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Nanodiamond surface chemistry 
controls assembly of polypyrrole 
and generation of photovoltage
Daria Miliaieva 1,2*, Petra Matunova2, Jan Cermak1, Stepan Stehlik1, Adrian Cernescu3, 
Zdenek Remes1, Pavla Stenclova1, Martin Muller1 & Bohuslav Rezek2

Nanoscale composite of detonation nanodiamond (DND) and polypyrrole (PPy) as a representative 
of organic light-harvesting polymers is explored for energy generation, using nanodiamond as an 
inorganic electron acceptor. We present a technology for the composite layer-by-layer synthesis that 
is suitable for solar cell fabrication. The formation, pronounced material interaction, and photovoltaic 
properties of DND-PPy composites are characterized down to nanoscale by atomic force microscopy, 
infrared spectroscopy, Kelvin probe, and electronic transport measurements. The data show that 
DNDs with different surface terminations (hydrogenated, oxidized, poly-functional) assemble PPy 
oligomers in different ways. This leads to composites with different optoelectronic properties. Tight 
material interaction results in significantly enhanced photovoltage and broadband (1–3.5 eV) optical 
absorption in DND/PPy composites compared to pristine materials. Combination of both oxygen and 
hydrogen functional groups on the nanodiamond surface appears to be the most favorable for the 
optoelectronic effects. Theoretical DFT calculations corroborate the experimental data. Test solar cells 
demonstrate the functionality of the concept.

Renewable photovoltaic (PV) energy generation provides an increasing contribution to on-grid and off-grid 
electricity demands in many developed and developing countries worldwide. Light energy conversion already 
covers a considerable part of energy requirements in many countries. Nowadays, the fabrication of PV solar cells 
is dominated by crystalline Si technology. Nevertheless, organic-based PV (OPV) envisioned many years ago 
has become a viable complementary technology to Si solar cells sector and might be Si alternative in the future. 
There are several reasons for this, namely (1) shorter time to return the energy used for device fabrication, (2) 
lower production and deployment costs, and (3) better output power under low-light or diffuse light conditions 
such as in hazy weather, building integration or indoor  applications1. However, to be widely accepted, OPV still 
needs improvements in terms of efficiency and particularly long-term stability of operation.

Until recently, the most investigated blend for organic solar cells was a combination of poly(3-hexylthiophene) 
(P3HT) conjugated polymer with the fullerene  (C60) derivatives, such as [6,6]-phenyl-C61-butyric acid methyl 
ester  (PC60BM) and its analogue [6,6]-phenyl-C71-butyric acid methyl ester  (PC70BM)2,3. The record fullerene-
based blend efficiency of 7.4% was achieved in a blend of indene-C70-bisadduct  (IC70BA) and  P3HT4. High 
synthesis cost, limited optical absorption, poor bandgap tunability, morphological and photochemical instability 
of commonly used fullerenes motivates research of alternative materials for light-harvesting  blends5–7.

Small molecule non-fullerene acceptors (NFA) made a break-through in OPV efficiency in the past few 
years due to their optical properties and electronic levels tunability as well as high thermal, photochemical and 
morphological  stability8,9. Usually, synthesis of NFA involves multiple steps (6 and more) that boosts the cost 
immensely (e.g. 6850$/g for ITIC, one of the most representative NFAs with high power conversion efficiency)10.

