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Virus-Templated Self-Mineralization of Ligand-Free  
Colloidal Palladium Nanostructures for High Surface 
Activity and Stability

Insu Kim, Kyungnam Kang, Mi Hwa Oh, Moon Young Yang, Inkyu Park,* 
and Yoon Sung Nam*

In solution-based synthesis of colloidal nanostructures, additions of 
ligands, stabilizers, and redox reagents are generally required to obtain 
desirable structures, though ligands and stabilizers on the surface of nano-
structures can substantially affect the surface-related activity. Accor dingly, 
an extensive rinsing process is usually required to remove residual reagents 
and stabilizers. This study reports a spontaneous self-biominerali zation of 
palladium (Pd) ions on a filamentous virus to form ligand-free Pd nanow-
ires under ambient conditions. No reducing reagents or additional surface 
stabilizers are used; the genetically modified virus alone supports the poly-
crystalline Pd nanowires within the nanostructure, maintaining the clean 
surface even without a rinsing process. The advantage of the ligand-free Pd 
nanowires is found in the Suzuki-coupling reaction, in which the nanowire 
catalytic activity is maintained after repeated reactions, while conventional 
Pd colloids undergo surface contamination by the stabilizer and lose their 
catalytic activity during repeated uses. The ligand-free surface, high elec-
tronic connectivity, and structural stability of the Pd nano wires also allow 
high sensitivity and selectivity in hydrogen gas sensing analysis. This work 
emphasizes the importance of the ligand-free surface of biotemplated nano-
structures in maintaining functionalities without surface contamination.
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and controllable surface properties. Viral 
structures have evolved to be relatively 
stable at elevated temperatures, in a wide 
range of pH, in the presence of nucle-
ases and proteases, and in organic sol-
vents.[6,7] M13 display libraries can be 
used to identify peptides that selectively 
bind to materials of interest, such as gold, 
silver, platinum, silicon, gallium arsenide, 
indium phosphide, zinc sulfide, cadmium 
sulfide, titanium oxide, iridium oxide, 
and carbon nanomaterials.[8–12] M13 virus 
has a filamentous structure composed of 
alpha-helical coat proteins ≈880 nm in 
length and ≈6.5 nm in diameter. Through 
biomineralization, these materials can 
form a 3D open porous network of func-
tional inorganic nanomaterials as a result 
of the entanglement of viral structures. 
However, most previous works that have 
produced templated nanostructures have 
relied on the use of reducing reagents 
(e.g., ascorbic acid, sodium borohydride, 
sodium citrate, dimethylamine borane, 
etc.) or heat treatment to obtain the 

required structure and functionality of metal and metal oxide 
nanowires.[13–18] The use of reducing reagents inevitably results 
in uncontrollable and irregular structures due to the bulk phase 
reduction of the metal–ligand complex precursors.[1] However, 
recent studies have revealed that templates with low surface 
energy and specific binding sites can induce preferential nucle-
ation of metal nanoclusters on the template surface, generating 
well-defined semicrystalline inorganic nanostructures.[5,19] The 

Biomineralization

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.201703262.

1. Introduction

Biological macromolecules and their self-assembled structures 
can be utilized as templates to fabricate functional nanomate-
rials through eco-friendly and energy-efficient synthetic pro-
cesses.[1–5] In particular, viruses have been widely investigated 
as genetically programmable templates to synthesize inorganic 
nanomaterials using their well-defined nanoscale structures 
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porous matrices of virus-templated self-mineralized nanowires 
have been found to exhibit promising properties for various 
applications in catalysis due to the stabilizer-free clean sur-
face, large surface area, well-interconnected structures, fast ion 
transfer, and capability of alloying multiple components.[20]

Palladium (Pd) is well-known for its catalytic activities in 
various types of organic synthesis. In particular, Pd-catalyzed 
C–C coupling reactions exhibit high chemoselectivity, region 
selectivity, stereoselectivity, and high conversion yields.[21–23] 
The Suzuki-coupling reaction of aryl halides and arylboronic 
acids is one of the attractive C–C coupling reactions because 
it enables the effective synthesis of biaryls, which are appli-
cable to natural products, pharmaceuticals, polymers, etc.[24] 
Recently, due to their large surface-to-volume ratio and facile 
separation of catalysts from the reaction products, heteroge-
neous Pd nanoparticles (PdNPs) were reported as efficient 
catalysts.[25,26] However, their catalytic activity tends to quickly 
degrade through increased thickness of the polymer stabilizer, 
e.g., poly(vinylpyrrolidone) (PVP), per particle, as a result of 
particle aggregation and Ostwald ripening.[27,28] In this case, 
mechanically stable viral templates that support catalytic nano-
materials can provide a distinctive advantage in maintaining 
the structural integrity of nanostructures and preventing the 
stabilizer-induced deterioration of catalytic surfaces.

