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Abstract 

A combination of photosynthetic biocatalysts with high surface area conductive materials 

mediated by an osmium-complex modified redox polymer (OsRP) holds promising features for 

the development of sustainable “green” systems for solar energy conversion. In this work we 

performed a comparative study of two types of carbon nanotubes (CNTs) synthesized by 

pyrolysis of polymeric precursors. Both CNTs were of similar morphology, but had a different 

surface C/O ratio. The CNTs were utilized as a support for immobilization of thylakoid 

membranes, electrochemically wired through the OsRP. The photobioanodes based on the CNTs 

with a higher C/O ratio exhibit a higher maximum photocurrent density of 97.1±8.3 µA cm−2 at a 

light intensity of 400 W m−2 with reduced charge transfer resistance, but had lower operational 

stability. Our results demonstrate the significance of a complex investigation of electrochemical 

communication between the photosynthetic component, the redox mediator and the support 
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nanomaterial and may offer new opportunities for designing and optimization of mediated 

bioelectrochemical systems. 

 

Keywords: thylakoid membrane, carbon nanotube, osmium-complex modified redox polymer, 
photobioelectrochemical cell, solar energy conversion 

 

1. Introduction 

Electron transfer processes occurring between the photosynthetic redox active component and 

electrode surfaces are one of the most important aspects in development of highly efficient 

bioelectrochemical systems for conversion of light energy into electric power, sensing or 

optoelectronic applications [1, 2].  

A significant step forward in the development of photosynthetic bioelectrochemical systems was 

made by the employment of surface-confined redox polymers (RPs) as mediators to facilitate 

electron transfer processes between the bioelement and the electrode surface [3]. The most 

widely known and investigated RPs utilized for the entrapment of biocatalysts are based on Os-

complex modified poly(vinyl imidazole)s and poly(vinyl pyridine)s polymeric backbones 

(OsRPs) [4]. Effective employment of OsRPs in photobioelectrodes leading to the enhancement 

of the photobioelectrocatalytic current output has been demonstrated both for whole prokaryotic 

[5-7] and eukaryotic cells [8], as well as for separate cellular components, viz. photosynthetic 

protein complexes [9-11] and thylakoid membranes (TMs) [12, 13].  

Among the available electrode materials today and suitable for fabrication of 

photobioelectrochemical systems are carbon materials, and in particular carbon nanotubes 

(CNTs), which can be considered as promising matrices for immobilization of the photosynthetic 

component owing to their high specific surface area and electrical conductivity, broad 

possibilities of variable morphology dependent on the method of synthesis, and simplicity of 

chemical functionalization [14]. CNTs have been used as a support for the immobilization of 

TMs from the pioneering work by Calkins et al., where TMs were deposited on the surface of the 

CNTs and electron transfer occurred in the presence of a soluble redox mediator [15], to the 

recent example of supercapacitive photobioanodes [16]. 

Despite the fact that the dependence of the photobioelectrocatalytic activity of the entrapped 

bioelement on the structure and redox potential (E’) of the OsRP was investigated in several 
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works [12, 17], the influence of the other side of the electron transfer pathway, i.e., the surface 

composition of the carbon support, on the overall performance of the photobioelectrodes has not 

been widely studied to date. Understanding of the complex sequence of electron transfer 

processes from the initial photoinduced water splitting to the final electron acceptor through the 

RP/electrode interface is a crucial attribute to consider together with other factors. 

In the current study we aimed at investigating the influence of the surface composition of the 

CNTs on the energy converting activity of the TMs “wired” to the CNT surface via the OsRP 

using two types of CNTs of the same morphology, but with different surface C/O ratios.  

 
2. Experimental 

2.1. Materials 

3-Aminophenol (99%), formaldehyde solution (37 wt. %), ethanol (˃99.8%), tetrahydrofuran 

(˃99.9%), NaH2PO4, Na2HPO4, NaCl, MgCl2 were from Sigma-Aldrich Chemie GmbH 

(Steinheim, Germany). Argon (˃99%) was purchased from AGA Gas AB (Lidingö, Sweden). 