Substituting organic acceptor in OPV with inorganic nanoparticles can bring the benefits as well, namely 
(1) improvement of optoelectronic stability of the solar cells; (2) enhancement of the light absorption range by 
changing the size or surface chemistry of the nanoparticle and consequently, its bandgap; (3) enhanced light 
scattering with subsequently enhanced light  absorption11,12; (4) enhancement of the light-harvesting since the 
rate of the photoinduced charges transfer in the inorganic material is of a picosecond order and faster than their 
recombination rate; (5) morphology of the inorganic materials is tailorable to produce simultaneously efficient 
exciton dissociation interfaces and free charge-transporting  pathways13,14; (6) inexpensive fabrication cost. In 
this respect, the different forms of carbon have been under investigation for the role of electron acceptor in 
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 OPV15–17. Nanodiamonds (ND) provide many unique qualities that are highly advantageous for energy conver-
sion applications. Since covalent chemistry works similarly on NDs as for organics, various chemical moieties can 
be thus grafted on NDs  surfaces18. Tunable ND surface chemistry results in tunable surface work  function19 and 
in controllable interaction between NDs and surrounding materials or  environment20. The colloidal chemistry 
of NDs is also well established. It enables the mixing of NDs with polymers without clustering or segregation, 
which is one of the crucial problems in the development of organic PV  cells21. Except for specific surface reac-
tions, NDs and their structural, as well as electronic properties, are very stable under various conditions for a 
long  time22. The NDs are also available in large quantities at reasonable prices (0.1 $/g). Diamond nanoparticles 
are merely carbon, and they are completely non-toxic in the environment and  organisms23,24. As a waste, they can 
be stored indefinitely or burnt into  CO2 and they do not need any specific disposal procedures. These features 
enable possible large-scale use of NDs without problems.

Nanodiamond appears to be a versatile material for energy conversion. Upon mixing with  C60, it acts as an 
electron  donor25,26. Meanwhile, bonded to  P3HT27,28 and or porphyrin  derivative29, nanodiamond acts as an 
electron acceptor. Electron-accepting properties were reported also for bulk diamond bonded with polypyrrole 
(PPy)30,31. PPy is a well-investigated organic polymer. It absorbs visible  light32, shows good conductivity upon 
 oxidation33 and can be obtained by various fabrication  techniques34–40. Optoelectronic properties of PPy can be 
tuned by oxidation/reduction of the polymer and by using different electrolytes in the polymerization  solution41. 
By increasing the oxidation state of PPy the number of positively charged units (polarons and bipolarons) in the 
polymer chain  increases41–44 which introduces energy levels (bands in case of pronounced oxidation) into PPy 
 bandgap45. This enhances PPy light absorption in the infrared region.

Therefore, in this work we explore merging NDs with PPy. We present a novel fabrication technology and 
optoelectronic characterization of nanocomposites based on detonation nanodiamonds (DNDs) and PPy. We 
reveal a tight nanoscale interaction between DNDs and PPy in the composites, which leads to enhanced optical 
absorption and more efficient charge generation as shown by various characterization methods and test solar 
cells. We provide theoretical calculations of the structure and electronic properties of DND/PPy composites, 
which are in good agreement with the experimental data and which help elucidate the mechanism of exciton 
dissociation in DND/PPy composite.

Materials and methods
Materials. Original DNDs were manufactured by Lingyun Granda Nano (China) and distributed by New 
Metals and Chemicals (Japan). Fourier-transform infrared spectroscopy (FTIR) of the purchased DNDs showed 
in the as-received state pronounced peaks at 2800–3000  cm−1 that correspond to C–H surface groups as well 
as peaks at 1800  cm−1 due to carbonyl C=O groups. Therefore, to emphasize the presence of multiple types of 
surface moieties (related to both oxygen and hydrogen), we will refer to the as-received DNDs as polyfunctional-
DNDs (poly-DND) in the further text. The average size of poly-DND claimed by the manufacturer is around 
5 nm. Zeta potential of polyfunctional-DNDs dispersed in water is positive, + 41 mV (measured by Dynamic 
Light Scattering using Malvern Zetasizer Nano ZS). The presence of  sp2 carbon atoms on the poly-DND surface 
is indicated by 1630  cm−1 band in Raman spectrum (see Figure S1 in the Supplementary Information). Oxidized 
DNDs (O-DND) were obtained from the polyfunctional-DNDs by annealing in air at 450 °C for 30 min. Such 
oxidation conditions do not lead to poly-DND size  reduction46, just surface functional groups are transformed, 
namely CH into CO groups. Zeta potential of such air-annealed DNDs is -39 mV. The air annealing leads to the 
decrease of  sp2 carbon content on O-DND compared to poly-DND surface (Figure S1). Hydrogenated DNDs 
(H-DND) were obtained from O-DNDs by annealing in hydrogen at 600 °C for 6  h47. Our DLS measurements 
reveal H-DND size to be around 3 nm. Zeta potential of H-DND is + 40 mV, thus similar to poly-DNDs, yet the 
FTIR spectra are considerably different (see Figure S2 in the Supplementary Information). Hydrogenation at 
600 °C leads to additional surface graphitization which estimates itself in the most pronounced and redshifted 
peak (1600  cm−1) of  sp2 carbon in Raman spectrum (Figure S1).

