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초록: 본 연구는 M13 박테리오파지라는 생물학적 템플릿 위에 니켈 수산화물(Ni(OH)2) 나노구조체를 in-situ 성장            

시켜 섬유 모양의 뛰어난 전기화학적 특성을 가지는 M13-Ni(OH)2 전극을 개발하였다. 개발된 M13-Ni(OH)2 전극의            

면적당 전기용량(Ca)은 14 mF/cm2로 기존의 Ni(OH)2 전극(Ca~18 mF/cm
2) 보다 28% 증가된 우수한 특성을 보였다.             

이러한 향상된 전기화학적 성능은 표면 거칠기 증가, 충전/방전 사이트 향상 및 전하 전달 저항 감소에 기인하였으               

며, 또한 기존 Ni(OH)2 전극 대비 18% 향상된 cycle 안정성을 보였다. 이 연구는 에너지 저장 분야에서 새로운 금                 

속 산화물 나노구조체의 성장을 제어하기 위한 생체 템플릿의 사용 가능성을 보여주었다.

Abstract: Pseudocapacitive metal hydroxide nanostructures are promising active electrode materials for supercapacitor 

applications. Here, we demonstrate the in-situ growth of nickel hydroxide (Ni(OH)2) nanostructures on filamentous M13 

bacteriophage template. The M13-Ni(OH)2 bio-nanostructure exhibits a fibrous morphology and a preferential growth ori-

entation along the (001) crystal plane. Interestingly, the M13-Ni(OH)2 electrode demonstrates superior electrochemical 

properties. The areal capacitance (Ca) of M13-Ni(OH)2 and Ni(OH)2 electrodes was 18 mF/cm
2 and 14 mF/cm2, respec 

tively, indicating a 28% increase. The improved electrochemical performance is due to the increased surface roughness, 

enhanced charge adsorption/desorption sites, and reduced charge transfer resistance. This also contributed to an 18% 

increase in cyclic stability compared to the Ni(OH)2 electrode analogue. Overall, this work successfully shows the use 

of a bio-template to control the growth of novel metal-oxide nanostructures for energy storage applications.

Keywords: M13 bacteriophage, active electrode, hydrothermal, energy storage, supercapacitor.

Introduction

Genetically engineered, filamentous M13 bacteriophage has 

demonstrated great potential to be used as a green bio-template 

for the in-situ growth of metal hydroxides/oxides and the 

anchoring of nanostructure metal or metal oxides.1-3 In general, 

a single strand 6.6 nm in width and 880 nm in length M13 bac-

teriophage comprises 2700 copies of the helically arranged pVII 

proteins on the phage body, and more copies of pIII, pVI, and 

pIX proteins or more are located at each end of the bacteriophage. 

These peptide receptors on M13 bacteriophage are negatively 

charged, which is favorable to attracting positively charged 

metal ions to grow functional materials with nanofibrous struc-

tures.3 The peptide receptors of the M13 bacteriophage are 

closely spaced and can be genetically and chemically modified 

to form specific shapes with designated functions. Therefore, 

M13 bacteriophage can be used as a template to determine 

the homogeneous distribution and percolated network struc-

tures of organic/inorganic nanostructures under ambient con-

ditions.4-6 A further tuning of the pH of the solution, additives, 
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annealing temperature, and duration during the hydrothermal 

process can produce hybrid nanostructures of different mor-

phologies.

Owing to its ubiquitous features, such as highly tunable 

structural geometry aspect ratio, the use of M13 bacteriophage 

has become increasingly popular in sensing energy harvesting/

storage applications. In some studies, M13 bacteriophage is 

used as a green bio-template for spontaneous and homogenous 

anchoring metallic/plasmonic nanoparticles under ambient 

conditions, creating novel bio-nanostructures with fascinating 

material properties.2,4 The incorporation of versatile M13-tem-

plated fibrous nanostructures has enabled noticeable improve-

ment in the performance of photovoltaic, optoelectronic, and 

bio-sensing devices.4,5,7

The use of M13 bacteriophage for energy storage devices 

has been scarcely reported.4,5,8,9 The nanoplate shape of nickel 

hydroxide (Ni(OH)2) shows pseudocapacitive electrochemical 

behavior.10 However, the nanoplate shape Ni(OH)2 was scattered 

and disconnected in the pristine state, which can hinder inter-

facial charge transfer due to the prolonged inter-distance between 

the two nanoplates. For this work, we utilized M13 bacte-

riophage as a bio-template to grow and self-assemble Ni(OH)2
nanoplates through hydrothermal synthesis. The FESEM result 