Diblock copolymer poly(styrene)-b-poly(ethylene oxide) with a molecular weight of the 

poly(styrene)unit of 19.5 kDa, and a molecular weight of the poly(ethylene oxide) unit of 6 kDa) 

was from Polymer Source Inc. (Dorval, Canada). All chemicals were of analytical grade and 

used without further purification. An osmium-complex modified redox polymer (OsRP) 

[Os(2,2′-bipyridine)2(poly-vinylimidazole)10Cl]+/2+ with an E’ of +0.42±0.01 V vs. standard 

hydrogen electrode (SHE) was synthesized as reported in [18]. Thylakoid membranes (TMs) 

from Spinacia oleracea were extracted and purified as described previously [19] and were kept 

at -80 °C. The chlorophyll content determined according to ref. [20] was found to be 3.2 mg mL-

1. 

All solutions were prepared using deionized water purified with a Milli-Q system (Millipore, 

Bedford, MA, USA). Unless stated otherwise, the experiments were carried out at room 

temperature (23±2 °C) in an air saturated 10 mM phosphate buffer solution (pH 7.0) containing 

10 mM NaCl and 5 mM MgCl2. 

2.2. Preparation of carbon nanotubes 

CNTs with a controllable morphology were synthesized by pyrolysis of polymeric nanotubes 

following a previously developed protocol [21] with some modifications. Briefly, 135 mg of PS-
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b-PEO was first dissolved in 8 mL of tetrahydrofuran, whereafter 24 mL of H2O and 12 mL of 

ethanol were added. After stirring for 20 min, 235.6 mg of 3-aminophenol was dispersed in the 

mixture under mild stirring. After stirring for 30 min, 0.322 ml of formaldehyde solution was 

injected to polymerize with 3-aminophenol. The reaction was carried out under vigorous stirring 

at 20 °C for 12 h and then at 70 °C for 2 h. A yellow solid product was decanted, washed with 

water, centrifuged twice at 10 000 rpm and dried at 85 °C overnight. Calcination of the obtained 

product was carried out in a tubular furnace at 350 °C for 1 h and 800 °C for 1 h (CNTs-1) or for 

10 h (CNTs-10) under an argon flow. 

2.3. Preparation of working electrodes 

Graphite rods (⌀3.05 mm, Alfa Aesar GmbH& Co KG, Germany) were polished on abrasive 

paper Tufbak Durite, P1200 (Norton, USA) and rinsed with water. A CNT suspension (5 mg mL-

1) in 10 mM phosphate buffer (pH 7.0) was ultrasonicated for 30 min in a Branson MH ultrasonic 

cleaning bath (Fullerton, CA, USA). 5 µL of CNT suspension (CNTs-1 or CNTs-10) was 

dropcast on the graphite surface and left to dry. 7 µL of RP solution (10 mg mL−1) was spread 

over the electrode surface and left for 20 min to further dry, thereafter the electrode was 

modified with 1.5 µL of TM solution, dried for 4 min and covered up with a dialysis membrane 

(Spectrum Laboratories Inc., USA, MWCO: 6–8 kDa) presoaked in buffer. The loaded amounts 

of the RP and TM were additionally optimized (Figure S1). The electrodes were tested 

immediately after preparation. 

2.4. Instrumentation and measurements 

All electrochemical measurements were carried out using an Autolab PGSTAT30 potentiostat 

(EcoChemie, Utrecht, The Netherlands), controlled by the GPES and FRA software, and a three-

electrode configuration, in which the modified graphite electrode, a platinum foil and an 

Ag|AgCl (sat. KCl) electrodes (Sensortechnik, Meinsberg, Germany) served as working, counter 

and reference electrodes, respectively. All potentials in this work are presented vs. SHE. The 

geometrical electrode surface area was used in all calculations to represent the electrochemical 

characteristics. Electrochemical impedance spectroscopy (EIS) experiments were performed with 

a voltage amplitude perturbation of 5 mV over a frequency range of 50 kHz–0.1 Hz. Fitting of 

the impedance data was done using ZSimpWin software from Princeton Applied Research (Oak 
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Ridge, TN, USA). All presented data were obtained on at least three independent measurements 

for each experiment. 