Nanocomposite fabrication. Figure  1 shows a scheme of the layer-by-layer technological procedure 
developed for the preparation of DND/PPy nanocomposite layers on substrates. The substrates (silicon or glass) 
were nucleated with DND particles by sonication for 10 min in a colloidal solution of primary DND particles 
(prepared according to the established  protocol46) and then they were rinsed with deionized water. Nucleation of 
the substrates by DND resulted in 10% and 40% monolayer coverage of the substrates by poly-DND or H-DND 
 respectively47. Direct nucleation of the substrates by O-DND, in the same way, was complicated due to electro-
static repulsion between oxidized DNDs and oxidized silicon or glass surface. Thus, to get similar Si and glass 
nucleation with O-DNDs, we nucleated the substrate with poly-DND at first and then annealed the substrates in 
the air at 450 °C for 30 min. The procedure results in 8% coverage of the substrate by O-DND. The morphology 
of DND monolayers was characterized by AFM (Figure S3 in the Supplementary Information).

Substrates with a low density of DND agglomerates (about 30 agglomerates per 1 µm2) were prepared to 
obtain nanoscale spectroscopic data on the particles and the surrounding substrate separately. For this purpose, 
DND powder was sonicated for 1 h using an ultrasound horn (Hielscher) at 200 W, then the solution was centri-
fuged at 14,000 rpm (13,124×g) for 25 min to get rid of micrometre-sized DND clusters. Then the supernatant was 
poured into the clean test tubes and further centrifuged for 30 min. The sediment after 30 min of centrifugation 
was re-dispersed in 1 ml of water and further diluted 20 times. The procedure allowed us to separate agglomer-
ates with the sizes on average larger than the SNOM-IR tip diameter ~ 20 nm. The sizes and spatial distribution 
were estimated from SEM images (see Figure S4 and Figure S5 in the Supplementary Information).

After nucleation with DNDs, the substrates were soaked in pyrrole (Py) monomer for 1 h to let the Py mono-
mers adsorb (see Fig. 1). Then the substrate with adsorbed Py was immersed into HCl acid (0.3 M) for 16 h 
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under indoor illumination to promote Py polymerization. The substrate was then taken out of HCl, rinsed with 
deionized water, and dried with  N2. Hydrochloric acid (HCl, 37%) and pyrrole (98%) for polypyrrole synthesis 
were purchased from Sigma-Aldrich (USA) and used in the as-received state. Substrates processed in the same 
way, but without DNDs, were used as PPy reference substrates. Substrates nucleated with DND particles without 
further Py processing were used as DND reference substrates. PPy layer morphology and thickness were again 
investigated by AFM.

To increase the thickness of the DND layer the spin-coating method was used instead of treatment in an 
ultrasonic bath and different spin-coating procedures were tested. The spin-coating procedure, which provided 
DND layers of the most uniform thickness with the employed colloid concentration (38 ± 3 nm, see Figure S6 in 
the Supplementary Information), was chosen for the sample preparation, namely 100 μL of the DND colloidal 
solution was drop-casted on 1  cm2 sample and rotated at 1000 rpm for 15 s, with subsequent increase of the 
speed to 4000 rpm and rotating at this speed for 1 min. The same Py grafting procedure used for the nucleated 
monolayer of DNDs was also employed for the spin-coated DND layers. The thickness of PPy on the spin-coated 
layers was determined as the difference between the average composite layer thickness in secondary electron and 
backscattered electron mode of Scanning Electron Microscope, where nanodiamond layer looks as the brightest 
stripe and PPy is a black layer on top of DND (see Figure S7 in the Supplementary Information).