demonstrated that the M13 bacteriophage has ordered assem-

bly of Ni(OH)2 nanoplates, which creates and maintains the 

gaps, resulting in M13-Ni(OH)2 bio-nanoplates formation. 

The XRD and FTIR results confirm that no impurity phases 

are present in the presence of the M13 bacteriophage. Both 

the scattered Ni(OH)2 and assembled M13-Ni(OH)2 bio-

nanoplate samples have preferential growth orientation along 

the (001) plane. Moreover, the M13-Ni(OH)2 bio-nanoplates 

have a higher crystallinity level than the scattered Ni(OH)2
nanoplates.

The electrochemical performance of Ni(OH)2 nanoplates 

and M13-Ni(OH)2 bio-nanoplates was studied by incor-

porating them as an interfacial enhancer into sandwich-type 

supercapacitor electrodes. The M13-Ni(OH)2 and Ni(OH)2
electrodes achieved areal capacitances of approximately 18 

mF/cm2 and 14 mF/cm2, respectively, at a 10 µA/cm2 cur-

rent density. Electrochemical characterizations reveal that 

the increased surface adsorption sites and reduced inter-dis-

tance between the nanoplates in the M13-Ni(OH)2 network 

are mainly responsible for the improved pseudocapacitive 

performance and galvanostatic charge/discharge stability of 

the electrodes. 

Experimental

Materials. Nickel sulfate hexahydrate (NiSO2·6H2O, 99.9%)     

and ethylene glycol (EG) were purchased from Sigma Aldrich, 

Republic of Korea. Wild type M13 bacteriophage was provided 

by Prof. Jin-Woo Oh and his team. The PH-1000 poly(3,4-eth-

ylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS) solu-

tion was obtained from Clevious, Germany. A deionized (DI) 

water plant was installed in the laboratory and subsequently 

used for all the experiments.

Hydrothermal Synthesis of M13-Ni(OH)2 Bio-nanoplates.    

The crucial parameters for achieving optimal nanoplate growth 

include precise control of the hydrothermal growth process 

(temperature, pressure, time) and maintaining a specific con-

centration of Ni ions and M13 bacteriophage. M13 bacteriophage 

was mass amplified using a typical mass amplification pro-

tocol.2 After amplification, a centrifuge-based washing process 

was followed to purify and concentrate the M13 bacteriophage 

solution. The resulting M13 bacteriophage concentration was 5 

mg/mL. The precursor solution of M13-Ni(OH)2 nanostructure 

was prepared by mixing the as-bought 10 mM NiSO2.6H2O in 

50 mL of DI water with 100 µL of M13-bacteriophage (5 wt%)

solution for 1 hour. Thus, the final concentration of M13 bac-

teriophage in hydrothermal solution was only 0.01 mg/mL. 

Further, the final M13-Ni(OH)2 precursor solution was kept in 

a hydrothermal process at 120 ℃ for 6 hours. The resulting     

solution was washed and centrifuged five times to yield the final 

powder of M13-Ni(OH)2 nanoplates. Whereas, only Ni(OH)2
nanoplates were synthesized through the same hydrothermal 

process but without M13.

Fabrication of Supercapacitor Electrodes. Supercapac-    

itor composite electrodes were fabricated by sandwiching Ni(OH)2
nanoplates or M13-Ni(OH)2 bio-nanoplates between the top 

and bottom PEDOT:PSS films. The EG-modified PEDOT:PSS 

(PEDOT) solution was synthesized by adding 6 vol% of EG 

into the PEDOT:PSS solution, followed by stirring for 24 h.11,12

The PEDOT was applied to pre-cleaned glass substrates using 

a spin-coater at 2000 rpm, after which it was annealed at 150 ℃     

for 5 min. Next, 2 wt% of Ni(OH)2 and M13-Ni(OH)2 nanoplates 

in DI water were spin-coated onto the PEDOT electrodes at 

1000 rpm, then annealed at 150 ℃ for 5 min. Afterwards, PEDOT     

was again deposited on nanoplates film at 2000 rpm and annealed 

at 150 ℃ for 5 min. The electrochemical performance of these     

electrodes was then studied.

