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Abstract 

Organic polymer nanoparticles have been gaining attention in photovoltaics as a means to 

control the morphology of polymer composite films for the purpose of studying bulk 

heterojunction, photoactive layers. This work investigates the preparation of nanostructured 

organic thin films from P3HT:PC61BM nanoparticles and their characterization as 

photoelectrodes for the photoelectrochemical reduction of hydrogen in acidic solutions. The 

morphology and optoelectronic properties of the nanostructured photocathodes are compared 

to conventional, solution-cast thin films of P3HT:PC61BM. The nanostructured photoelectrodes 

provide increased surface area compared to solution-cast films through control of the 

nanoscale morphology within each nanoparticle, leading to enhanced P3HT:PC61BM phase 

segregation. The photo-assisted deposition of platinum nanoparticles as hydrogen evolution 

reaction (HER) catalysts onto the nanostructured P3HT:PC61BM photocathodes facilitates the 

photoreduction of protons to H2. 

Introduction 

Over the past two decades, organic photovoltaic (OPV) devices have generated much 

interest as solar energy conversion efficiencies for single junction solar cells have exceeded 

10%;1–4 while efficiencies of multi-junction cells have exceeded 13%.5 Moreover, growing 

attention is being paid to the investigation of organic π-conjugated polymers as photocathodes 

in solar-driven water splitting devices. Photoelectrochemical (PEC) water splitting is considered 

by many to be a clean, sustainable and viable method of hydrogen production.6 Whereas 

significant research efforts have been devoted to PEC water splitting using inorganic 
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photoelectrodes,7–9 there are considerably fewer reports of the exploration 

photoelectrochemical water splitting at organic-based electrodes. The operation of an organic 

photoelectrochemical cell consisting of a polymer:fullerene active layer can be viewed as a four 

step process, illustrated in figure 1: 1) Photon absorption – where a photon with energy greater 

than or equal to the polymer band gap is absorbed, in turn exciting an electron in the highest 

occupied molecular orbital (HOMO) of the polymer to the lowest unoccupied molecular orbital 

(LUMO). This creates a coulombically bound electron-hole pair known as an exciton. 2) Charge 

transfer at the polymer:fullerene interface – where the photoexcited exciton separates into its 

constituent charges, with the electron being transferred into the fullerene domain and the hole 

remaining within the polymer domain. 3) Charge migration – where the separated charges 

percolate through the active layer to their respective interfaces. The vast majority or organic 

polymers are p-type semiconductors, therefore electrons in the fullerene domain migrate 

towards the active layer/electrolyte interface and holes residing in the polymer migrate 

towards the active layer/substrate interface.  4) Electrochemical processes – where the 

separated charges are used at their respective interfaces. At the working electrode 

(polymer:fullerene photocathode), photoexcited electrons are used to reduce hydrated protons 

in the electrolyte to hydrogen gas. To balance this process, a counter electrode is used, where 

water is oxidized to oxygen gas and protons. The electrons withdrawn at the counter electrode 

as a result of water oxidation travel through the external circuit and recombine with the holes, 

from the polymer domain, at the active layer/substrate interface, thus completing the circuit. 

The aqueous photoelectrochemical activity of organic semiconducting polymers was 

demonstrated with poly(3-hexylthiophene) (P3HT) two decades ago.10 Subsequent reports of 
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organic polymer photoelectrochemical cells remained relatively dormant until 2012, when 

Lanzarini et al. described the photocathodic activity of P3HT:PC61BM bulk heterojunction layers 

in aqueous NaCl.11 Researchers have since incorporated hydrogen evolution catalysts such as 

Pt12,13 and MoS3
14 into the device architecture in order to increase the rate of 

photoelectrochemical hydrogen evolution. The introduction of interfacial transport layers in 

combination with these HER catalysts has also been shown to improve electrochemical charge 

transfer.15–18 Photocurrent densities produced by irradiation of organic photoelectrodes have 

therefore progressively increased from sub-µA/cm2 values to milliamps/cm2 in just a few years. 