Filamentous viral templates also guide the formation of well-
interconnected nanowires suitable for electrochemical applica-
tions.[29,30] A porous network of nanowires with a stabilizer-free 
clean surface can also be advantageous for gas sensor reactions 
to detect colorless, odorless, highly diffusive, and flammable 
gases (e.g., hydrogen gas) because such a network has fast 
response and good selective sensitivity.[31] Since the hydrogen 
gas has a lower flammable limit of 4% in air, it is essential 
to detect below 4%.[32] Currently, commercial gas sensors are 
mostly based on metal oxides (e.g., Al2O3, SnO2, TiO2, ZnO, 
etc.). However, these sensors have very low selectivity to spe-
cific gas components, and the working temperature is generally 
very high (250–400 °C).[33–35] As an alternative, for example, Pd 
has started to receive increasing attention as a sensing mate-
rial due to its high selectivity to hydrogen gas at ambient tem-
perature.[36–38] Recent studies have reported the solution-based 
synthesis of Pd nanowires (PdNWs) using carbon nanotubes, 
metal oxide nanowires, and electrospun nanofibers as tem-
plates for the formation of a porous mesh of PdNWs.[15,18,39] 
These structures, due to their large surface areas and facile gas 
transfer, exhibit high sensitivity and fast sensing kinetics.

In this study, we revisited an M13 virus as a template for 
spontaneous self-biomineralization into PdNWs and investi-
gated the practical feasibility of two different catalytic applica-
tions: one in the aqueous-phase Suzuki-coupling reaction and 
the other as a hydrogen gas sensor. An M13 virus displaying 
a glutamate trimer on the major p8 capsid protein, denoted 
as an “E3-M13 virus,” was employed because it was demon-
strated that the E3-M13 virus, using reducing agents or heat 
treatments, can guide the synthesis of various metal oxide 
nanowires, including cobalt oxide, iron phosphate, and barium 
titanate. This work focuses on the spontaneous formation of 
polycrystalline PdNWs from a simple mixture of Pd precur-
sors and E3-M13 viruses at ambient temperature and under 
atmospheric pressure without any additional chemical or 

heating processes. The preferential formation of Pd nanocrys-
tals on the surface of the virus templates is quantitatively exam-
ined. The virus-templated PdNWs were examined as catalysts 
for the Suzuki-coupling reaction of phenylboronic acid and 
iodobenzene in an aqueous medium. Using a conventional 
photolithography technique, the prepared PdNWs were also 
deposited on a gas sensor chip patterned with an interdigi-
tated gold electrode; then, their performance for hydrogen gas 
sensing was evaluated.

2. Results and Discussion

Schematic procedures for the virus-guided synthesis of the 
PdNWs are illustrated in Figure 1a. The E3-M13 virus is 
negatively charged over a broad range of pH due to the large 
number of glutamates on the viral surface, providing binding 
sites for various metal cations (Figure S1, Supporting Informa-
tion).[2,8] When Pd cationic precursor complexes (PdCl(OH2)3