Fundamental Characterizations of Supercapacitor   

Electrodes. The crystallographic analysis of hydrothermally     
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synthesized nanoplates was investigated by X-ray diffractometer,

XRD (D8 Advanced, Bruker, Germany) with Cu Kα1 source 

(λ=1.54 Å). The functional groups in the synthesis nanoplates 

were studied using Fourier transform infrared spectroscopy 

FTIR (Frontier, PerkinElmer, USA) measurement. The surface 

morphologies and topographies of the nanoplates were analyzed

through the field-emission scanning electron microscope, FESEM 

(SUPRA40VP, Carl Zeiss, Germany), and atomic forced micros-

copy, AFM (NX1, Park Systems, Korea), respectively. All the 

above facilities are provided and maintained by the Center for 

University-wide Research Facilities (CURF) at Jeonbuk National 

University.

Electrochemical Characterizations of Supercapacitor   

Electrodes. The electrodes were subjected to electrochemical      

analysis through the CompactStat (IVIUM Technologies, 

Netherlands). The three-electrode system opted to evaluate the 

electrochemical properties of the electrodes with a reference 

electrode (Ag/AgCl) and counter electrode (platinum wire) in 

1M LiCl aqueous electrolyte. The cyclic voltammetry (CV) 

curves at different scan rates and galvanostatic charge-discharge 

(GCD) curves at different current densities were recorded. Areal

capacitance (Ca) was evaluated using GCD curves. The Ca cal-

culations were conducted using eq. (1), respectively:11,13

(1)

In a three-electrode system, the factor n is a multiple of four,

A represents the area of the electrodes immersed in the elec-

trolyte, I represents the current density per unit area, ∆t rep-

resents the discharge time, and ∆V represents the voltage 

difference. The areal energy density (E) was determined by 

eq. (2) and power density (P) by eq. (3). The results were pre-

sented graphically in the form of Ragone plots.11,13

(2)

(3)

The electrochemical impedance spectroscopy (EIS) mea-

surements were performed and analyzed the EIS parameters 

such as equivalent series resistance (Rs), charge transfer resis-

tance (Rct), constant phase element for double-layer capaci-

tance (CPEDL), constant phase element for pseudocapacitance 

(CPEL), and Warburg resistance (Wo) using IVIUM software.

Results and Discussion

Morphological Properties of M13-Ni(OH)2 Bio-nanoplates.    

Figure 1(a-c) schematically depicts the hydrothermal growth 

process of M13-Ni(OH)2 bio-nanoplates, in which M13 bac-

teriophage functions as a bio-template. Figure 1(a) shows the Ca

n I× Δt×

A ΔV×
--------------------=

E
1

2
---

1

3600
------------Ca Δ×× V

2
=

P
3600 E×

Δt
--------------------=

Figure 1. Schematic showing in-situ growth of Ni(OH)2 nanoplates on the M13 bacteriophage: (a) a single strand M13 bacteriophage; (b) 

Ni ion seeding on M13 bacteriophage; (c) M13-Ni(OH)2 nanoplates.

Figure 2. Top-view FESEM images of the (a) as-spun M13 bacteriophage network; (b) scattered Ni(OH)2 nanoplates; (c) M13-Ni(OH)2 bio-

nanoplates.
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schematic of a single strand of M13 bacteriophage with pIII, 

pVI, and pIX proteins. Figure 1(b) represents the seeding and 

nucleation of Ni ions on the negative receptors of M13 bac-

teriophage during the immersion in a nickel sulfate solution. After 

undergoing a hydrothermal growth process, Ni(OH)2 nanoplates 

with uniform shape and size were grown on the M13 bac-

teriophage in an orderly manner with the remaining gap between 

them, resulting in the development of M13-Ni(OH)2 bio-nano-

plates (Figure 1(c)) with fascinating structural properties.