Several of the hole transport layers (HTL) used in organic photoelectrochemical devices to 

promote unidirectional flow of electrical charges, such as PEDOT:PSS,14 MoO3
18 and CuI,19 have 

been deposited from solution. Photocurrents as high as 8 mA/cm2 at 0 V (RHE) have been 

reached with a device architecture consisting of a solution-processed CuI hole transport layer 

on an indium-doped tin oxide (ITO) substrate, a P3HT:PC61BM active layer, a TiO2 electron 

transport layer deposited by pulsed laser deposition, a sputtered Pt catalyst layer, and a 

polyethyleneimine protective coating.19 The increased photocurrent densities attained through 

engineering of interfacial layers have, therefore, come at the expense of added complexity of 

the device fabrication process and the need for vacuum-deposition techniques. However, 

Bourgeteau et al. recently described a fully solution-processed organic photocathode with a 

device architecture of ITO/MoOx/P3HT:PC61BM/MoS3 capable of achieving stable photocurrent 

densities of 2 mA/cm2 at 0 V(RHE) for one hour.20  

A strategy often adopted in inorganic photoelectrode materials chemistry for increasing 

photocurrent density, and hence photoefficiency, is to increase the surface area of the 
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electrode by way of forming a nanostructured electrode surface, as demonstrated with a range 

of nanostructured semiconductor photoelectrodes, each of which offer distinct improvements. 

For instance, high aspect ratio nanowire electrodes are able overcome charge transport 

constraints of planar electrodes by minimizing the exciton diffusion path length to the 

semiconductor/electrolyte interface, so that photogenerated holes and electrons can be 

efficiently separated prior to their recombination. 21 Nanoholes have been integrated into 20 

µm-thin Si electrodes and decorated with Pt nanoparticle catalysts.22 The high photocurrent 

densities achieved using these structures (23 mA/cm2 (RHE) is attributed to the antireflective 

properties of the nanoholes, which increases light absorption in the thin electrodes, as well as 

increasing the charge transfer kinetics due to suppression of surface recombination. Recently, 

nonprecious-metal catalysts were deposited onto pyramidally, nanotextured silicon 

substrates,23 and the enhanced interfacial electrode area used to increase the amount of 

catalytic sites accessible for the hydrogen evolution reaction, yielding photocurrents of 

12 mA/cm2. 

Organic semiconducting polymers have the distinct advantage over inorganic 

counterparts in that they can be cast from simply-prepared polymer solutions.  However, when 

cast, they typically form smooth, uniform films leading to an electrode surface area that is 

similar to the geometric area of the substrate onto which the film is cast.  Drawing from 

strategies used in the PEC studies of inorganic films it ought to be possible to increase the 

surface area of the polymer film by adopting a nanoparticle approach to film formation. 

Nanoparticles of P3HT and P3HT:PC61BM have indeed been the subject of extensive 

characterization in recent years as a means to control the morphology of photoactive layers in 
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organic photovoltaic light harvesting systems in order to offset the relatively short diffusion 

length of photogenerated excitons in organic materials.24–29 Nanoparticulate systems also allow 

deposition of photoactive components from water and alcohols rather than from traditional 

chlorinated solvents, as demonstrated for organic photovoltaic (OPV)30–32 and organic field 

effect transistor (OFET)33 devices. Organic polymer and polymer:fullerene nanoparticle 

dispersions may be prepared by one of two methods: (a) a mini-emulsion method, wherein a 

polymer or polymer:fullerene blend is dissolved in a solvent and subsequently added to a 

surfactant-containing non-solvent for which the solvents are immiscible and (b) a surfactant-

free precipitation method, in which a polymer or polymer:fullerene blend is dissolved in a 

solvent and directly injected into a non-solvent, for which the solvent and non-solvent are 

miscible. Both methods of nanoparticle formation are illustrated in figure 2. 

Although surfactant-stabilized nanoparticles of P3HT:PC61BM have been shown to be 

smaller than the surfactant-free nanoparticles,34 they form core-shell structures, with a 

PC61BM-rich core ,which may inhibit effective photogenerated charge separation and collection, 

whereas the surfactant-free precipitation method forms nanoparticles that possess a relatively 

uniform, blended morphology.35 With the surfactant-stabilized nanoparticle approach, trace 

amounts of surfactant may remain incorporated in the active material and potentially interfere 

deleteriously with formation of the bulk-heterojunction, and thus impinge upon device 

performance and device lifetime.32 The surfactant-free approach to nanoparticles mitigates 

these potential issues. In this method, the polymer of choice is dissolved in a “good” solvent 

and the solution injected, under control, into a “poor” solvent (the non-solvent) so that upon 

contact with the non-solvent the polymer chains collapse to form spherical-like nanoparticles.  

Page 5 of 34

https://mc06.manuscriptcentral.com/cjc-pubs

Canadian Journal of Chemistry



D
raft

6 
 

The concentration of the original polymer solution affects the size of the nanoparticles formed. 