The photosynthetic reaction was initiated with a 150W 220V fiber optic illuminator (Titan Tool 

Supply, Inc., NY, USA). The light intensity of 400 W m-2 applied in all photoelectrochemical 

experiments was calibrated using a light intensity meter (Techtum Lab AB, Umeå, Sweden). 

Scanning electron microscopy (SEM) was conducted using a scanning electron microscope FEI 

Quanta 200 (FEI Company, USA) equipped with an electron transfer detector in high vacuum 

mode at 30 kV accelerating voltage. Transmission electron microscopy (TEM) was performed 

using a FEI Tecnai T20 G2 200 kV microscope (FEI Company, USA). X-ray photoelectronic 

spectroscopy (XPS) was carried out at room temperature using a JPS 9010 TR (JEOL Ltd., 

Japan) instrument with an Mg Kα X-ray source. Thermo Advantage software with a fixed 

Gaussian/Lorentzian (G/L) ratio was used for data analysis. 

 

3. Results and discussion 

3.1. Characterization of carbon nanotubes 

The surface morphology of the two types of CNTs was investigated with SEM and TEM. As 

expected from the synthesis, both CNTs-1 and CNTs-10 have a worm-like cylindrical 

morphology with open ends, an outer diameter of ca. 50 nm and an inner diameter of about 25 

nm gathered into three-dimensional carbon support during drying of the suspension (Figures 1A, 

B and 2A). As it has been previously shown in ref. [21], the morphology of the CNTs does not 

depend on the calcination time. When CNTs were modified with OsRP, a uniform coverage of 

the carbon surface by the mediator was obtained (Figure 1B, C), which retains a well developed 

surface structure required for a high loading of the biocatalyst. 

The chemical composition of the surface of the CNTs was performed by XPS. As can be seen 

from the general survey spectra presented in Figure 2B, the CNTs were composed mainly of 

carbon (285 eV), oxygen (530 eV) and nitrogen (400 eV), coinciding with the elemental 

composition of the synthetic precursors. A longer thermal treatment results in an increased 

carbon content (from 84.8±0.8% to 89.3±0.4%) and a decreased oxygen percentage (from 11.1 

±0.3% to 6.9±0.2%), whereas the amount of nitrogen was kept stable at around 4%. The 

deconvoluted C1s spectra for both CNTs are dominated by a very intense peak assigned to the 
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aromatic sp2 structure, located at binding energies of 284.6 eV (75.7±0.6% and 80.2±0.4% for 

CNTs-1 and CNTs-10, respectively). The peak at 286.2 eV can be assigned to the C-O/C-N 

single bonds [22] with a concentration of 11.6±0.4% for the CNTs-1, which slightly increased to 

14.0±0.4% for the CNTs-10. Conversely, the C=O peak decreased by ca. 4% and the COOH 

peak disappeared after the longer thermal treatment (Figure 2C, D). 

The capacitance density calculated from cyclic voltammograms (CVs) was 18.88±1.61 and 

12.21±0.92 mF cm-2 for the electrodes based on the CNTs-1 and CNTs-10, respectively. The 

capacitance density for both CNTs achieved in this work was up to 2.6-fold higher compared to 

that for the amidated and carboxylated CNTs previously employed previously as a support for 

TMs-based photobioanodes [16] and the Toray carbon paper that has been commonly used for 

photobioanode fabrication [23]. The capacitance density achieved in neutral buffer solution also 

outperformed many commercially available analogues from different sources [24]. The reduced 

capacitance in case of the CNTs-10 can be attributed to the lower concentration of charged 

groups on its surface. 