High-resolution FESEM images reveal drastically different 

surface morphologies. Figure 2(a) shows the as-spun M13 bac-

teriophage network, Figure 2(b) depicts scattered Ni(OH)2

nanoplates, and Figure 2(c) shows M13-Ni(OH)2 bio-nano-

plates. The M13 bacteriophage (bio-template) creates an inter-

connected network of nanoplates with designated gaps. To 

investigate the crystallinity of the Ni(OH)2 nanoplates in the 

presence of M13 bacteriophage, the XRD analysis of powders 

was performed.14

Structural Properties of M13-Ni(OH)2 Bio-nanoplates.    

The XRD pattern of the scattered Ni(OH)2 nanoplates and in-

situ grown M13-Ni(OH)2 bio-nanoplates are shown in Figure 

3(a). The XRD peaks at 2θ positions of 19.03, 32.91, 38.42, 

51.87, and 58.94° correspond to (001), (100), (011), (012), and 

(110) crystal planes, respectively. The XRD patterns of Ni(OH)2

Figure 3. Structural characteristics of Ni(OH)2 nanoplates and M13-Ni(OH)2 bio-nanoplates: (a) XRD patterns; (b) FTIR spectra.

Figure 4. (a) Schematic fabrication process of PEDOT/M13-Ni(OH)2/PEDOT sandwiched electrodes. AFM micrographs of (b) PEDOT film; 

(c) M13-Ni(OH)2/PEDOT; (d) PEDOT/M13-Ni(OH)2/PEDOT electrodes.
 Polym. Korea, Vol. 48, No. 2, 2024



238 M. M. Ovhal et al.
nanoplate and M13-Ni(OH)2 bio-nanoplate were matched well 

with the reference pattern of JCPDS file no. 70-0989, confirming 

the β-phase of the two-dimensional Ni(OH)2 nanoplates.15,16

The dominant peak at 2θ positions of 19.03° in Ni(OH)2 and 

M13-Ni(OH)2 pattern confirms the two-dimensional preferential 

growth of the along (001) crystal plane.15,17 Interestingly, the inten-

sity of the (001) peak was found to be much higher in the M13-

Ni(OH)2 bio-nanoplate respective to the scattered Ni(OH)2 nano-

plates, representing the superior crystallinity in Ni(OH)2 nano-

plates in the presence of M13 bacteriophage. The XRD result 

correlates well with the findings in the FESEM images. The 

directional growth of the Ni(OH)2 unit cell along the (001) crystal 

plate is shown in inset Figure 3(a) and schematically in sup-

plementary Figure S1. The results observed in FTIR spectra of 

Ni(OH)2 and M13-Ni(OH)2 nanoplates are presented in Figure 

3(b). The prominent peaks were detected at wavenumber of 

460 nm-1 and 536 nm-1, confirming the Ni-O functional group 

in both samples. The peak at 3637 nm-1 also depicts the O-H 

stretching observed in both instances, manifesting that the exposed 

crystal surface was reached in O atoms.13 The subtle peaks rep-

resenting O-H bending vibrations were also detected at 1383 

and 1633 nm-1. The FTIR spectra show no additional peaks due 

to M13 bacteriophage, evidencing that using M13 bacterio-

phage as a bio-template did not lead to the formation of impu-

rity phases.

Supercapacitor composite electrodes were fabricated by sand-

wiching scattered Ni(OH)2 and M13-Ni(OH)2 bio-nanoplates 

between the top and bottom PEDOT film electrodes, as illus-

trated in Figure 4(a). The AFM micrographs show the RMS 

surface roughness of the pristine M13 bacteriophage on glass 

(Figure S2), PEDOT electrode (Figure 4(b)), M13-Ni(OH)2/PEDOT 

electrode (Figure 4(c)), and sandwiched electrode (PEDOT/M13-

Ni(OH)2/PEDOT) (Figure 4(d)) were ~11, ~18, ~115, and ~56 nm, 

respectively. For ease of elucidation, the sandwiched electrodes 

with Ni(OH)2 and M13-Ni(OH)2 hereafter represented as Ni(OH)2
electrode and M13-Ni(OH)2 electrode, respectively, in subsequent 

discussions.