As the concentration is increased, the number of polymer chains per unit volume is increased, 

leading to larger nanoparticles. In considering the formation of bulk heterojunction films of 

donor and acceptor molecules, nanoparticles with the smallest possible diameters are assumed 

to be preferred for photovoltaic and photoelectrochemical applications in order to minimize 

the donor and acceptor domain sizes, thereby reducing the exciton diffusion length required to 

reach the heterojunction interface.  Two key variables essential to controlling nanoparticle 

preparation are: (i) the nature of the solvent and non-solvent, which must be miscible to ensure 

formation of a homogenous colloidal solution of the polymer; (ii) the concentration of the initial 

polymer solution, which needs to be low enough so as to form nanoparticles, yet high enough 

to ensure the colloidal solution formed provides films sufficiently thick so as to be examinable 

as photocathodes when cast on a substrate. Herein, we report the vacuum-free preparation of 

high surface area organic photoelectrodes using surfactant-free P3HT:PC61BM nanoparticles 

(NPs) and the subsequent investigation of their morphological and opto-electronic properties. 

The influence of these properties on their performance as organic photocathodes, when 

coupled with a Pt hydrogen evolution catalyst, is investigated and compared to 

photoelectrodes prepared from solution-cast P3HT:PC61BM films.  

Experimental 

Materials - P3HT was purchased from Rieke Metals (MW = 50-70 kg/mol, regioregularity: 91-

94%, < 0.01% metal impurities). PC61BM (American Dye Sources, Inc.), K2PtCl6 (Johnson 

Matthey) and all solvents were all used as-received. All aqueous solutions were prepared using 

DI water obtained from a Milli-Q water purification system(18MΩ, EMD Millipore). Indium tin 
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oxide(ITO) coated glass slides (Merck Display Technologies Ltd.) were cleaned by sequential 

sonication for 10 minutes in each of the following solutions: dichloromethane, deionized water 

and isopropyl alcohol. Chemically-cleaned ITO slides were subjected to a plasma treatment 

using 25% O2 in Ar for 10 minutes (Fischione Instruments Model 1020 plasma cleaner). 

P3HT:PC61BM NP films - Solutions of P3HT:PC61BM was prepared by first dissolving 10 mg of 

P3HT in 1 mL CHCl3 and 10 mg of PC61BM in 1 mL CHCl3 , stirring each overnight at 50 °C. The 

solutions of P3HT and PC61BM were mixed together and 1.5 mL of this solution was added by 

syringe to 4 mL of isopropyl alcohol (IPA) under sonication at room temperature for 1 minute 

(Branson 1510 ultrasonic cleaner). A dispersion of nanoparticles of P3HT:PC61BM was obtained, 

having a final concentration of 2.7 mg/mL. 100 µL aliquots of the NP dispersion were spin-cast 

onto ITO-coated glass slides at 2000 rpm multiple times to achieve the desired thickness.  A film 

thickness of ~90 nm required 10 spin-coats.  

Deposition of Pt - Pt nanoparticles were photoelectrochemically-deposited onto films of 

P3HT:PC61BM nanoparticles from 0.1 mM K2PtCl6 in 1 M H2SO4 by application of an electrode 

potential of −0.1 VSCE under chopped (100 mW cm−2) illumination using 5 second dark and 15 

second light intervals for a total irradiation time of 60 s. The amount of Pt deposited on the 

polymer films was calculated using equation 1: 

m�� =	
�

��
∗ 
���         (1) 

 

where mPt is the mass of Pt deposited via photoelectrochemical deposition, Q is the charge 

passed from the working electrode to the electrolyte and is measured by taking the area above 
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the Pt deposition curves, F is Faraday’s constant, MWPt it the molecular weight of Pt and n, the 

number of electrons, is 4. 

Photoelectrochemistry - A 200 W Xe/Hg lamp (Uhsio America, inc.) was used in combination 

with a 300–700 nm band pass filter (FSQ-KG3, Newport Corp.) and neutral density filters 

(Thorlabs Inc.), to achieve 100 mW cm-2 irradiation, as measured using a broadband power 

meter (841-PE, Newport Corporation) equipped with an Ophir thermal detector head (3A-P-

SHV1). A glass photoelectrochemical cell with two large flat windows and five accessory ports 

was used and the cell configuration was designed to allow irradiation of the polymer–

electrolyte interface through the electrolyte. A water filter was placed in front of the 

electrochemical cell to remove excess heat. Electrochemical measurements were performed 

using a Pine Bipotentiostat (AFC-BP1). PEC measurements were performed in a 3-electrode 

configuration using a saturated calomel electrode (SCE) (+0.24 V vs SHE) and a Pt wire as the 

reference and counter electrodes, respectively. Solutions were purged with nitrogen (Praxair, 

purity 99.999%) for 1 hour in a glass PEC cell and a positive pressure N2 blanket maintained in 

the overhead volume of the cell. For H2 evolution measurements, the cell was sealed under N2 

in order to avoid the loss of any H2 in the head space above the working electrode. 