+) 
bind to the carboxyl groups on the E3-M13 virus through 
electrostatic interaction, the concentration of surface-bound 
Pd cations increases, forming virus–metal complex hybrids 
(Figure 1b). Self-mineralization of the Pd cations on the sur-
face of the E3-M13 virus into PdNWs along the virus templates 
is induced by the oxidation of the chlorine ligand without any 
chemical reducing agents or surface stabilizers (Figure 1c). 
The pH drop from 4.18 to 3.60 after self-mineralization of 
the PdNWs suggests the formation of by-product acid (e.g., 
HClO) derived from the oxidation of chlorine ligands, thereby 
reducing the palladium ions.[40] Finally, surface-ligand free 
colloidal PdNW network structures were spontaneously syn-
thesized by virus-guided self-crystallization under ambient 
conditions (Figure 1d). By contrast, the addition of a reducing 
agent, NaBH4, to the reaction medium generates irregular Pd 
nanostructures that originate from the uncontrollable bulk 
phase reduction of Pd or the reduction of surface-bound Pd 
ions and the residual Pd precursor in the medium due to the 
fast reduction reaction (Figure S2a,b, Supporting Informa-
tion). To suppress bulk phase reduction, residual Pd precursor 
was removed by dialysis against deionized water. However, 
NaBH4 still generated additional uncontrollable growth of Pd 
nanostructures by reducing surface-bound partially reduced 
Pd complexes, resulting in undesirable structures (Figure S2c, 
Supporting Information). Without the virus templates and 
reducing agents, highly polydispersed Pd agglomerates are gen-
erated. The effects of the virus templates were clearly demon-
strated from the structural differences of the Pd nanostructures 
under the same experimental conditions, as shown in the trans-
mission electron microscopy (TEM) images (Figure S3a, Sup-
porting Information).

The kinetics of the formation of Pd nanostructures was 
determined from in situ monitoring of the UV–vis absorp-
tion spectrum (Figure 1e; Figure S3b, Supporting Informa-
tion). In the absence of the E3-M13 viruses, the absorption 
peak at λ = 211 nm, corresponding to the Pd cationic com-
plex (PdCl(OH2)3

+), decreased during the first 2 h due to 
the formation of Pd agglomerates (Figure S3b, Supporting 
Information).[41] The formation of Pd agglomerates increased 
the baseline in the range of 250–400 nm due to light scattering 
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of the Pd agglomerates. In the presence of the E3-M13 viruses, 
however, the absorbance intensity at λ = 211 nm dramatically 
decayed as PdNWs were generated (Figure 1e). During the first 
45 min, the baseline also increased in the range of 250–400 nm; 
afterward, however, the baseline gradually decreased due to the 
precipitation of entangled virus-templated PdNWs, as can be 
observed in Figure S4 (Supporting Information). The reaction 
rate constant of the formation of Pd nanostructures, k, was cal-
culated from the following equation: ln(It) = −kt + ln(I0), where 
I0 and It are the absorbance at λ = 211 nm at times = 0 and t, 

respectively (Figure 1e inset; Figure S3b inset, Supporting Infor-
mation). The Pd precursor solution with the E3-M13 viruses 
exhibited an approximately two-times faster reaction kinetics 
of the formation of Pd nanostructures (k = 1.23 × 10−2 min−1, 
R2 = 0.9949) than the Pd precursor solution without the virus 
(k = 0.6 × 10−2 min−1, R2 = 0.9896). Meanwhile, other specific 
peaks of PdCl2(OH2)2

0, PdCl3(OH2)−, and PdCl42− at λ = 205, 
264, and 280 nm, respectively, showed minor changes during 
the formation of Pd nanostructures (Figure S5, Supporting 
Information).[41] These results indicate that the E3-M13 viruses 
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Figure 1. a) Schematic description for the formation of the E3-M13 virus-templated Pd nanostructures. Schematic illustrations for the b) electro-
static complexation of carboxlylates incorporated on the E3-M13 virus surface with positively charged Pd complexes, forming virus-metal hybrids and  
c) self-mineralization of Pd complexes on the surface of the virus into PdNWs along the templates without any chemical reducing agents or surface 
stabilizers. d) TEM image of the Pd nanostructures templated by E3-M13 virus. e) UV–visible spectra of 5 mL of 0.1 × 10−3 m Na2PdCl4 solution with 
0.05 mL of 0.1 m PBS containing 2 × 1011 pfu mL−1 E3-M13 virus templates. The inset shows ln(Io/It) at 211 nm versus time curves for the determining 
of the rate constants.
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not only served as structural guiding templates but also pro-
moted the formation of Pd nanostructures via electrostatic 
interaction.