Test solar cell (SC) fabrication. For the preparation of the test solar cell (Fig. 1b), a back electrode was 
covered with DND/PPy composite as an active material, and a counter electrode was sputtered on top. Different 
materials were tested as back electrodes: metals (Au, Al), glass with ITO film (with and without poly(3,4-ethyl-
enedioxythiophene) polystyrene sulfonate, PEDOT:PSS), silicon (Si) with different doping (p, p++, n, n++). As 
the top electrode, semitransparent Al and Au (18 nm thickness) and ITO (140 nm thickness) stripes of approxi-
mate 0.05  cm2 area were prepared. Different thicknesses of DND layers also tested.

Characterization techniques. Atomic force microscopy (AFM, NTMDT Ntegra) was used in the tap-
ping mode (Si cantilevers with 75 kHz resonance frequency) to characterize the morphology and thickness of 
the reference poly-DND, H-DND and O-DND nucleated substrates as well as the substrates after the composite 
formation. Part of the particles on each sample was carefully removed by a thin wood stick. The samples were 
scanned perpendicular to the interface between the exposed and nucleated part of substrates. Height of the bare 
substrate was taken as the zero height. Height of each grain on the samples was determined by using a watershed 
 algorithm48 relative to the exposed substrate. Mean heights of composite and reference DNDs particles were 
calculated. The PPy layer thickness on DNDs was determined by the formula  in49.

Scanning electron microscopy (FE-SEM Tescan MAIA3) was used as a complementary tool to characterize 
surface morphology. Field-emission gun operating at 10 kV and in-beam secondary electron detector was used.

Dynamic Light Scattering (DLS) measurements of colloidal solutions were performed in order to estimate the 
size and colloidal stability (zeta potential) of DNDs. Zetasizer Nano ZS from Malvern Instrument Ltd. equipped 
with a helium–neon laser (633 nm) and the scattering angle 173° was used for the measurement. Scattering 
intensity/size distribution data was recalculated to the number/size distribution curve using Mie theory. Each 
curve was plotted after accumulation of scattering intensity from 10 runs. The size of the particles was estimated 
as the average from 3 number/size distribution curves. Zeta potential distribution curve was calculated automati-
cally in program from Henry equation after estimation of the electrophoretic mobilities of the particles under 

Figure 1.  Scheme of (a) the fabrication process of DND/PPy composite and (b) test solar cell with embedded 
composite as an active material.
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applied voltage in the special cell with the electrodes. Zeta potential value was calculated as the average from 3 
distribution curves.

Raman spectroscopy of the nanodiamonds was done in Renishaw InVia micro-spectrometer equipped with 
442 nm excitation HeCd laser using 100 × objective (numerical aperture 0.9). The used laser power was approxi-
mately 2 mW. The Raman signal from each DND sample was accumulated for 500 s and spectra from three dif-
ferent spots were added. Due to a photoluminescence background the Raman spectra were baseline corrected 
and normalized to the diamond peak.

Formation of the DND/PPy composites was characterized by infrared spectroscopy: macroscopically by 
grazing angle reflectance Fourier-transform infrared spectroscopy (GAR-FTIR) and microscopically by scan-
ning near-field optical microscopy in the infrared region (SNOM-IR). GAR-FTIR spectra were measured using 
 N2-purged Thermo Nicolet 8700 spectrometer equipped with KBr beam splitter and MCT detector cooled by 
liquid nitrogen. Au mirrors were chosen as substrates for GAR-FTIR measurements to ensure a high enough 
signal from the samples. The optical absorbance was calculated in the standard absorbance units as A =  −log(R/
R0), where R is the spectrum of analyzed material and  R0 is the reference (background) spectrum recorded using 
a clean Au mirror prior to the analyte application. In all cases, the spectra represent an average of 128 scans 
recorded with a resolution of 4  cm−1. Each FTIR spectrum was normalized to the intensity of the strongest peak 
in the spectrum.

SNOM-IR spectra were collected with ca. 20 nm spatial resolution using a scattering-type near-field optical 
microscope (neaSNOM, neaspec GmbH) equipped with a broadband Difference Frequency Generation (DFG) 
laser source (Toptica) and an asymmetric Michelson interferometer described  elsewhere50. PtIr tip with ca. 20 nm 
diameter was used to probe the sample by operating in tapping mode (tapping amplitude ca. 40 nm) at the fre-
quency Ω of ca. 270 kHz, thus modulating the intensity of the scattered IR light at Ω and its higher harmonics. 
Individual spectra were recorded in ca. 3 min each, with a spectral resolution of 8.3  cm−1. Demodulation of the 
scattered light signal at a higher harmonic nΩ was used to separate the contribution of the near-field optical signal 
from that of the background  signal51. Removal of the instrumental response function from the SNOM-IR spectra 
was done by normalization of the measured spectra to a reference Si signal. Resulting SNOM-IR Absorption and 
Reflectivity spectra can be directly correlated with the standard far-field IR  spectra52,53.