Gas Chromatography - The headspace in the electrochemical cell was sampled using a 5 mL 

syringe, fitted with a gastight valve (Series A-2, VICI Precision Sampling), and analyzed using an 

Agilent Technologies 6890N GC system equipped with a thermal conductivity detector. A 

2.13 m Agilent J&W GC packed column in stainless steel tubing was used (inner diameter 2 mm, 

HayeSep N packing material, 60/80 mesh size). Argon was used as a carrier gas at a flow 

rate of 30 mL min-1 under 46.2 psi. 
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Electron Microscopy - Scanning electron microscopy (SEM) was carried out using a Nova 

NanoSEM electron microscope at an accelerating voltage of 5 kV and a working distance of 5 

mm. Films were prepared on ITO as described above and fixed to an aluminum stub using 

carbon tape (SPI supplies). A secondary electron (SE) detector was used to obtain images of the 

fine nanostructured features of the nanoparticle electrodes and a back scattered electron (BSE) 

detector was used to visualize the Pt nanoparticle catalyst on the nanostructured electrodes. 

BSE images are contrasted by atomic number, where the bright phases correspond to the 

species with a higher atomic number. This is especially useful in this work as it allows to 

distinguish between nanoparticle catalysts from nanoparticle support. Bright field transmission 

electron microscopy (TEM) images were acquired with an FEI Tecnai Osiris scanning 

transmission electron microscope (FEI Company, Hillsboro, OR, USA) operated at 200 kV. TEM 

samples were prepared by dropping an IPA solution of the NP dispersion on a TEM grid having 

an ultrathin carbon film on a lacey carbon support (Prod #01824, Ted Pella Inc). 

Spectroscopy - UV Absorption spectra were recorded on a Cary 300 Bio UV-visible 

Spectrophotometer (Agilent Technologies). All solution samples were diluted to an appropriate 

concentration and measurements were performed in quartz cuvettes. All thin film samples 

were ~90 nm thick and prepared on ITO-coated glass substrates. Absorption intensities of each 

spectra were normalized to their respective λmax values. Steady-state fluorescence emission 

spectra were performed using a PTI Quantamaster spectrofluorometer with a xenon short arc 

lamp (Ushio Inc.) as the excitation source. All thin film samples were mounted 22.5° normal to 

the incident light. All spectra were recorded using an excitation wavelength of 515 nm, 

coinciding with their λmax values as determined by UV-Vis. 
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Grazing Incidence Small Angle X-ray Scattering - GIWAXS measurements were performed on a 

SAXSLAB Ganesha 300XL instrument using a photon wavelength of 1.54 Å. Measurements were 

taken under vacuum at an angle of incidence of 0.16° and the scattered intensity was detected 

on a Pilatus3 R 300K detector. Data analysis was performed using the saxsgui version 2.15.02 

software package. 

Dynamic Light Scattering - DLS measurements were performed using a Zetasizer Nano ZS 

(Malvern Instrument). 1 drop of the nanoparticle dispersion (2.7 mg/mL) was diluted in 2 mL of 

the appropriate solvent and measurements were performed in plastic cuvettes with a 1 cm 

path length.  

 

Results and Discussion 

Nanoparticle Synthesis 

 P3HT:PC61BM NPs were synthesized via a surfactant-free precipitation method as 

described above.  Various combinations of solvent (in which polymer:fullerene solutions were 

prepared) and non-solvent (in which the polymer:fullerene solutions were mixed) were 

investigated in order to study the synergistic effect on both the size of nanoparticles and nature 

of aggregation of the polymer chains (i.e., crystalline vs. amorphous). Solvents/non-solvents 

were chosen by considering the solubility data (reported by Machui et al.)36 of both P3HT and 

PC61BM (Table  1). 

While poor solubility in the non-solvent ensures that the blend of P3HT and PC61BM will 

co-precipitate upon the addition of the P3HT:PC61BM solution to the non-solvent, the physical 
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properties of both the solvent and non-solvent are important to the formation of NP films. 

Employing a solvent which possesses a lower boiling point and higher vapour pressure than the 

non-solvent ensures that the “good” solvent of the solution evaporates prior to evaporation of 

the non-solvent during the spin coating process. If the non-solvent evaporates prior to the 

evaporation of the good solvent, the nanoparticles are at risk of being re-dissolved by residual 

solvent during spin casting, which may result in P3HT:PC61BM more akin to those cast from 

homogenous solutions. 

Table 1. Solubility of P3HT & PC61BM in various solvents36 and solvent properties. 