The thickness of the virus-templated Pd nanostructures was 
measured according to the increased concentration of diso-
dium tetrachloropalladate (Na2PdCl4) (Figure 2a; Figure S6a, 
Supporting Information). The diameter of the PdNWs was 
16.9 ± 4.0 nm when the concentration of Pd precursor was 
0.2 × 10−3 m. The diameter increased to 27.8 ± 4.0 nm with the 
increased concentration of precursor solution to 0.5 × 10−3 m. 
However, there were no significant changes in the diameter 
even at higher concentrations of Pd precursor (26.8 ± 3.5 and 
27.9 ± 5.0 nm at 2 and 5 × 10−3 m, respectively). In addition, 
agglomerates were also observed at >2 × 10−3 m of the Pd pre-
cursor concentration due to nonspecific crystallization of the 
Pd ions in the bulk phase. The in situ formation of Pd nano-
structures can be observed as a function of incubation time at 
a concentration of 0.5 × 10−3 m Pd precursor, as can be seen in 
Figure 2b and Figure S6b (Supporting Information). Pd nuclea-
tion was initiated on the viral surface, forming spherical Pd 
seeds, followed by the growth of Pd nanostructures. After 2 h, 
the virus templates were completely covered by Pd nanostruc-
tures. The synthetic yield was calculated by inductively coupled 
plasma mass spectrometry (ICP-MS) analysis of the concentra-
tions of Co ions remaining in the reaction medium after the 
formation of the Pd nanostructures. The synthetic yield of the 
virus-templated PdNWs was about 79.4% when PdNWs were 
incubated with a 0.5 × 10−3 m Pd precursor solution for 2 h at 
room temperature, while that of the spherical Pd aggregates 
without the virus template was about 61.8% under the same 
conditions (Figure S7, Supporting Information). The successful 
virus-guided formation of PdNWs indicates that the carboxyl 

groups displayed on the viral surface provided active sites for 
the adsorption of Pd ions via electrostatic interactions and effi-
cient nucleation and crystallization.

A TEM image of the prepared virus-templated PdNWs clearly 
shows that the E3-M13 virus core worked as a template for the 
formation of the PdNWs (Figure 3a). The conformal alignment 
of Pd nanocrystals along with the virus suggests that the Pd 
nanocrystals seem to be generated by electrostatic biosorption 
and nucleation of Pd cations on the carboxylates of the E3-M13 
viruses rather than via complexation of the virus with the aggre-
gates of Pd nanocrystals generated in the bulk phase. The high 
resolution TEM (HRTEM) image also shows polycrystalline Pd 
nanostructures and a lattice fringe that corresponds to the face-
centered cubic (FCC) Pd (111) plane, with a lattice distance of 
0.225 nm (Figure 3b). The electron diffraction patterns of the 
virus-templated PdNWs were well indexed with the (111), (200), 
(220), (311), and (331) facets of FCC Pd metal (Figure 3c). Fur-
thermore, energy dispersive spectrometry analysis confirmed 
the presence of Pd on the generated nanostructures (Figure S8, 
Supporting Information). The chemical states of the surface 
atoms on the virus-templated PdNWs were examined by X-ray 
photoelectron (XP) spectroscopy. The Pd 3d XP spectra of the 
PdNWs revealed 80.8% main metallic Pd peaks and 19.2% 
unreduced Pd ion peaks adsorbed on the PdNWs (Figure 3d). 
For the synthesis of other noble metal nanowires, AgNO3, 
HAuCl4, and K2PtCl4 precursor solutions were incubated with 
E3-M13 virus in the same manner. Among these solutions, 
only the Ag precursor solution exhibited a precipitate. These 
results indicate that coulombic interaction between the metallic 
precursor and the M13 templates is critical for the formation 
of metal–virus complexes. The Ag precursor, AgNO3, is readily 
dissociated to Ag cation in water and attracted to negatively 
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Figure 2. a) TEM images of PdNW-incubated E3-M13 viruses at various concentrations of Na2PdCl4 held at room temperature for 2 h. b) TEM images 
of PdNW-incubated E3-M13 viruses at 0.5 × 10−3 m Na2PdCl4 at room temperature as a function of incubation time. Scale bars represent 100 nm 
(a) and 25 nm (b).
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charged viral templates. By contrast, Au and Pt precursors are 
dissociated to the predominant anionic complexes (AuCl4− and 
PtCl42−) in aqueous solutions at near neutral pH, causing elec-
trostatic repulsion between precursor complexes and E3-M13 
viruses.[42] Binding energies between single carboxylate and 
metal precursor complexes were simulated by first-principle 
calculations (Table S1, Supporting Information). Au and Pt ani-
onic complexes exhibited repulsive binding energies of 9.75 and 
11.07 kcal mol−1, respectively. On the other hand, Pd and Ag 
cationic complexes showed attractive binding energies of −6.94 
and −8.73 kcal mol−1, respectively. In the TEM image, however, 
large Ag agglomerates were observed regardless of the presence 
of M13 templates (Figure S9a, Supporting Information). This is 
presumably due to the lower activation energy of the one elec-
tron transfer (Ag+ + e− → Ag0) compared to that of the two-elec-
tron transfer (Pd2+ + 2e− → Pd0). Therefore, the reduction of Ag 
ions is energetically more favorable, promoting fast reduction 
and forming large Ag agglomerates. The XP spectrum revealed 
that the Ag agglomerates are composed of 77.5% of Ag+ and 
22.5% of Ag0 (Figure S9b, Supporting Information). By con-
trast, no precipitates were observed for the Pt or Au precursor 
solutions. XP spectra showed only ionic states of the precursors 
(Figure S9c,d, Supporting Information). These results indicate 
that the valence states of the metal precursors and the activa-
tion energy of the electron transfer are critically important for 