Electrochemical Performance of the Electrodes. Next,     

the electrochemical performances of the pseudocapacitor Ni(OH)2
electrode and M13-Ni(OH)2 electrode were analyzed using CV 

and GCD. The electrodes were tested under similar conditions 

to recognize the effect of M13 bacteriophage on their elec-

trochemical performance. Figure 5(a) depicts CV characteristic 

curves of both electrodes in a voltage range of 0-0.8 V. Its 

quasi-rectangular shape manifests the ideal pseudocapacitor 

behavior in both electrodes (Figure S2).18 Comparatively, the 

Figure 5. Electrochemical properties (measured in three-electrode system) of supercapacitor electrodes: (a) CV; (b) GCD; (c) Ca vs. applied 

current density; (d) Ragone plot; (e) Nyquist plot; (f) Crentention with respective to the 10000 GCD cycles.
폴리머, 제48권 제2호, 2024년
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M13-Ni(OH)2 electrode acquires higher current and had a con-

siderably higher CV integral area than analogue, suggesting 

enhanced electrochemical energy storage capability of the elec-

trodes in the presence of M13 bacteriophage. Similarly, the tri-

angular-shaped GCD profiles (Figure 5(b) and Figure S3) further 

confirmed fast charge transport and ion diffusion. The charging 

and discharging time increased to 17 seconds for the M13-Ni(OH)2
from 13 seconds for the Ni(OH)2 electrode. The extended time 

required for charging and discharging indicates that the M13-

Ni(OH)2 electrode can store more charge than analogue. In 

particular, the charges stored on the surface of the Ni(OH)2
nanoplate and PEDOT:PSS by electrochemical redox reaction 

and are shown in eqs. (4) and (5), respectively. The elec-

trochemical reversible redox reaction of Ni(OH)2 nanoplate in 

LiCl electrolyte is as follows.19,20

Ni(OH)2 + Li+ + e- Li·Ni(OH)2  (4)

PEDOT+:PSS- + Li+ + e- Li·PEDOT0:PSS-  (5)

Additionally, the improved electrochemical performance 

was mainly attributed to its mesoporous network-like structure 

in the presence of M13 bacteriophage, which enhances the 

electrode surface area, as confirmed by AFM analysis, and is 

beneficial for ion adsorption.

The areal capacitance (Ca) of both electrodes was deter-

mined using eq. (1) with GCD current density ranging from 10 

to 300 µA/cm2, as shown in Figure 5(c). The M13-Ni(OH)2
electrode achieved a maximum Ca of around 18 mF/cm2, 

which was 28% higher compared to its analogue (Ca=14 mF/

cm2) even at the same current density (10 µA/cm2). Similarly, 

the E was calculated using eq. (2) and P using eq. (3). The 

results were presented in Ragone plots in Figure 5(d). The 

Ni(OH)2 electrode and M13-Ni(OH)2 electrode show maxi-

mum E of 1.29 µWh/cm2 and 1.62 µWh/cm2 at a P of 32 µW/cm2, 

respectively. The champion electrode developed in this study 

had a higher E than its analogue.

In addition, EIS measurements of both electrodes were con-

ducted at the frequency of 1 MHz to 1 Hz. In the Nyquist plots 

(Figure 5(e)), the electrodes' curves were fitted with a standard 

equivalent circuit model using IVIUM software. The char-

acteristic EIS parameters values are shown in Table 1.21 Com-

paring the Rs values, the Ni(OH)2 electrode exhibited Rs of 

~67.9 Ω, which is significantly lower compared to the M13-

Ni(OH)2-based electrode (Rs ~ 78.1 Ω). The increase in Rs may 

be arising from its M13 bacteriophage, which itself does not 

contribute to the electrical conductivity or electrochemical charge 

storage (electric double-layer capacitor and pseudocapacitor) 