 P3HT solubility 

(mg/mL) 

PC61BM 

solubility 

(mg/mL) 

Boiling Point 

(°C) 

Vapor Pressure 

(mmHg) 

Solvents     

o-dichlorobenzene 15 42 180 1.2 

chloroform 14 29 61 158 

tetrahydrofuran 
 

1 2 65 145 

Non-solvents     

1-butanol < 0.1 < 0.1 118 4.5 

2-propanol < 0.1 < 0.1 83 33 

methanol < 0.1 < 0.1 65 92 

ethanol < 0.1 < 0.1 78 43 

dimethylsulfoxide < 0.1 < 1 189 0.8 

water < 0.1 < 0.1 100 17    

 

Based on the above criteria, of those listed only CHCl3 and THF were consider for further 

use, as o-DCB is not removed prior to the non-solvent during the spin coating process due to its 

higher boiling point and lower vapor pressure. The physical properties of the non-solvent are 

equally as important to consider to insure good film formation during the spin coating process. 

Although many non-solvents meet the required criteria of low P3HT and PC61BM solubility, high 

boiling point and low vapor pressure, those with very high boiling points and very low volatility 

Page 11 of 34

https://mc06.manuscriptcentral.com/cjc-pubs

Canadian Journal of Chemistry



D
raft

12 
 

are not completely removed during the spin casting process, leading to excessively long drying 

times. For this reason, DMSO, BuOH and water were rejected as non-solvents and not 

considered further. 

In the surfactant-free precipitation method employed, the stability of the nanoparticles 

in the non-solvent is also important as there is no surfactant to mitigate potential electrostatic 

interactions between nanoparticle surfaces which could lead to aggregation. It was found that 

non-solvents possessing more amphiphilic character were able to act as both non-solvent and 

surfactant, leading to stable nanoparticle dispersions. This was apparent in the series of 

alcohols where nanoparticles prepared in MeOH aggregated within a few hours, whereas 

nanoparticles prepared in BuOH were stable over several days. As the alkane chain length of 

the alcohol is increased, the stability increases due to their increasing amphiphilic nature; 

however, boiling point and vapor pressure rapidly increase and decrease, respectively, with 

higher carbon homologues, rendering alcohols with aliphatic chains longer than propanol 

impractical for the formation of nanoparticle films. 

Characterization of Nanoparticles 

Dynamic light scattering (DLS) and transmission electron microscopy (TEM) were used to 

determine the size of nanoparticles formed.  The DLS data shown in figure 3a implies that a 

distribution of nanoparticle sizes exists in solution with a z-average diameter of 140 nm. TEM 

images in figure 3b indicate smaller nanoparticle sizes than those obtained by DLS, but a 

distribution of sizes, nonetheless, with larger nanoparticles having diameters of ~100 nm and 

smaller nanoparticles having diameters of ~50 nm. DLS measures the hydrodynamic radius, but 
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the measurements rely upon Rayleigh scattering, where intensity of Rayleigh scattering scales 

with the 6th power of particle diameter. Therefore the presence of larger aggregates skews the 

average size of the nanoparticles to larger than actual values.33 

 As shown in figure 4, UV-Vis absorption spectra of the nanoparticle dispersions exhibit 

an absorption maximum situated at 515 nm, with a vibronic shoulder at 600 nm. The red shift in 

the nanoparticle absorption spectra, with respect to the absorption of P3HT dissolved in 

solution, as well as the existence of a vibronic shoulder are indicative of inter-chain interactions 

due to π-π stacking. These features suggests that semi-crystalline domains of P3HT are formed 

during formation of nanoparticles.26 The absorption spectra of the nanoparticle dispersions 

possess similar absorption spectra to NP films prepared therefrom, in contrast to films cast 

from P3HT polymer solutions where significant interchain interactions are absent in solution 

but evolve during film casting. Comparing the absorption spectra of nanoparticle and polymer 

solution-cast films, similar absorption maxima are observed, however, the solution-cast film 

exhibits a weaker vibronic shoulder intensity. Considering the H-aggregate model,38,39 it may be 

concluded that the ratio of aggregated to non-aggregated polymer domains is larger for the 

nanoparticle film than solution-cast films. However, limitations on over-interpretating the 

relevance of the H-aggregate model from UV-Vis spectroscopy have recently been raised.40 

These limitations arise due to the sensitivity of UV-Vis spectra to reflections at polymer 

boundary layers and the influence of film thickness and refractive index on reflectance. The 

latter is especially relevant when comparing nanoparticle-cast and solution-cast films, as the 

surface morphologies are expected to differ significantly.  
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 Further information on the comparative aggregation within the nanoparticle and 

solution-cast films was obtained by grazing incidence wide-angle x-ray scattering (GIWAXS). 