the spontaneous complexation and self-mineralization of noble 
metal nanostructures using E3-M13 virus templates.

The virus-templated PdNWs were used as catalysts for the 
Suzuki-coupling reaction of iodobenzene and phenylboronic 
acid (Figure 4a). Colloidal PdNPs, due to their high dispers-
ibility and large surface-to-volume ratio, have been known 
as efficient catalysts for the Suzuki-coupling reaction in an 
aqueous solvent. However, the colloidal catalysts are stabi-
lized by polymers (e.g., PVP) to prevent precipitation during 
the reaction, which can affect the reaction kinetics or the 
recyclability of the catalysts.[25,26] As a control, we prepared 
PdNPs using PVP as a stabilizer, as previously reported.[43] 
TEM images show well-dispersed PdNPs with a diameter of 
3.5 ± 1.4 nm (Figure S10a, Supporting Information). The X-ray 
diffraction (XRD) pattern of the PdNPs is well matched with 
the (111), (200), (220), (311), and (222) planes of the Pd metal 
(JCPDS 05-0681) (Figure S10b, Supporting Information). The 
Suzuki-coupling reaction was monitored using the fluorescence 
of biphenyl, the reaction product, at 315 nm, with excitation 
at 295 nm (Figure 4b). The fluorescence peak intensities of 
biphenyl are used to determine the catalytic reaction rate and 
conversion yield of the reaction. Initial reaction rate during the 
first 5 min of PdNPs (0.344 mmol min−1) was higher than that 
of PdNWs (0.245 mmol min−1), presumably due to the higher 
surface area of the former (Figure 4c). However, the coupling 

Adv. Funct. Mater. 2017, 27, 1703262

Figure 3. a) TEM image and b) high-resolution TEM image of the virus-templated PdNWs. c) Electron diffraction pattern of the virus-templated PdNWs. 
White semicircles correspond to the diffraction rings of the (111), (200), (220), (311), and (331) planes of the metallic Pd. d) Pd 3d XP spectrum of 
the virus-templated PdNWs.
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reaction was fully completed within 45 min in both cases. The 
reaction product was identified by liquid chromatography-
tandem mass spectrometry (LC-MS/MS), which showed high 
selectivity of catalysis (Figure S11, Supporting Information).

To determine the recyclability of the catalysts, we collected 
and purified the colloidal Pd nanostructures by phase separa-
tion using diethyl ether. Although PdNPs showed a fast initial 
reaction rate for the Suzuki-coupling reaction, the catalytic 
activities of the PdNPs were found, due to their structural 
instability (e.g., Ostwald ripening and aggregation), to rapidly 
decrease during the repeated reactions (Figure S12a,b, Sup-
porting Information). TEM image shows large PdNP agglome-
rates (Figure S13, Supporting Information). On the other 
hand, the catalytic activity of the PdNWs was very stable in the 
repeated cycles of catalysis (Figure S12c,d, Supporting Infor-
mation). The conversion yield of the Suzuki-coupling reaction 
catalyzed by PdNPs was found to dramatically decrease from 
98.6 to 86.3 to 33.1%, while that of the recycled PdNWs was 
maintained very high levels of 100, 99.8, and 91.4% (Figure 4d). 