Both types of CNTs modified with the OsRP exhibit a similar initial open circuit potential (OCP) 

of 0.443±0.001 V without any notable influence of illumination on the OCP values or polymer 

leakage from the CNT surface (˃96% of residual capacitance after 30 consecutive CVs for both 

OsRP/CNTs composites, Figure S2). The immobilized TMs on the OsRP/CNTs surface 

displayed a decreased OCP up to 0.430±0.001 V equal for both CNTs. The OCP value of the 

OsRP/CNTs corresponds to the value recently obtained for the TMs directly immobilized on the 

CNT surface [16] and is close to the redox potential of the used OsRP. Under illumination the 

potential of the bioelectrodes decreased to 0.355±0.002 V and 0.316±0.002 V, respectively, for 

the TMs/OsRP/CNTs-1 and TMs/OsRP/CNTs-10 photobioanodes due to the reduction of Os3+ in 

the OsRP matrix by the electrons generated from the water splitting. Assuming that the OCP 

before illumination corresponds to an equal amount of Os3+ and Os2+ in the polymer matrix, 

similarly to the recently disclosed concept of Nernstian biosupercapacitor [25-27], the registered 

changes in potential are determined by an Os2+/Os3+ ratio of 18.7 and 85.6 for the 

TMs/OsRP/CNTs-1 and the TMs/OsRP/CNTs-10 electrodes, respectively, which indicates a 

significantly higher activity of the photobioanodes in the absence of an externally applied 

potential, when the CNTs-10 were employed. Linear sweep voltammograms for the 

TMs/OsRP/CNTs electrodes show an increase in photocurrent at potentials higher than that for 
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anodic redox peak of the OsRP confirming the ability of bound oxidized osmium-complex 

moieties to accept electrons generated in the TMs under illumination due to electrochemical 

“wiring” of TMs to the OsRP and shuttle electrons through the OsRP matrix to the electrode 

surface (Figure S3). 

The photobioelectrocatalytic activity of the TMs was further investigated amperometrically at an 

applied potential of 0.6 V, similarly to previous works [28, 29]. The background photocurrent 

contribution from the OsRP/CNTs electrodes (ca. 0.3 μA cm-2 for both types of CNTs) was 

subtracted from the amperograms presented in Figure 4A. The maximum photobiocurrent 

density achieved for the TMs/OsRP/CNTs-10 and the TMs/OsRP/CNTs-1 electrodes was 

97.1±8.3 and 87.4±1.9 µA cm-2, respectively. The photocurrent density achieved in this study 

outperforms recent examples of photobioanodes employing immobilized TM, electrochemically 

“wired” to the electrode materials, viz. carbon-on-quartz transparent electrode chips (up to 71 µA 

cm–2) [30], gold microparticles deposited onto carbon screen-printed electrodes (62.5 µA cm−2) 

[31] and an earlier example of a TMs/CNTs composite  (68 µA cm−2) [15]. 

Surprisingly, in spite of the higher photocurrent produced during the initial 15 min of operation, 

the operational stability of the TMs/OsRP/CNTs-10 electrodes was lower. We attribute such a 

phenomenon with the lower amount of charged groups in the CNTs-10 facilitating the 

orientation of the OsRP, when the non-charged polymeric backbones are expanded in closer 

contact with the CNT surface, whereas the osmium redox centers of the polymer are directed 

outside. This may result in an increased internal conductivity of the OsRP due to the shortened 

distance between the redox centers, but has a negative influence on the interaction with the TMs, 

which leads to the faster damage of the photosynthetic protein complexes with active forms of 

oxygen [32, 33]. 

The electron transfer processes in the system TMs/OsRP/CNTs were further investigated using 

EIS under illumination and the same experimental conditions as for the amperometric 

measurements. Fitting of the recorded data was performed with a satisfactory approximation 

(χ<10-3 for all curves) using the equivalent circuit presented in Figure 4B, which has been 

successfully employed to describe electron transfer in photobioanodes based on TMs [13, 16] 

and (in expanded form) for porous electrodes covered with a conductive polymer [34] or 

microbial bioanodes mediated by the OsRPs [35]. Rs and Rct in this model correspond to the 

electrolyte solution resistance and the charge transfer resistance. The constant phase elements 
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CPEdl and CPEφ are related to the non-ideal double-layer capacitance and the polarization of the 

electrode material, respectively.  

