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Abstract 

Porous polymers have immense potential in catalysis, energy conversion and storage, separation 

sciences and life sciences due to their high surface area and high diffusion flux. Developing 

porous polymers with micro and mesoscale porosity with long-range order is challenging and 

involves multistep templated approaches. Here we demonstrate a simple surface-oxygen induced 

electropolymerization route to directly obtain self-assembled porous polymers of 

polyparaphenylene (PPP) and PPP based copolymers in ionic liquids. By combining experimental 

and theoretical studies, we show that surface oxygen on Cu changes the orientation and assembly 

of benzene which then results in a change in electropolymerization mechanism leading to a self-

assembled porous structure with porosity between 2 and 5 µm. Furthermore, with controlled 

experimental parameters, bicontinuous conducting polymers with porosity of >10 µm are 

obtained. The porous conducting polymers show absorption of light in the visible range which 

was also used as an efficient electrode for investigation of the photo/electrochemical oxygen 

evolution reaction.    

Introduction 

Synthesis of porous polymer thin films by phase separation generally requires the polymer to be 

dissolved in a volatile solvent which on evaporation leads to direct formation of interconnected 
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porous structures 1-4. The phase separation of the polymer mixtures mainly depends on 

temperature and composition. However, it has also been shown that the presence of a surface on 

which the thin films are grown plays a significant role which defines the phase 

separation/deposition process as well as the crystallographic orientation of the polymer film.5-7 

Alternatively, a sacrificial template-assisted technique is a versatile route for developing a range 

of macroporous polymers by self-assembly or by electropolymerization8-10. However, after the 

polymerization process, the sacrificial template has to be chemically removed to obtain the 

macroporous polymer structures, which can also damage the polymer structure. Interfacial 

polymerization, which includes microemulsion media is another route for developing porous 

polymers. The major constrain in microemulsion media is the choice of monomers and reaction 

conditions, which has to be maintained to confine the polymerization to the interface.10, 11 

Therefore, further developments are desirable to reduce additional processing and reaction 

conditions to directly obtain porous polymers.     

The effect of a substrate in the formation of patterned polymer films has been limited to studying 

phase separation phenomena. 4, 5, 12 Little has been investigated regarding the growth of polymer 

films directly on different substrates. For example, using vapour deposition of polymers, it was 

shown that the presence of surface oxygen on metals affects the wettability, which then leads to 

rectangular crystallite structures of the polymer.7, 13, 14 In comparison however, deposition on the 

same metal without surface oxygen leads to a well ordered structure. This was recently shown to 

be due to van der Waals forces induced reconstruction of the polymer layer at the metal/polymer 

interface.14 In comparison to phase separation and vapour deposition, in electropolymerization 

the surface-wetting changes with applied electrode potential and might lead to various 

nanostructures including porous structures, which are yet to be explored. Furthermore, although 

electropolymerization has been used to synthesize various polymer thin films including template-

assisted porous structures, studies have been limited to growing the polymers on inert electrodes 

such as graphite or Pt as they do not undergo electrodissolution at anodic potentials.15, 16 Unlike 

aqueous and organic solutions, ionic liquid electrolytes with a stable anion can in-effect impede 

the corrosion/electrodissolution issue at oxidative potentials and thereby promote the 

electropolymerization of different polymers having different microstructures.  

Here we show an electrochemical self-assembled phenomena during electropolymerization of 

benzene in 1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate [HMIM]FAP 
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ionic liquid wherein porous polymers are obtained on oxidized copper whereas deposition on 

copper metal led to non-porous thin films. Theoretical studies show that the oxygen on copper 

influences the orientation of benzene on the substrate leading to a self-assembled porous 

structure. This technique is further exploited to deposit benzene-based-copolymers with varying 

porosity showing the possibility to apply this technique to develop other polymers. Finally, the 

polymer is tested for oxygen evolution reaction which shows highly efficient catalytic 

performance.   

Results and Discussion 

We first test the oxidation potential of the ionic liquid [HMIM]FAP on Cu to determine the 

possibility of depositing the polymer without copper dissolution (Figure S1). In the oxidation 

potential regime, a small oxidation peak is observed at 2.5 V followed by an increase in current to 

3 V. The current for the first oxidation process is low (25 µA), which suggests 

adsorption/interfacial processes of the ionic liquid on copper. The increase in current beyond  

2.5 V might be related to the decomposition of the FAP anion. Therefore, from ionic liquids with 

FAP ion, it is possible to synthesize different polymers if the polymerization process occurs 

below 2.5 V.  