The TEM images confirm that no significant morphological 
changes of PdNWs occurred, while PdNPs were aggregated 
with a thick PVP layer that can block the catalytic surface of 
PdNPs after the catalysis (Figure 4e). These results indicate 
that the formation of a highly entangled network structure of 
PdNWs is critically important to maintain the active surface 
area by preventing the aggregation of catalysts. Moreover, 
stabilizer-free self-mineralized PdNWs preserved their clean 
surface, which allows the nanostructures to maintain cata-
lytic activity, while the PVP-stabilized PdNPs all agglomerated 
during the catalysis, contaminating the active surface and 
decreasing the catalytic activity.

Next, we further investigated the applicability of the porous, 
well-interconnected, and stabilizer-free Pd nanostructures as 
an efficient sensing material for use as a chemiresistive gas 
sensor. The hydrogen gas sensing performance of the virus-
templated PdNWs was examined using the experimental 
setup shown in Figure 5a. When the PdNWs are exposed to 
hydrogen gas, hydrogen molecules are dissociated into two 

Adv. Funct. Mater. 2017, 27, 1703262

Figure 4. a) Suzuki reaction of iodobenzene with phenylboronic acid catalyzed by Pd nanostructures. b) Time-dependent PL intensity of Suzuki reac-
tion mixtures of PdNPs/PdNWs from 0 to 45 min. c) The concentration of biphenyl and conversion yields of the Suzuki reaction using PdNPs/PdNWs. 
d) Conversion yields of the number of recycled catalysis using PdNPs/PdNWs. e) TEM and HRTEM images of the as-preapred PdNPs/PdNWs and 
PdNPs/PdNWs after 3 cycles of catalysis.
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hydrogen atoms. The resistance of Pd increases because the 
hydrogen atoms react with Pd to form palladium hydride 
(PdHx).[44,45] In order to fabricate a sensor chip, the synthe-
sized PdNWs were dispersed in deionized water and, using a 
micropipette, drop-casted between gold sensing electrodes. 
The volume of the solution was 2 µL; the sensor chip was 
placed on a hot plate and heated to 80 °C for the evaporation 
of residual water. As a result, a PdNW network was formed 

between interdigitated Au electrodes (Figure 5b); the electrical 
connection between PdNWs and electrodes showed a linear 
(i.e., Ohmic) current–voltage relationship (Figure S14, Sup-
porting Information). The sensor response was calculated as 
(Rg – Ra)/Ra × 100 (%), where Rg and Ra are the resistances 
of the PdNW network in hydrogen gas and air atmosphere, 
respectively. For a comparison of sensing performance, we also 
fabricated Pd thin film (thickness = 40 nm) on the electrode 