Photothermal deflection spectroscopy (PDS) was used to characterize optical transmittance, reflectance and 
absorbance spectra in the broad spectral range from UV to near IR (250–1700 nm). The absorption coefficient 
(1/cm) at each wavelength was calculated from absorptance spectra and the thickness of the samples as

The thickness of the PDS samples prepared on glass was evaluated by AFM. Figure S8 shows the thickness 
evaluation from AFM images on the DND-PPy composite samples. During the PDS measurements, the samples 
were immersed into transparent liquid FC72 and their absorptance spectra were normalized via absorptance 
spectrum of the highly absorbing black  coating54.

Scanning Kelvin Probe (SKP, KPTechnologies) method was used to determine the surface potentials (SP) 
of the samples in the dark and under illumination. The light source was the halogen lamp (maximum power 
250 W) with the broad emission spectrum in the visible region 375–800 nm with the maximum at ~ 650 nm. 
Subsequently, surface photovoltages were calculated. SKP advantage compared to Kelvin Probe Force microscopy 
is the possibility of “absolute” dark conditions of measurements as no laser is required for probe position detec-
tion in SKP. The scanning of each sample was conducted with a golden tip of 2 mm in diameter at 25 different 
points. The value of the surface potential for the specified sample was measured at 25 points in the dark and at 
the same points under illumination. The original data of SP measurements is provided in Figure S9. For some 
materials like O-DND/PPy, H-DND/PPy and neat O-DND the systematic error of the measurement is seen in 
the slope of SP curves. To eliminate this error of the measurements, it was decided to calculate the SPV at each 
point of the measurements as the difference between SP under illumination and SP in the dark at the point; then 
average the SPVs from all scanned points to obtain the final SPV value for the particular sample.

Current–voltage (IV) characteristics were measured by needle probes in a measurement setup using a source-
measure unit (Keithley). One of the microelectrodes was in contact with a steel carrier disk. The solar cell back 
electrode was fixed to the steel disk by a gold paste. The other microelectrode is in contact with the solar cell 
top electrode through a silver paste. The current was measured in a voltage range ± 0.4 V with the sweep rate 
50 mV/s. IV curves were measured in the dark and under AM 1.5 solar simulator illumination (light intensity 
1000 W/m2). Power conversion efficiency (PCE) of the cell was calculated as

where Pincident = Light intensity of solar simulator × Area under illumination is the power of incident light and  Pmax 
is the maximum output power of solar cell which is defined by the maximum product of input voltage and cor-
responding current. The area under illumination is equal to the area of the top electrode.

Theoretical computing procedures. The first-principles density functional theory (DFT) method 
implemented in Gaussian 09  software55 was used for optimizations of all the structures to obtain the ground state 
configurations. B3LYP hybrid  functional56,57, one of the most widely used functionals in computations of organic 
molecules, was employed together with the 6-31G(d) basis set. Modelling whole ND with experimentally acces-
sible size starting at 1.4   nm58 would be computationally unfeasible at this level of theory. Therefore, we used 

Absorption coefficient =
− ln

(

1− Absorptance
)

Sample thickness
.

PCE% =

Pmax × 100%

Pincident
,
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(111) and (100) surface slabs consisting of 3 C double layers of 6 × 6 atoms, exceptionally 5 × 6 atoms if structur-
ally needed. The slabs represent a corner of ND, hence always three “outer” surfaces of ND are functionalized 
with surface groups, and the remaining three “inner” surfaces representing the inner cut planes are saturated 
with H atoms to keep the  sp3 hybridization of neighbouring carbon atoms. These H atoms were fixed during fur-
ther optimization. Further details on structure optimization and energy levels calculations can be found  in59,60.