Figure 1 shows the cyclic voltammetry of the electropolymerization of benzene in [HMIM]FAP 

on different substrates. On Pt (Figure 1a) the first cyclic voltammetry (CV) cycle shows an 

increase in current at a potential of ~1.6 V, which is related to the electropolymerization of 

benzene. In subsequent cycles, polymerization begins at ~1.75 V. Similar CV curves for the 

polymerization of benzene are observed on Au (Figure 1b) wherein polymerization commences 

at ~1.5 V in the first cycle and shifts to ~1.9 V in subsequent cycles.  
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Figure 1: Cyclic voltammetry of 0.1M Benzene in [HMIM]FAP (a) Pt (b) Au (c) Cu and (d) Cu 

and CuxO 

On Cu, the CV curves show a similar behavior like on Pt and Au wherein electropolymerization 

of benzene commences ~1.75 V for the first cycle and shifts to ~2.0 V in subsequent cycles. The 

presence of oxygen on Cu changes the electrochemical oxidation behavior completely. Figure 1d 

compares the first CV cycle of the electropolymerization of benzene on Cu and CuxO (see 

experimental section for CuxO characterization). The presence of oxygen on copper results in a 

first broad oxidation peak centered at ~1.3 V to ~1.5 V followed by an increase in current from 

~1.75 V. The first oxidation peak can be attributed to some surface processes related with 

interaction of benzene with CuxO which is then followed by polymerization of benzene at ~1.75 

V. Repeated experiments showed that only the presence of oxygen on copper is responsible for 

the occurrence of the first peak seen in Figure 1d. Figure S2 shows 10 representative CV cycles 

of 0.1M benzene in [HMIM]FAP on CuxO. It is evident from the CV cycles (Figure S2) that the 

oxidation peak at ~1.3 V to ~1.5 V (in the first cycle) shifts to positive potentials with cycling.  

Figure 2 shows the morphology of the polyparaphylene (PPP) obtained on different substrates. 

On both Pt and Au substrates (Figure 2a, 2b), a polymer thin film structure can be distinguished 
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with the presence of some dents. A similar PPP structure is seen on Cu wherein a few circular 

holes are present.  

 

Figure 2: Microstructure of PPP on different substrates (a) Pt (b) Au (c) Cu and (d-f) CuxO 

The high-resolution image of PPP in Figure S3a indicates that the holes might be some defects in 

the polymer thin film.  However, on performing the deposition on CuxO, Figure 2 (d and e) 

shows the formation of pores between 0.1 and 6 µm (see pore size distribution plot in figure 

S3b). The high-resolution image in Figure S3c-e clearly demonstrates the microporous structure 

on exposing copper to oxygen. With controlled experimental parameters (see experimental 

section), interconnected porous PPP structures of >10 µm (figure 2f) can be obtained on CuxO 

substrates. Thus, based on the CV and polymer morphology it is evident that the presence of 

oxygen on the Cu substrate leads to the deposition of porous polymers. The possibility of 

electrochemical formation of porous polymers in ionic liquids can be due to either phase 

separation17 or self-assembly. From in situ optical microscopic analysis, no liquid phase 

separation was observed. Therefore, the porous polymers can only be formed by self-assembly 

which was investigated using density functional theory calculations (DFT).  

From in situ AFM studies it was observed that the electrode/electrolyte interface is dominated by 

C6H6 (see fig S4). For DFT, first the adsorption of C6H6 is systematically explored on different 

positions of Cu(111) and Cu2O(111) surface (Figure S5 and S6) as it was observed 
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experimentally that C6H6 governs. It is evident that all the relaxed structures have similar final 

geometries for C6H6/Cu(111) systems and it is seen that the C6H6 molecule is weakly adsorbed on 

the Cu(111) surface with an adsorption energy (Ead) ranging from -0.952 eV to -0.972 eV, which 

is considerably high as compared to its adsorption on the Cu2O(111) surface (Ead = -2.612 eV to -