GIWAXS plots are shown in figure 5. The scattering peak situated at q= 0.4 Å -1 (d-spacing of 

15.7 Å) arises from the lamellar stacking of P3HT crystallites in the a-axis orientation, often 

referred to as the edge-on orientation, where the main chain is parallel and side chains extend 

perpendicularly to the plane of the substrate. This orientation is considered the (100) plane in 

P3HT films. The relative intensity of the scattering peak at q= 0.4 Å -1 is proportional to the 

number of P3HT nanodomains within the P3HT:PC61BM films, and therefore proportional to the 

semi-crystallinity of the samples.41 The similar relative scattering intensity of the nanoparticle 

and thin film samples suggests a similar extent of semi-crystallinity between the two. The 2D 

plot shown for the nanoparticle electrodes, figure 5b, shows polymer chains with nearly 

isotropic orientation as characterized by the broad ditribution of intensity for all peaks, 

whereas the 2D plot of the solution-cast elecrode, figure 5c, shows only the (100) peak along qx 

with a faint trace of the (200) peak, also along qx. 

 Fluorescence spectroscopy was used to investigate charge separation within the 

photoelectrodes. Due to high excitonic binding energies of conjugated polymers, the exciton 

diffusion lengths are on the order of ~ 10 nm.42 To compensate for the short exciton diffusion 

lengths, electron acceptors, such as PC61BM, have been introduced in order to promote 

efficient charge separation. If the exciton recombines prior to reaching the donor/acceptor 

interface, radiative emission may occur in the form of fluorescence. Ultafast photoinduced 

electron transfer from a conjugated polymer to fullerene in bulk heterojunction films was first 

reported by Sariciftci et al.43 and more recently Clafton et al. have shown that these same 
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ultrafast electron transfer processes occur within P3HT:PCBM nanoparticle systems, confirming 

that P3HT:PCBM NPs exhibit similar exciton diffusion dynamics to solution-cast films.24 

Photinduced electron transfer manifests itself in quenching of the photoluminescence intensity 

of the conjugated polymer film. Improving the bulk heterojunction, by increasing the interfacial 

surface area between the donor and acceptor phases, leads to enhanced quenching of the 

photoluminescence. Figure 6 shows the steady-state fluorescence spectra for both the NP and 

solution cast P3HT:PC61BM films, as well as a pristine P3HT film for reference. A clear increase 

in quenching of the fluorescence is observed for both the NP and solution-cast films due to the 

presence of PC61BM. A possible advantage which semiconducting NPs offer is greater control of 

the nanoscale morphology by controlling the extent of phase segregation within each 

nanoparticle rather than over the entire active layer.30 The enhanced quenching observed for 

the P3HT:PC61BM NP films, with respect to the solution-cast film may be due to enhanced 

control of the donor/acceptor phase segregation on the nanoscale. 

SEM images of the P3HT:PC61BM nanoparticles cast on ITO electrodes are shown in 

figure 7, from which the diameter of the nanoparticles is estimated to be between 50 and 100 

nm, coinciding with the TEM results described above. Under lower magnification, figure 7a, a 

homogeneous distribution of P3HT:PC61BM nanoparticles is observed across the electrode, free 

from the formation of large aggregates. Under higher magnifications, figure 7b, layers of 

partially coalesced spherical NPs are observed, confirming the formation of nanostructured 

electrodes. Partial coalescence may be caused by trace CHCl3 remaining in the nanoparticle 

dispersion. Although the CHCl3 solvent evaporates prior to the alcohol during the spin casting 

process, its presence during each subsequent coating may be sufficient to promote 
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plasticization and partial coalescence of the nanoparticles. Partial coalescence of NPs may, in 

fact, be beneficial to photocathode activity, as previous reports have shown that coalescence of 

P3HT:ICBA (indene-C60 bisadduct) nanoparticles, by thermal annealing, increases the 

performance of organic photovoltaic devices due to the increase in the short-circuit current 

density brought about by the connectivity of nanoparticles.37 

Photoelectrochemistry of Nanoparticle-based Photocathodes 

Photocathodes were prepared by depositing both P3HT:PC61BM NPs and solution-cast 

P3HT:PC61BM films onto ITO, followed by the photoelectrochemical deposition of platinum 

nanoparticles by potentiostatic coulometry, figure 8. By taking advantage of the photoreductive 

activity of P3HT and the position of the redox potential associated with the PtCl6
2- anion at 0.49 

V (vs. SCE), which is positive of both P3HT and PC61BM LUMO energy levels, it is possible to 

reduce PtCl6
2- to metallic Pt on the electrode surface by irradiation of the P3HT:PC61BM 

photocathode under a negative bias (-100 mV vs. SCE). The photocurrents observed are 

attributed to the reduction of PtCl6
2- to Pt0. SEM images of the electrodes obtained using a back 

scattered electron detector illustrate that Pt nanoparticle catalysts (bright spots) are deposited 

in uniform size and distribution on the P3HT:PC61BM NP and solution-cast films, figure 9. 