mechanism.4,9 Meanwhile, there is a substantial difference in 

the Rct values of the electrodes based on Ni(OH)2 (Rct ~ 2.77 Ω) 

and M13-Ni(OH)2 (Rct ~ 2.18 Ω), confirming the superior charge 

transfer of the latter. The CPEDL values of Ni(OH)2- and M13-

Ni(OH)2-based electrodes were measured to be ~1.37 mF and 

~0.47 mF. Inversely, the CPEL values were 1.87 mF and 2.45 

mF, respectively. A low CPEDL coupled with a high CPEL in 

the presence of the M13 bacteriophage indicates improved 

adsorption and intercalation of electrolyte ions and superior 

capacitance.21 The significantly higher CPEDL value of the 

champion electrode suggests an improved conductivity among 

the ordered nanoplates.22

The Wo represents the high resistance to diffusion of ions 

back into the electrolyte, which was observed at lower frequencies 

to be steeper than 45 degrees in the M13-Ni(OH)2 electrode 

compared to analogue.23,24 This indicates a higher degree of 

effectiveness in capturing and distributing ions at the interface, 

making it a promising candidate for various electrochemical 

applications.11,19 The study’s findings indicate that the scattered 

nanoplates have restricted ion adsorption, which hinders charge

transfer. This limitation is primarily attributed to the nanoplate’s 

low surface-to-volume ratio and disconnected morphology.20

Meanwhile, the orderly arranged and interconnected nano-

plates on the M13 bacteriophage body effectively reduced the 

distance for ion diffusion. They provided more ion adsorption 

sites in the electrode, enabling more efficient current collection 

in the champion electrode. Additionally, the mesoporous mor-

phology of M13-Ni(OH)2 bio-nanoplates also helped accom-

modate a significantly higher number of ions at the electrode/

electrolyte interface.25,26

Conclusion

This work showcases a new method of producing M13-Ni(OH)2
bio-nanoplates for supercapacitor devices. The pseudocapacitive 

Ni(OH)2 nanoplates were successfully synthesized and grown 

Table 1. EIS Parameters of Ni(OH)2 Electrode and M13-Ni(OH)2 Electrodes

Electrodes Rs (Ω) Rct (Ω) CPEDL (mF) CPEL (mF) RL × 105 (Ω) Wo × 10-2 (S1/2/Ω)

Ni(OH)2 66.9 2.77 1.37 1.87 1.43 6.75

M13-Ni(OH)2 78.1 2.18 0.47 2.45 0.13 2.69
 Polym. Korea, Vol. 48, No. 2, 2024
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onto the M13 bacteriophage using a simple hydrothermal tech-

nique. The morphology and structural properties of assembled 

M13-Ni(OH)2 bio-nanoplates underwent significant changes. 

X-ray diffraction analysis revealed that the assembled M13-

Ni(OH)2 exhibited higher crystallinity than the analogue. Fur-

thermore, it was observed that in both cases, the Ni(OH)2 nanoplates 

grew preferentially along the (001) oriented plane. Fourier-trans-

form infrared spectroscopy confirmed that the M13 bacteriophage 

template formed no complex or impurity phases. Furthermore, 

the hydrothermally synthesis nanoplates were sandwiched 

between the PEDOT film as an interfacial enhancer. In elec-

trochemical performance, the pseudocapacitor M13-Ni(OH)2
electrode shows a maximum Ca of 18 mF/cm2 superior to its 

analogue. The primary reason for the increased capacitance is 

due to the reduced gap between the nanoplates on the M13 

bacteriophage, which effectively facilitates charge transfer between 

the two nanoplates. The M13-Ni(OH)2 bio-nanoplates also have 

an improved surface roughness and mesoporous morphology, 

which enhanced the interfacial area between electrode and 

electrolyte, providing more ion adsorption sites. Collectively, 

these changes have led to an 18% improvement in the cyclic 

stability of the electrodes. M13 bacteriophage as a bio-tem-

plate for the controlled assembly and in-situ growth of metal 

hydroxide/oxide nanostructures could inspire the development 

of versatile bio-nanostructures for energy storage applications. 
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