2.739 eV, Figure S6). A closer investigation on the geometry of the benzene molecule on the 

most stable C6H6/Cu(111) and C6H6/Cu2O(111) reveal (see Figure 3 (a –b) ) that in the former the 

nearest distance of C6H6 molecule from the surface of Cu(111) is ~2.783 Å and in the later it is 

2.252 Å, which also reflects the fact that the benzene molecule is more strongly adsorbed on the 

Cu2O(111) surface. On further examining the geometry of the adsorbed C6H6 molecule it is seen 

that in both the models the C6H6 molecule retained its planar geometry but on the Cu2O(111) 

surface it attained a slanted orientation as opposed to the parallel orientation in the C6H6/Cu(111) 

models (Figure 3a, b). To better understand the underlying reason for the unique geometry of 

C6H6 on Cu(111) and Cu2O(111) we analyze the Bader charges on the most stable configuration 

of these surfaces.   

 

Figure 3. Optimised geometries of benzene on (a) Cu(111) and (b) Cu2O(111) surfaces. ((c) and 

(d))The fully relaxed self-assembled structures of 2 and 3 molecules of benzene on Cu2O(111) 

surface. For clarity, the benzene molecule(s) and the first atomic layer of the Cu(111) and 

Cu2O(111) are represented as ball and stick and rest of the model is shown in CPK formalism. 
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The calculated average Bader charge on the phenyl ring (Cphe) of the C6H6 molecule adsorbed on 

Cu(111) surface is found to be –0.075 e, and the charge distribution on the top layer of Cu-atoms 

showed a small residual charge of -0.020 e. The presence of a small negative charge on the 

phenyl ring and on the exposed Cu surface causes a weak electrostatic repulsion leading to 

physisorption of the C6H6 molecule on the Cu(111) surface. A similar analysis on 

C6H6/Cu2O(111) system show that the exposed surface of Cu2O(111) had positively and 

negatively charged centers of Cu and O ions with an average charge of  

+0.512 e and -0.948 e respectively. Further to this, the average charge on the Cphe ring is found to 

be -0.054 e meaning there is an attractive and repulsive interaction between positively charged 

Cu-ions and negatively charged O-ions respectively leading to a slanted geometry facilitated by 

the formation of a bond between a C-atom of C6H6 and Cu-atom of Cu2O surface (Figure 3b)  

Since the adsorption energy of the C6H6 molecule on the Cu2O(111) surface is -1.766 eV lower 

than that on the Cu(111) surface, we further extend our studies on the adsorption of two and three 

molecules of C6H6 on the Cu2O(111) surface. As shown in Figure S7, to understand the nature of 

the adsorption of two benzene molecules we consider three different models. In the first model, 

the two benzene molecules are placed one over the other (Figure S7a), in the second model we 

placed the second benzene on top of the adsorbed benzene in such a way that the C-atoms of the 

second C6H6 molecule are on the C–C bond of the adsorbed molecule (Figure S7b) and in the 

final model we place the second molecule parallel to the surface and away from the adsorbed 

C6H6 molecule (Figure S7c). Our calculations reveal that in the relaxed model-5 (Figure S7 (a)) 

the second benzene ring moved away from the first ring by a distance of 3.694 Å, which is close 

to the distance between graphene layers in graphite. In Model-6 (Figure S7 (b)), the C6H6 

molecules self-assembled to form a fused structure of two C6H6 molecules (Figure 3(c)) and in 

Model-7 (Figure S7 (c)), both the C6H6 molecule adsorb on the Cu2O(111) in a similar slanted 

fashion. From these analyses we conclude that based on the orientation of the C6H6 molecules on 

the Cu2O, they may self-assemble to form fused structures and under potential the orientation of 

these molecules would change rendering the formation of a porous network structure. To further 

elucidate this fact, we consider Model-6 and Model-7 to adsorb a third C6H6 molecule and the 

fully relaxed structures are shown in Figure S8. The reason for such self-assembly can be 

ascribed to a free-radical-like reaction mechanism 18 i.e., in all our models the C6H6 molecules 

were adsorbed to the Cu2O(111) surface by forming two bonds, leaving two extra electrons on 
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the phenyl ring, which in turn initiate a chain reaction for the C6H6 molecular self-assembly. 