Linear sweep voltammetry of the photoelectrodes in aqueous solution, figure 10a, 

confirm the role of Pt catalyst on the nature of the electrochemical reactions under irradiation 

as there is no appreciable photocurrent generated in their absence. After deposition of Pt 

electrocatalysts, however, a cathodic current is observed having an onset potential at ~ 0.0 V 

(SCE), which is slightly more negative than the reported flat-band potential of P3HT 0.1 V (SCE) 

in similar solutions.44 It is not uncommon for the onset potential to appear up to a few hundred 
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millivolts more negative than the flat-band potential due to recombination in the space charge 

layer near flat band potential, charge trapping at surface defects and/or poor charge transfer 

kinetics which leads to charge accumulation at the surface.45 Negligible dark currents are 

observed for both the P3HT:PC61BM nanoparticle and P3HT:PC61BM solution-cast 

photocathodes, however, the nanoparticle photoelectrodes exhibit a small dark current at 

potentials more negative than -0.3 V (SCE) which may be due to electrocatlytic evolution of H2 

at Pt which has been inadvertently deposited onto exposed ITO sites during the Pt deposition 

process. Voltammograms of Pt deposited on blank ITO were recorded, figure 10c, and show the 

onset of H2 at the ITO/Pt electrodes correlates well with the onset of dark current at the ITO/Pt 

electrodes.  

In order to minimize the influence of H2 directly evolved at ITO/Pt sites during the 

photo-assisted hydrogen evolution experiments, all subsequent photo-electrolysis experiments 

were performed at sufficiently positive potentials (-240 mV vs. SCE) where the dark current was 

negligible. Potentiostatic coulometry data of the P3HT:PC61BM nanoparticle and of the solution-

cast films, both with and without Pt catalyst, are presented in figure 10b. The experiments were 

performed under chopped illumination, where significant currents are only observed during the 

illumination of the photoelectrodes and return to negligible current in the dark, confirming that 

photogenerated charges within the polymer films are responsible for the redox reactions which 

occur at the interfaces of the working and counter electrodes within the photoelectrochemical 

cell. 

Photocurrents obtained during electrolysis are increased from sub-µA values at 

uncatalyzed photoelectrodes to 35 µA/cm2 and 7 µA/cm2 for the Pt-deposited, P3HT:PC61BM 
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nanoparticle and the Pt-deposited solution-cast photoelectrodes, respectively. To confirm 

hydrogen evolution at the nanoparticle photocathodes, electrolysis was performed for 1 hour 

and the headspace was positively identified by gas chromatography as containing hydrogen. 

Although larger photocurrents are observed at the nanoparticle photoelectrodes 

compared to their solution-cast film counterparts, it is noted that the increased surface area of 

the nanoparticle electrodes facilitates a larger quantity of Pt electrocatalyst to be deposited 

when subjected to identical Pt deposition times under identical conditions. The mass of Pt 

deposited was calculated using the total charge passed during photoelectrochemical 

deposition, the details of which are provided in the experimental details, which is a reasonable 

assumption as the solution had been thoroughly purged with N2 to remove any dissolved 

oxygen. For the voltammetric and coulometric curves provided, the loading of Pt catalyst 

deposited on the nanoparticle and solution-cast electrodes films were 1.11 and 0.21 µg/cm2 

respectively.  

Studies of Pt-loading were performed using the solution-cast polymer film electrodes in 

order to determine the effect of increasing the Pt deposition period. Figure 11 shows LSV and 

electrolysis curves of solution-cast electrodes for which Pt has been deposited for periods of 

100, 250 and 500 seconds. These results show that it is detrimental to extend Pt deposition for 

long periods of time. As deposition time is extended, the size of the catalyst particles 

increases46, resulting in a decreased catalytic surface area and thus decreased catalytic 

activity.47 The dark current observed for electrodes after a deposition period of 500 s is 

presumably due to the Pt catalyst particles growing large enough to create a short circuit with 

the underlying ITO substrate. Although the Pt loading at solution-cast electrodes can be 
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increased to match that of the NP electrodes, doing so reduces the catalytic surface area, 

leading to a decrease in performance. 