As can be seen from Table 1, the photobioanodes based on the CNTs-10 can be characterized by 

the notably lower Rct, which defines the higher maximum current output and is in good 

agreement with a relationship between the charge transport diffusion coefficients for 

OsRP/CNTs composites (Figure S4). Rct obtained in this work for the TMs/OsRP/CNTs-10 

photobioelectrodes is ca. 5 times lower compared to the system, where a planar gold surface was 

modified with the same amount of OsRP [13], confirming the positive influence of the chemistry 

and the developed surface structure on the electron transfer processes occurring in the system. 

 
4. Conclusions 

In the present study for the first time, to the best of our knowledge, CNTs synthetized by 

pyrolysis of organic precursors were utilized as a matrix for immobilization of photosynthetic 

biocomponents for their potential utilization in photobioelectrochemical systems. The 

photobioanodes employing TMs electrochemically "wired" to the surface of the CNTs via OsRP 

exhibit a maximum photocurrent density of 97.1±8.3 µA cm-2, which is the highest performance 

value reported up to date for any photobioanode employing immobilized TMs. The complex 

influence of the surface composition of the three-dimensional support on the performance of the 

mediated bioelectrodes should be taken into account for further development and optimization of 

highly efficient bioelectrochemical systems for solar energy conversion. The findings reported in 

this work may be extrapolated to other mediated systems employing 3D carbon surfaces, such as 

biosensors, enzymatic and microbial fuel cells. 
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Figure 1. Representative SEM images of (A) pristine CNTs-1, (B) pristine CNTs-10, (C) OsRP 

modified CNTs-1, and (D) OsRP modified CNTs-10. Magnification: (A, B) ×50 000 and (C, D) 

140 000. 

 
 

Figure 2. Representative TEM image (A) and XPS analysis of CNTs (B-D). (B) General survey 

spectra of CNTs-1 (black curve) and CNTs-10 (red curve). (C) and (D) C1s spectra for the 

CNTs-1 and CNTs-10, respectively, analyzed in detail; the solid red curves are the measured 

data and the dashed blue curves are the overall fitting. The curves in other colors correspond to 

the deconvoluted spectra. 

 

 

Figure 3. (A) Representative CVs for graphite electrodes modified with CNTs-1 (black curve) 

and CNTs-10 (red curve). Potential sweep rate: 10 mV s-1. (B) OCP for non-biomodified (dashed 

curves) and TMs-modified OsRP/СNTs electrodes (solid curves). Black and red curves refer to 

electrodes based on CNTs-1 and CNTs-10, respectively. Orange and black arrows correspond to 

“light on” and “light off” conditions, consequently. 

 
 

Figure 4. (A) Representative amperograms with the background subtracted and (B) typical 

experimental (dots) and modeled (lines) Nyquist plots at 0.6 V for the TMs/OsRP/CNTs-1 (black 

curves) and TMs/OsRP/CNTs-10 (red curves). Inset in (B) shows the equivalent circuit model 

used in the fitting of the measured data. Orange and black arrows in (A) represent “light on” and 

“light off” conditions, respectively. 
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Table 1. EIS parameters obtained by fitting the impedance spectra presented in Figure 4B 

using the proposed equivalent circuit for the TMs immobilized on the CNTs-1 and the CNTs-

10 based electrodes modified with OsRP. 

 Rs, Ω CPEdl CPEφ Rct, Ω χ·104 

Qdl·104, S·sαdl αdl Qφ·104, S·sαdl αφ 

TMs/OsRP/CNTs-1 733±2 3.09±0.08 0.63±0.01 9.72±1.05 0.65±0.07 3391±290 0.88 

TMs/OsRP/CNTs-
10 

741±2 2.32±0.13 0.69±0.01 6.22±0.27 0.60±0.04 2036±246 2.33 
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