Figure 5. a) Experimental setup for hydrogen gas test. b) Microscopic and SEM images of hydrogen gas sensor. Hydrogen response diagrams of c) Pd 
thin film (40 nm thickness) and d) virus-templated PdNWs. e) High-magnified TEM image showing botryoidal structures of spherical Pd nanocrystals. 
Inset shows the fast diffusivity of hydrogen along grain boundaries. f) Selectivity test with other gases (1 ppm of NO2, 1 ppm of H2S, 0.5 ppm of NH3, 
and 40 ppm of CO).
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by electron beam evaporation (Figure S15, Supporting Infor-
mation). Figure 5c shows the gas detection results for the Pd 
thin film. The Pd film showed a sensor response of 0.066% to 
0.5% hydrogen gas. The 90% response time (τ90%) of the Pd 
film was 836.9 ± 62.2 s. On the other hand, the virus-templated 
PdNWs showed a sensor response of 0.65% to 0.5% hydrogen 
gas (Figure 5d), which is 9.8 times larger than that of the Pd 
thin film. Also, the response time was 232.8 ± 11.8 s, which is 
3.6 times shorter than that of the Pd thin film. Furthermore, 
the sensing signal of the PdNW-based sensor appeared to be 
much more stable than that of the Pd thin film. The enhanced 
sensitivity and response time originate from the large sur-
face-area-to-volume ratio and numerous grain boundaries of 
the 1D Pd nanostructure with botryoidal surface morphology. 
PdNWs possess a smaller transverse dimension, resulting in 
the higher surface-area-to-volume ratio; their surface can have 
a higher density of atomic sites for the reaction with hydrogen 
than can be achieved using Pd film.[46] By arithmetic calcula-
tions, the surface-area-to-volume ratio of the nanowire (1.49 × 
108 m−1) is 5.92 times larger than the film thickness of 40 nm 
(2.5 × 107 m−1). Moreover, the HRTEM image of the PdNWs 
shows botryoidal structures of spherical Pd nanocrystals with 
a high density of grain boundaries (Figure 5e). Figure 5e,  
inset, shows that hydrogen diffusion takes place through 
grain boundaries with high diffusivity, resulting in high sen-
sitivity and fast reaction rate in the hydrogen sensor.[47–49] On 
the contrary, the Pd thin film has a longer diffusion pathway 
of hydrogen and fewer grain boundaries, thereby resulting in 
lower sensitivity and longer response time than can be achieved 
using the PdNWs.[50] In addition, responses to other gases 
(1 ppm of NO2, 1 ppm of H2S, 0.5 ppm of NH3, 40 ppm of CO) 
were tested to verify the selectivity of the PdNWs synthesized 
with the virus template. The concentrations of these interfering 
gases were selected based on their environmental exposure 
levels. As shown in Figure S16 (Supporting Information), there 
were no significant or repeatable responses when NO2, H2S, 
NH3, and CO gases were injected. The experimental results 
verified that the PdNW sensor is highly selective to hydrogen 
gas, while there is no noticeable sensitivity to any other gases 
(Figure 5f). This is a consequence of the highly selective reac-
tion of palladium with hydrogen to form palladium hydride at 
room temperature, as explained above.

3. Conclusion

This report demonstrated that the genetically modified E3-M13 
virus displaying extra trimeric glutamic acids can be used as 
a template for spontaneous nucleation and crystallization of 
polycrystalline PdNWs under ambient conditions without use 
of chemical reducing agents or high temperature process. The 
virus also realizes the spontaneous reduction of Ag cations, 
while no metallic structures are produced from anionic Pt 
and Au complexes. These results indicate that the electrostatic 
association of cationic metal–ligand complexes with the virus 
is critically important for the spontaneous formation of metal 
nanostructures. The self-mineralized filamentous PdNWs, due 
to their mechanically stable and well-entangled nanostructures, 
maintained a high catalytic activity for repeated catalysis, while 

colloidal PdNPs were quickly aggregated during the catalysis 
and lost their catalytic activity. In addition, porous and well-inter-
connected Pd nanostructures provided an efficient sensing plat-
form for a highly selective chemiresistive hydrogen gas sensor. 
PdNWs with high surface-area-to-volume ratio, dense reaction 
sites for hydrogen, and numerous grain boundaries enable a 
dramatic improvement of sensitivity as well as response speed. 
We expect that biotemplating synthesis can provide a simple, 
environmentally friendly approach to fabricate desirable nano-
structured materials for a wide range of practical applications.

4. Experimental Section

Synthesis of Virus-Templated Noble Metal Nanowires: The E3-M13 virus 
in 0.1 m phosphate buffered saline (PBS) (pH 7.5) (2 × 1011 pfu mL−1,  
0.05 mL) was incubated with a Na2PdCl4, AgNO3, HAuCl4, and 
K2PtCl4 solutions (1 mL, deionized water) at room temperature. The 
prepared virus-templated noble metal nanostructures were collected 
by centrifugation at 5000 × g and dispersed in deionized water to 
dissolve unreacted metal ions. This step was repeated three times for 
purification. The production yield was measured using ICP-MS. ICP-MS 
was performed using Agilent ICP-MS 7700S (Santa Clara, CA, USA).