Results and discussion
Figure 2a, b show topography images of DND monolayer before and after Py processing obtained by AFM. 
Planar images show particle distribution and height differences across the surface. 3D AFM images visualize 
overall size enlargement after processing of the DNDs with Py. They suggest encapsulation of DND by PPy. 
Figure 2c, d show SEM images of intentionally prepared scattered DND clusters on Si substrate before and after 
Py processing. The SEM images corroborate observations by AFM that the DNDs are conformally encapsulated 
by PPy after the processing.

As can be seen from the AFM images, already pristine DND particles form aggregates of different sizes on 
the substrate (Fig. 2a). To understand how surface chemistry influences DNDs interaction with the PPy polymer 
we selected the sizes that correspond to primary particles (for poly-DND and O-DND it is 4.5–5.0 nm, and for 
H-DND it is 3 nm) or 2-particle aggregates. Larger aggregates introduce uncertainties in the PPy thickness 
interpretation due to, e.g., different surface chemistry of aggregates compared to the primary particles. Note 
that primary particles were needed only for reliable PPy thickness determination. For physico-chemical char-
acterization by Raman and FTIR spectroscopies it does not matter if there are primary or aggregated particles. 
For optoelectronic properties the agglomerated particles can form a continuous network for charge transfer 
from the nanodiamond-polymer interface to the electrode, which may make agglomerated nanoparticles more 
beneficial in optoelectronic applications. Evaluated mean particle sizes are summarized in Table 1. Mean sizes of 
poly-DND (4.8 ± 0.2 nm) and O-DND (5.1 ± 0.4 nm) are similar. This confirms that the annealing does not reduce 
the particle size but modifies the surface groups only. H-DND mean size is somewhat smaller, 2.9 ± 0.1 nm, as 
expected from the hydrogenation  process33.

Figure 2.  AFM images of (a) pristine H-DND layer and (b) H-DND/PPy composite layer. SEM images of 
intentionally scattered poly-DND agglomerates (c) before and (d) after modification by PPy.
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After the pyrrole processing, there is an enlargement in particle height (see Table 1) which depends on the 
initial particle surface chemistry. The thickest PPy layer is formed on poly-DND (4.2 ± 0.4 nm), and the minimum 
PPy thickness is observed on O-DND (1.4 ± 0.7 nm). PPy layer on H-DND (3.8 ± 0.1 nm) is of similar thickness 
as on poly-DND. PPy thicknesses on O-DND and poly-DND appeared to be smaller than estimated in our pre-
vious  work49. This might be due to the more accurate particle height evaluation procedure in this work by grain 
analysis using the watershed method (see the Experimental section) compared to particle height estimation via 
roughness analysis  in49, where mean particle height was determined as the difference between the roughness of 
nucleated and exposed parts of a substrate. However, different particle height evaluation methods lead to the same 
trend in PPy thickness which is maximum on poly-DND and 2–3 times less on O-DND. Because of the same 
Py polymerization conditions for all types of DND particles, different PPy thickness on poly-, H- and O-DND, 
as was discussed  in49, can be explained by the different PPy chains arrangement relative to the different types of 
DNDs. The different PPy arrangement might be caused by the different bonding nature between PPy and DNDs 
of different surface terminations, which is the matter of our further investigation by spectroscopic techniques.

Interaction of DND and PPy in the composites was thus characterized by the IR spectroscopic techniques. 
Figure 3 shows FTIR spectra of DND/PPy, pristine DNDs and pristine PPy directly on layered samples (unlike 
in our prior work where bulk material was analysed). The spectra indicate the formation of the nanocomposites. 
The remaining features of the pristine materials can be found in the spectra of the composites and are indicated 
by arrows, namely pristine DNDs (black arrows) and PPy (red arrows).

At the same time, some of the characteristic vibrations of DNDs are quenched by interaction with PPy. 
The band of C–H vibrations at 2800–3000  cm−1, is clearly pronounced in the initial H-DNDs and poly-DNDs 
spectra. It is missing in poly-DND/PPy composite spectrum. It seems to be also missing in H-DND/PPy 

Table 1.  Mean height of DND particles and the composites established from AFM topography data and 
calculated PPy thicknesses.