Based on these calculations, it can be inferred that the first oxidation peak in the CV of 0.1M 

Benzene in [HMIM]FAP on CuxO (figure 1d) might be related to surface processes which 

reorients the polymer chain and on applying more positive potential leads to a radical coupling 

reaction forming the porous PPP polymer.   

Experiments with a lower number of CV cycles also show the formation of porous structures.  

Figure S9a shows the low- and high-resolution images of PPP after three CV cycles wherein pore 

size distribution of 0.5-6 μm (figure S9b) is evident, which agrees with the DFT calculations. 

With cycling, the deposition takes place over the porous structure and the polymer thickness 

increases. The same technique is also used to obtain copolymers of PPP and polythiophene 

(Figure S10 and S11), which show a porous network structure on CuxO whereas a non-porous 

structure on Au, thus showing that this technique is not limited to developing a single polymer 

but can be exploited to develop other copolymers.  

As the electropolymerization depends on the substrate, FTIR is used to evaluate the changes in 

the polymer film and to calculate the degree of polymerisation. Figure 4 (a) compares the FTIR 

of PPP obtained on different substrates. Peaks related to aromatic ring, in-plane, out of plane and 

terminal C-H bonds are evident which are characteristic for the formation of PPP.19, 20 A peak 

related to cross-linking is also observed at 1600 cm-1.21 However, it is evident that the intensity of 

the peaks varies with the substrate. The change in intensity of the terminal C-H and out of plane 

C-H bonds have been related to the change in the degree of polymerization 22 from which it can 

be inferred that the polymerization process changes on different substrates. The degree of 

polymerization was estimated from the ratio of the intensities of the absorption band of C-H out 

of plane vibrations of para (out of plane C-H bonds) and mono (terminal C-H bonds) substituted 

phenyl rings 22, 23.          

The degree of polymerization for PPP deposited on Pt is found to be 14 whereas on Au, Cu and 

CuxO it is 17, 22 and 25, respectively, which evidences differences in the electropolymerization 

mechanism on different substrates. The survey spectra of the PPP on different substrates are 

shown in figure S12 wherein C 1s, O 1s and F 1s peaks are observed. The F1s peak arises from 

the FAP anion. Figure 4b shows the XPS C1s high resolution spectra of PPP deposited on 

different substrates. On Au, the asymmetric peak centered at 285.7 eV can be deconvoluted to 
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four peaks. The peaks at 284.8, 286.0, 287.2 and 288.4 eV can be related to C-C, C-O, C=O and 

O-C=O respectively. 24 Two shake-up satellite peaks are observed at 290.5 and 293.4 eV, which 

indicate π-π* transitions in PPP valence electrons. 25 PPP deposited on Pt can be deconvoluted to 

four peaks at 284.8, 285.5, 286.8, 288.2 eV which can be related to similar C-C and C-O bonds as 

seen for PPP on Au. The slight shift in the binding energy can be ascribed to the new interfacial 

states that might have formed in  the metal-PPP systems.26-28  In the case of Cu and CuxO, the 

main C1s at 284.8 eV corresponding to C-C with a shoulder corresponding to C-O and C=O. 

However, the shake-up structures in case of Pt and CuxO are weak, which indicates a change in 

the electronic structure of PPP.  

 

Fig 4: (a) FTIR of PPP on different substrates (b) C 1s high resolution XPS spectra of PPP on 

different substrates (c) UV vis spectra of PPP deposited on different substrates  

UV visible spectroscopy of the polymer in Figure 4c show that PPP polymerized on Au gives rise 

to three peaks at 521, 446 and 272 nm, whereas PPP polymerized on Pt shows absorbance peaks 

at 486 and 298 nm. On Cu and CuxO, peaks at 485 and 264 nm and 485, 305 and 298 nm are 

observed, respectively. The difference in absorbance clearly results due to the change in the 
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electronic structure of the PPP. Furthermore, the PPP synthesized from the ionic liquid showed a 

clear red shift towards visible region compared to PPP synthesized using other techniques, which 

has been attributed to longer conjugated segments in the polymer 29-31. Thus from FTIR, UV vis 

spectroscopy and XPS measurements, it is evident that the substrate affects the 

electropolymerization process, which is also supported by DFT calculations.     