Computational Study: The binding energies were obtained by 
performing density functional theory calculations using the Gaussian 
09 program.[51] All geometries were fully optimized at the M06-L level.[52] 
The LanL2DZ pseudopotential and 6-311+G(2df,2p) basis sets were 
applied for the 4d-/5d-metal ions and all other atoms, respectively.[53] 
The SMD continuum solvation model was used to include solvent 
effects of water.[54]

Preparation of PVP-Stabilized PdNPs: PVP-stabilized PdNPs were 
prepared as a previous report.[43] In brief, 5.04 wt% PVP (Mw ≈55 kDa, 
Sigma-Aldrich) in deionized water was prepared, and the PVP solution 
(1.76 mL) and an aqueous solution of Na2PdCl4 (0.086 mmol, 20 mL) 
were added to the 240 mL of deionized water. An aqueous NaBH4 
solution (0.1 m, 1.72 mL) was slowly added under continueous magnetic 
strring at 250 rpm. After 30 min, the prepared PdNP suspension was 
dialyzed against an excess amount of deionized water for 2 d to remove 
residual precursors and reducing agents.

Suzuki-Coupling Reaction: K2CO3 (1.243 g, 9 mmol) was dissolved in 
15 mL of 40% ethanol. Phenylboronic acid (548.685 mg, 3 mmol) and 
iodobenzene (335.7 µL, 4.5 mmol) were added to a mixture of 27 mL of 
deionized water and 24 mL of ethanol, followed by the addition of 9 mL of 
the prepared Pd suspension (5 µmol). After adding the K2CO3 solution, 
the reaction media was heated to 80 °C with reflux during the Suzuki-
coupling catalysis. One microliter of aliquot was taken at 0, 1, 3, 5, 10, 
15, 30, and 45 min and immediately cooled to 0 °C to stop the reaction. 
The product was analyzed using a fluorescence spectrophotometer 
(F-7000, Hitachi, Tokyo, Japan) with an excitation wavelength of 285 nm. 
The molecular weight of the product of the Suzuki-coupling reaction 
was determined using LC-MS/MS (micrOTOF-Q II, Bruker Daltonik, 
Germany).

Sensor Fabrication: A sensor chip patterned with an interdigitated gold 
electrode was fabricated using a conventional photolithography method. 
A photoresist was spin-coated on a silicon wafer with a 2 µm SiO2 layer 
for insulation. After UV exposure and development, a Cr/Au layer with 
thicknesses of 10 and 200 nm, respectively, was deposited using electron 
beam evaporation (EB 500s, Alpha-Plus, Asan, Republic of Korea). 
Finally, the gold electrode was patterned using the lift-off process on 
the Si/SiO2 wafer. The gap bewteeen neighboring electrodes was kept at 
4 µm. The silicon wafer was cut into small chips of 1 cm × 1 cm by dicing  
saw (NEON 6010, NEON TECH, Anyang, Repuplic of Korea). A Pd thin 
film sensor was prepared by depositing 40 nm Pd on a silicon chip using 
an electron beam evaporator.

Gas Sensing: Hydrogen and air were injected into the chamber 
alternately using a mass flow controller. The source meter supplied a DC 
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bias of 10 mV to the sensing electrode, and then the electrical resistance 
was continuously measured. For seletivity test of the virus-templated 
PdNWs, 1 ppm of NO2, 1 ppm of H2S, 0.5 ppm of NH3, 40 ppm of CO 
were tested.

Characterization and Analysis: The surface charges of the E3-M13 
virus were determined by zeta-potential analysis (ELSZ-1000, Otsuka 
Electronics Co., Ltd., Osaka, Japan). Field emission-TEM (FE-TEM, 
200 kV) images were obtained on a FEI Tecnai F20 (Oregon, USA). Ten 
microliters of each sample were deposited on a TEM gird (01814-F, Ted 
Pella, Redding, USA) and dried in air. SEM images were taken using 
Sirion 200 FE-SEM (FEI Co., Hillsboro, OR, USA). The crystallinity of 
materials was characterized by XRD (D/MAX-2500, Rigaku, Japan). 
The gas flow was controlled using ATOVAC GMC1200 and AFC500 
mass flow controllers (ATOVAC, Yongin, Republic of Korea). A Keithely 
2636B (Tektronix, Beaverton, USA) source meter was used to measure 
the change of electrical resistance of the gas sensor. In the gas sensing 
system, all of the equipments were controlled by Labview 8.6 software 
(National Instruments, Austin, USA).
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from the author.
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