Sample name Mean Particle Height, nm PPy thickness, nm

Poly-DND 4.8 ± 0.2
4.2 ± 0.4

Poly-DND/PPy 9.0 ± 0.3

H-DND 2.9 ± 0.1
3.8 ± 0.1

H-DND/PPy 6.7 ± 0.1

O-DND 5.1 ± 0.4
1.4 ± 0.7

O-DND/PPy 6.5 ± 0.6

Figure 3.  FTIR spectra of (a) H-DND/PPy (b) poly-DND/PPy and (c) O-DND/PPy composites with the 
reference DNDs and PPy. The remaining features of the pristine materials in the spectra of composites are 
indicated by arrows, namely pristine DND (black arrows) and PPy (red arrows).
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composite spectrum, yet some C-H vibrations may be hidden in the band of O–H∙∙∙Cl and N–H∙∙∙Cl vibrations at 
2800–3000  cm−161,62. The peak of carbonyl group, which is present in the reference O-DND spectrum at 1800  cm−1 
is completely missing in the O-DND/PPy composite spectrum. The regions of 800–1100 and 2250–3770  cm−1 
(red background) reveal the new features in the DNDs/PPy composite compared to the pristine components. 
Moreover, the difference between the composites’ spectra in these regions suggests the different type of interac-
tion between PPy and DND of different surface terminations. The peak at 1034  cm−1 of poly-DND/PPy composite 
has a distinct shoulder at 970  cm−1, which is absent in the PPy reference spectrum. This feature is attributed to 
C–C out-of-plane deformations of PPy  ring63,64. In H-DND/PPy, the shape of 1034  cm−1 peak differs from the 
one of PPy reference, it is broadened and with the shoulder of C–C out of plane vibrations as in poly-DND/
PPy. In O-DND/PPy, the region in 800–930  cm−1 seems to be a superposition of DND (850  cm−1 peak can be 
attributed to C–Cl in diamond  particle65, and thus it indicates possible partial chlorination of O-DND surface 
after interaction with HCl solution) and PPy vibrations (880  cm−1 peak can be attributed to C-H out of PPy ring 
plane  deformations63).

The range in 2250–3770   cm−1 represents a complex mixture of OH, NH and O–H∙∙∙Cl and N–H∙∙∙Cl 
 vibrations65. There is a noticeable redshift of the poly-DND/PPy bands in 2250–3770  cm−1 region compared to 
other composites and PPy ref. The shape of poly-DND/PPy spectrum in this region differs from the spectrum 
shape of the other materials. It might be due to the largest amount of O–H bonds on the poly-DND, surface com-
pared to H-DND and O-DND (carbonyl and carboxyl groups dominate in O-DNDs) particles. Thus, O–H∙∙∙Cl 
dominates in poly-DND/PPy in the 2250–3770  cm−1 region while spectra of the other composites in this range 
are dominated by N–H∙∙∙Cl or NH vibrations and they are blue-shifted.

FTIR, measuring the averaged macroscopic signal from the layers, does not enable to distinguish between 
the signal from PPy on the particles and PPy on the substrate of the same sample. To overcome this limitation 
of FTIR and further elucidate the differences in the composites structure, we performed SNOM-IR spectroscopy 
with a nanoscale resolution on the DND agglomerates. Figure S4 shows the uniform distribution of the isolated 
DND agglomerates across the surface by SEM and their height morphology by AFM. It shows that the agglom-
erates are indeed larger than SNOM-IR tip diameter (20 nm) and that they are separated enough for SNOM-IR 
measurements on individual agglomerates. SEM images in Fig. 2 (and in Figure S5 for a complete overview) 
show the DND agglomerates before and after pyrrole processing. They evidence that the DNDs agglomerates 
are indeed coated by PPy.

In Fig. 4, SNOM-IR spectra of the poly-DND/PPy, O-DND/PPy and PPy reference are presented. Topography 
images of the samples at the same place are shown as well. The spectra of given colour correspond to the place 
on the topography image marked by the rectangle of the same colour. Figure 4a shows PPy reference spectra at 
5 different locations on the substrate, including both plains and hillocks, which all match well with each other.