Finally, we tested the functional properties of the polymer for oxygen evolution reaction in an 

alkaline solution. As wettability affects the electrocatalytic process, the contact angle of KOH on 

the polymer was measured. Figure 5a shows that the contact angle of non-porous PPP deposited 

on Au has a contact angle of 117° whereas this decreases to 40° on porous PPP deposited on 

CuxO.  In Figure 5b the linear sweep voltammetry of oxygen evolution reaction (OER) in 1M 

KOH is presented.  

 

Fig 5: (a) Contact angle measurement on PPP electrodeposited on Au and CuxO (b) OER reaction 

on different PPP (c) OER reaction in dark and under illumination (d) Tafel slopes of OER 

reaction in dark and under illumination. 

It is evident that the OER process on copper occurs at 1.7 V whereas for the non-porous PPP the 

OER commences around 1.6 V. However, the current density measured for the OER process in 

non-porous PPP is extremely low. In comparison, both porous PPP and bicontinuous PPP show a 
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good OER performance, which commences around 1.52 V and reaches a current density of 10 

mA cm-2 at 1.81 V. Repeated experiments show that the potential needed to reach a current 

density of 10 mA cm-2 takes place between 1.75 and 1.82 V. The overpotential in porous PPP is 

between 520 and 590 mV from the thermodynamic potential and is better than graphene-based 

materials including C3N4 which has an overpotential of >700 mV to achieve the same current 

density. 31, 32 Furthermore, due to the visible region absorbance and a bandgap of 2.9 eV 33 of the 

polymer, OER was tested in the presence of 50 mW green LED. A change in slope is observed 

for the OER process and the current density of 10 mA cm-2 is achieved at a much lower 

overpotential of 470 mV (1.7 V vs RHE). This value is lower than IrO2 which results in an 

overpotential of 510 mV to achieve the same current density. 32, 34 The Tafel plot in Figure 5d 

clearly shows that a much higher slope of 172 mV dec-1 is achieved for OER of PPP in dark 

whereas the slope decreases between 85 and 117 mV dec-1 under illumination.     

Conclusion 

In conclusion, we have shown a simple technique to obtain porous polymers using surface 

oxygen induced electrochemical self-assembly. The effect of substrate not only changes the 

morphology but also influences the electropolymerization process as well as the degree of 

polymerization. DFT calculations clearly show that the oxygen present on the metal influences 

the orientation of benzene, which then affects the electropolymerization process. The synthesized 

polymer also shows visible light absorbance and also good oxygen evolution reaction at relatively 

low overpotentials, which is found to be better than other carbonaceous materials as well as metal 

oxides such as IrO2. Thus, based on the current work, it is envisaged that porous polymers with 

adjustable bandgap can be developed using this technique which can have applications in 

catalysis, energy storage and biology. 

Experimental 

1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate [HMIM]FAP 

(HMIMFAP) was purchased in the highest available quality from Merck (Germany) and was 

used after drying under vacuum at 100 oC to remove the water content to below 2 ppm. Benzene 

(99.8%) and thiophene (>99%) were obtained from Sigma. Au, Pt and copper plates were used as 

the working electrodes. Au and Pt electrodes were cleaned under a hydrogen flame prior to the 

experiment. Copper was cleaned inside an XPS chamber by Ar ion sputtering until the spectrum 
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showed only Cu signals. This was then transferred directly into the glove box which is connected 

to the XPS chamber and the electrochemical experiments were performed immediately. For CuxO 

substrates, the cleaned copper from the XPS chamber was introduced into the glove box which 

had an O2 and H2O concentration of 0.5ppm. The copper was then kept in the glove box for 

various times in order to produce a surface oxide layer after which the electropolymerization 

experiments were performed. The XPS of Cu and CuxO are shown in figure S13.  Platinum wires 

were used as counter and quasi-reference electrodes (QRE) which were heated in a hydrogen 

flame to remove any surface impurities. The electrochemical cell was made of PTFE and 

clamped over a PTFE-covered Viton® O-ring onto the substrate, providing a geometric surface 

area of 0.3 cm2. The Teflon cell and the O-ring were cleaned in a mixture of 50:50 vol% of 

concentrated H2SO4 and H2O2 (35%) followed by refluxing in distilled water.  

