1 and 1 M KOH 

(Figure S9). In 0.1 M KOH, the sample passed –32 mA cm–2
geo and –0.643 A mg–1

Pt at an applied 

potential of –70 mV vs. RHE, compared to –173 mA cm–2
geo and –5.09 A mg–1

Pt in 1 M KOH. The large 

discrepancy in activity suggests that cooperativity between Pt and Ni(OH)2 may be enhanced in more 

concentrated KOH. Interestingly, this diverges with other reported Pt–Ni(OH)2 systems, which display a 

decrease in HER activity from 0.1 M to 1 M KOH [19]. Most commercial alkaline electrolyzers operate 

under this highly alkaline regime due to improved OER efficiency; thus, this pH-dependency may be 

beneficial for commercial integration compared to other electrocatalysts.  

As shown in Figure 4d, the Tafel slopes of the electrocatalysts were dependent upon the platinum 

loading of the electrode and fall in drastically different ranges of current density. All Tafel slopes and 
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exchange current densities can be found in Table 1. In the same overpotential regime, biotemplated Ni 

nanonetworks with zero platinum loading were characterized by a Tafel slope of 70.8 ± 2.1 mV dec–1.  

Unexpectedly, as the platinum loading increased among biotemplated Pt–Ni(OH)2 samples, the Tafel 

slope decreased sharply from 88.6 ± 7.9 mV dec–1 to values around 60 mV dec–1. The samples with the 

optimal platinum loading exhibited 60 mV dec–1. This change in Tafel slope may be indicative of a 

change in the HER rate-limiting step (see Section S1.11 in the supplementary materials) or, more simply, 

higher mass transfer limitations of intermediates to the active sites at the lowest platinum loading (9.5 ± 

1.3 μgPt cm–2
geo). However, definitive HER mechanistic analysis should be relegated to systems that are 

more well-defined from a morphological and transport perspective. In all cases, the Pt–Ni(OH)2 catalysts 

proved to be more efficient than the Pt nanonetworks, which featured Tafel slopes of 90.0 ± 3.0 mV dec–1. 

Both exchange current density and exchange mass current density feature similar trends as the activity 

measured at a 70 mV overpotential (Figure S8). The highest mass exchange current densities were 

observed for the samples with the optimal platinum loading, giving further evidence that the optimized 

Pt–Ni(OH)2 nanonetworks are the most intrinsically active as well. 

 

Table 1. Tafel analysis parameters. Tafel slope, exchange current density (j0) and mass exchange 
current density for commercial Pt/C, untemplated Pt–Ni(OH)2, Pt nanonetworks, Ni nanonetworks, and 
Pt–Ni(OH)2 nanonetworks. 

Sample Pt Loading 
(μgPt cm–2

geo) 
Tafel Slope 
(mV dec–1) j0 (mA cm–2

geo) j0 (A mg–1
Pt) 

Pt/C 31.7 ± 1.7 140 ± 3 3.1 ± 0.9 0.095 ± 0.023 
Untemplated Pt–Ni(OH)2 35.0 ± 0.5  65.6 ± 3.0 11.1 ± 2.5 0.32 ± 0.07 
Pt nanonetworks 566 ± 68  90.0 ± 3.0 9.7 ± 1.2 0.017 ± 0.001 
Ni nanonetworks – 70.8 ± 2.1 0.092 ± 0.009 – 

Pt–Ni(OH)2 nanonetworks 

9.5 ± 1.3 88.6 ± 7.9 1.6 ± 0.6 0.17 ± 0.04 
40.8 ± 10.4 60.7 ± 1.4 15.9 ± 3.4 0.39 ± 0.04 
77.3 ± 6.9 61.9 ± 1.8 17.9 ± 1.9 0.22 ± 0.02 
114 ± 3 61.8 ± 0.8 19.7 ± 0.4 0.17 ± 0.00 
141 ± 6 55.8 ± 4.4 21.8 ± 3.7 0.15 ± 0.03 

 

The Pt–Ni(OH)2 nanonetworks maintained good electrocatalytic stability under both potentiostatic 

and galvanostatic testing in 1 M KOH. Biotemplated nanonetworks maintained greater than 60% of their 
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initial current density over eight hours of operation at an overpotential of 70 mV (Figure S10). 

Untemplated Pt–Ni(OH)2 and Pt nanonetworks, on the other hand, demonstrated poor stability under the 

same overpotential, losing roughly 80% of their initial activity. Ni nanonetworks were not sufficiently 

active to test under these conditions. Under galvanostatic operation, the biotemplated Pt–Ni(OH)2 

nanonetworks displayed less than a 10 mV increase in overpotential after four hours of passing a current 

density of –10 mA cm–2
geo (Figure 4f). Untemplated Pt–Ni(OH)2 and Pt nanonetworks featured similar 

stability, while Ni nanonetworks showed a 60 mV increase under the same testing conditions. It is worth 

noting that the overpotential required to reach –10 mA cm-2
geo, considered the benchmark current density 

for HER [9], was between 25 and 35 mV for Pt–Ni(OH)2 nanonetworks with the optimal loading. These 

are among the best reported numbers in alkaline electrolyte [16]. These results give evidence toward the 

strong stability of the Pt–Ni(OH)2 nanonetworks in terms of both active material and templated structure. 

Finally, the product composition of the Pt–Ni(OH)2 nanonetworks throughout four hours of operation at –

10 mA cm-2
geo was measured by in-line gas chromatography to assess the faradaic efficiency (FE) of the 

reaction. FE values ranging from 98.1% to 101% were calculated, indicating pure H2 is produced within 

instrumental precision  (see Section S1.9 for details of FE calculations). 

The nanonetworks did not exhibit noticeable crystallographic changes, as evidenced by post-stability-

testing XRD scans (Figure S11a). XPS revealed a greater proportion of Ni(OH)2 (> 90%) in the oxidized 

surface layer of the Pt–Ni(OH)2 nanonetworks (Figure S11b). Although there were no visual signs of 

large-scale physical destruction to the samples, the oxidized surface layer was visually thicker in SEM 

and TEM images of post-stability samples (Figure S12). Neither result measures the oxidation layer 

thickness under in situ conditions; however, the XPS and imaging results suggest that changes in the 

oxidation layer structure or composition, which could affect the nature or availability of active sites, may 

be responsible for the degradation in HER activity. 

 

4. Conclusion 
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In summary, we present novel, biotemplated HER electrocatalysts synthesized by capitalizing on the 

natural advantages of M13 bacteriophage, including nanoscopic proportions and genetically engineered 

binding to metal cations. We applied phage to the bimetallic Pt–Ni(OH)2 material system, yielding 

contiguous, binder-free Pt–Ni(OH)2 nanonetworks synthesized under ambient conditions. With the 

optimal platinum loading, the Pt–Ni(OH)2 nanonetworks are highly active, reaching current densities over 

–1 A cm–2
geo under reasonable overpotentials and the highest-reported mass activity to date in 1 M KOH, –

4.9 A mg–1
Pt at –70 mV vs. RHE. As such, these findings suggest that biotemplated electrode 

architectures offer a universal and reproducible scaffold for electrocatalyst development via extension to 

other material systems and reactions in electrochemical energy conversion. 
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