Conclusion 

We have investigated the fabrication of P3HT:PC61BM nanoparticle photocathodes and 

compared their performance with solution-cast P3HT:PC61BM photocathodes. The nanoparticle 

and solution-cast electrodes show similar optoelectronic properties as shown by UV-Vis and 

fluorescence spectroscopy, as well as similar crystallinities as determined by GISAXS. The larger 

surface area of the nanoparticle electrodes allows for greater amounts of platinum to be 

deposited during the catalyst deposition process, consequently leading to enhanced 

photoelectrochemical performance. Pt-loading studies at solution-cast electrodes show that 

increasing the Pt deposition period past a certain point will begin to have adverse effects on 

photoelectrochemical performance, as catalyst particles grow larger with increasing deposition 

time, thus decreasing catalytic surface area. 

For photoelectrochemical reactions plagued by slow electron transfer kinetics at the 

polymer/electrolyte interface, such as the HER, the performance of the electrodes will be 

determined by catalyst loading, as the catalyst is the only site at which reduction occurs. There 

are, however, photoelectrochemical reactions which have been shown to occur directly at the 

polymer/electrolyte interface in the absence of an electrocatalyst, such as the reduction of O2
48 

and organic redox couples, such as anthraquinone-2,7-disulfonate (AQDS).49 The reduction of 

O2 and AQDS are of interest in the application of dissolved oxygen sensors and redox flow 

batteries, respectively. Further study of the photoelectrochemical reduction of various redox 
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couples and employing different conjugated polymer nanoparticle-based photoelectrodes is 

underway. 
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Figures 

 

Figure 1. Diagram of an organic photoelectrochemical cell with a p-type organic semiconductor working 
electrode and counter electrode. 
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Figure 2. General schemes showing the formation of organic polymer nanoparticles by (a) the mini-
emulsion method and (b) the precipitation method. 
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Figure 3. Size distribution of P3HT:PC61BM NP diameter determined by dynamic light scattering (DLS) (a) 
and transmission electron spectroscopy (TEM) images of P3HT:PC61BM NPs (b). For DLS measurements, 
1 drop of NP dispersion was diluted in 2 ml of IPA. TEM samples were prepared by drop casting a diluted 
NP dispersion in IPA on a lacey carbon TEM grid. 
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Figure 4. Normalized UV-Vis spectra of a P3HT:PC61BM NP film (solid black), a solution cast 
P3HT:PC61BM bulk heterjunction film (solid red), a dispersion of P3HT:PC61BM NPs in IPA 
(dashed black) and a P3HT:PC61BM solution in o-DCB (dashed red). NP and solution cast films 
were ~90 nm thick. 
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Figure 5. (a) Grazing incidence wide angle x-ray scattering (GIWAXS) data obtained for 
P3HT:PC61BM nanoparticle (black) and solution-cast (red) films. The angle of incidence was 
0.16°.  Inset: Lamellar stacking of P3HT chains in an edge-on fashion along the a-axis aka the 
(100) direction. 2D GIWAXS plots of the P3HT:PC61BM nanoparticle and solution-cast electrodes 
are shown in (b) and (c), respectively. 
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Figure 6. Steady-state fluorescence emission spectra of a solution-cast P3HT film (dashed), a solution 
cast P3HT:PC61BM film (red) and a P3HT:PC61BM NP (black) film, all on ITO. An excitation wavelength of 
515 nm was used. 
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Figure 7. SEM images of a P3HT:PC61BM nanoparticles on ITO electrodes. Images (a) and (b) depict the 
nanoparticle films at magnification values of 60k and 250k, respectively.  
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Figure 8. Platinum deposition by electrolysis under chopped illumination for P3HT:PC61BM 
nanoparticle (black) and solition-cast (red) films. The potential of the photoelectrodes was held 
at -240 mV (SCE). 
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Figure 9. SEM images collected using the backscattered electron detector of Pt deposited after a 
deposition period of 100 s on P3HT:PC61BM nanoparticle electrode (a) and on a solution-cast 
P3HT:PC61BM thin film electrode (b). 
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Figure 10. Linear sweep voltammetry (a) and electrolysis (b) under chopped illumination comparing 
P3HT:PC61BM nanoparticle (black) and solution-cast (red) photocathodes in 0.1 M H2SO4. Experiments 
were performed both with (solid) and without (dashed) Pt nanoparticle catalysts. Linear sweep 
voltammetry of Pt deposited on bare ITO is shown in (c). Linear sweep voltammograms were measured 
at a scan rate of 5 mVs-1 and electrolysis measurements were performed at - 0.24 V (SCE). 
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Figure 11. Linear sweep voltammetry (a) and electrolysis (b) under chopped illumination comparing 
P3HT:PC61BM solution-cast photocathodes prepared using Pt deposition periods of 100 s (black), 250 s 
(red) and 500 s (blue). ). Linear sweep voltammograms were measured at a scan rate of 5 mVs-1 and 
electrolysis measurements were performed at - 0.24 V (SCE).  
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