The electrochemical measurements were performed in an argon-filled glove-box with water and 

oxygen contents of below 0.5 ppm (OMNI-LAB from Vacuum Atmospheres) by using a 

VersaStat III (Princeton Applied Research) potentiostat/galvanostat controlled by Versastudio 

software. The scan rate during cyclic voltammetry was set to 10 mV sec-1. For polymer 

deposition, cyclic voltammetry was performed for 10 cycles between the open circuit potential 

and 2.3 V vs Pt. For the synthesis of bicontinuous polymer on CuxO, a potential of 1.5 V vs Pt 

was first applied for 10 minutes followed by running 10 CV cycles between OCP and 2.3 V. For 

the hydrogen evolution reaction, a three-electrode setup was used with the conducting polymer as 

the working electrode, saturated calomel electrode (SCE) as the reference electrode and carbon as 

the counter electrode. The effect of visible light on the HER was evaluated by illuminating the 

working electrode with a 50 mW blue LED having a wavelength between 460 and 480 nm. The 

potentials were not iR compensated. The potentials were converted to a reversible hydrogen 

electrode (RHE) scale using E(RHE)= 0.241 + 0.059×pH. For SEM (JEOL JSM7610F) and EDX 

analysis, the deposited polymer electrodes were cleaned with isopropanol overnight before the 

measurement. 

X-ray Photoelectron spectra (XPS) were obtained using an ultrahigh vacuum (UHV) apparatus 

with a base pressure below 1x10-10 hPa. The sample was irradiated using the Al Kα line (photon 

energy of 1486.6 eV) of a non-monochromatic X-ray source (Omicron DAR 400). Electrons 

emitted were detected by a hemispherical analyser (Omicron EA125) under an angle of 45° 

normal to the surface with a resolution of 0.83 eV for detail spectra and 2.07 eV for survey 
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spectra, respectively. All XPS spectra were displayed as a function of the binding energy with 

respect to the Fermi level.  

Fourier transform infrared spectroscopy (VERTEX 70 V, Bruker Optics GmbH) with an attached 

attenuated total reflectance (ATR) module was used to characterise the polymer. The UV visible 

spectra was measured using a Cary 1100 UV-Vis-IR spectrometer.  

AFM Force curves were collected using a Molecular Imaging Pico Plus AFM in contact mode. A 

silicon SPM-sensor from Nano World was employed for all experiments presented in this study. 

The spring constant was 6 N/m. All force curves were acquired at room temperature in an argon-

filled glove box.   

 

Computational details 

Spin polarized periodic density functional theory (DFT) based calculations are performed using 

Vienna Ab Initio Simulation Package (VASP).35, 36 The projector augmented wave (PAW) 

method is used and a cut-off energy of 550 eV is used for the expansion of the plane-wave basis 

sets, which gave bulk energies converged to within 10-5 eV.37 The Perdew-Burke-Ernzerhof 

(PBE) version of generalized gradient approximation (GGA) is used to carry out the geometrical 

relaxation and the total energy calculations.38 In this study we have also employed Grimme’s 

dispersion correction (DFT+D3) as dispersive effects might be significant for these systems.39  

The ideal Cu(111) surface is modelled by a 4x4 cell with 5 atomic layers from a bulk Cu with 

lattice parameter of 3.571 Å (Exp = 3.615 Å).40 These calculations are performed using 5x5x1 k-

points. The adsorption properties of benzene on Cu2O(111) surface are investigated by 

considering a 3x3 cell with 7 atomic layers from a bulk Cu2O with lattice parameter of 4.231 Å 

(Exp = 4.270 Å). In these calculations we employ DFT with Hubbard correction (DFT+U) using 

the Dudarev formalism and a U value of 6 eV, as reported in the previous studies, is used.41, 42  

All these calculations on Cu2O(111) surface are performed using 3x3x1 k-points.  

In the Cu(111) and Cu2O(111) models, the adsorption of benzene is allowed only on one of the 

two exposed surfaces and the spurious dipole moment due to such adsorption is taken into 

account by using the methods implemented in VASP according to the procedures of Markov et 

al. and Neugebauer et al.43, 44 In the direction perpendicular to the surface a vacuum gap of ~15 Å 
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is used in order to eliminate the slab-slab interactions. In the Cu(111) surface and Cu2O(111) 

surface three and four bottom atomic layers respectively are fixed to mimic the bulk of these 

systems.  
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