Figure 4b shows the spectra of PPy on O-DND particles (orange line) and their surroundings (blue line). 
Several spectra taken on O-DND/PPy particles match with each other and reveal a distinct peak at 1408  cm−1 
not found in the spectra of the surroundings. Figure 4c shows spectra taken on the poly-DND/PPy particles (red 
lines) and on the substrate (blue line). The spectra are well reproducible. Spectra taken on the substrate differ 
from the ones on poly-DND/PPy particles by the more pronounced intensity of the peak at 1671  cm−1, while in 
the rest of the spectral region the spectra match well.

A new peak at 1408  cm−1 in O-DND/PPy compared to PPy reference can be attributed to C–N vibrations 
which became asymmetrical (due to electrostatic interactions of O-DND and PPy) and subsequently visible in 
SNOM-IR spectrum. The peak at 1671  cm−1 presented in all SNOM-IR spectra is most likely attributed to N–H 
vibrations. The intensity of the peak does not depend on the thickness of PPy layer (the spectra on PPy refer-
ences taken on PPy micron-size agglomerate and PPy thin film of about 20 nm thickness are comparable, see 
Fig. 4a). Interaction of PPy with O-DND does not influence 1671  cm−1 peak intensity since it can be of the same 
electrostatic nature as the interaction between PPy and silicon (with native silicon oxide) substrate in PPy refer-
ence. Thus, the difference in 1671  cm−1 peak intensity in poly-DND/PPy composite suggests different bonding 
nature with a different arrangement of PPy on Si substrate (e.g., PPy overlaying the substrate) and on a poly-
DND particle (e.g., upright alignment of PPy chain relatively to poly-DND as was discussed  in49). In this way, 
differently aligned PPy will interact in a different way with SNOM-IR polarized light resulting in different peak 
intensities. The possibility of revealing the arrangement of the molecules by the different intensity of SNOM-IR 
response signal has already been  shown66 and is revealed again in this work. Thus, SNOM-IR clearly shows tight 
interaction between DNDs and PPy, confirming O-DND/PPy and poly-DND/PPy composites formation. Also, 
based on SNOM-IR results different types of bonding with subsequent different PPy arrangement relatively to 
O-DND and poly-DND is confirmed.

PDS spectra of neat PPy, as well as DND/PPy composites presented in Fig. 5, reveal optical absorption in 
a broad visible spectral range. Poly-DND/PPy composite absorbs the most while neat PPy absorbs the least. 
O-DND/PPy and H-DND/PPy composites have an absorption coefficient similar to each other, and both are 
well below the absorption coefficient of poly-DND/PPy composite. Although superior optical absorption of 
poly-DND/PPy composite seems obvious, various factors should be considered before making such a conclusion.

H- and poly-DND particles carry a larger amount of light-absorbing polymer since PPy thickness on the 
substrates nucleated with these DNDs is higher compared to PPy thickness on the bare substrate (see Table 1 
and Figure S8 in the Supplementary information). The absorption coefficient is independent of material thick-
ness. Nevertheless, PPy layers of different thicknesses might have PPy chains of different conjugation lengths, 
thus different optical properties. However, PPy thickness on O-DND is smaller than the neat PPy layer, and yet 
the O-DND/PPy has a larger absorption coefficient in the whole spectrum. There is also different PPy thickness 
on H-DND and O-DND and yet the absorption coefficient spectra are similar. Contrary, the PPy thickness on 
H-DND and poly-DND is similar and yet the absorption coefficient spectra differ considerably. Thus, the dif-
ference in PPy thickness in the materials in ourwork does not affect PPy conjugation length and consequently 
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optical properties. Also, the pronounced difference in absorption in the composites cannot be only due to scat-
tering effects, though as observed for instance, for Si quantum  dots11. Otherwise, poly-DND/PPy and O-DND/
PPy absorption would be similar due to the similar DND density of these samples; also H-DND/PPy would 
have more pronounced absorption coefficient since there are 4 times more scattering centres on the substrates 
nucleated with H-DND compared to O-DND and poly-DND nucleated substrates (surface coverage of Si by 
H-DND is ~ 40%, by poly-DND ~ 10%, by O-DND ~ 8%).

Another factor of the different absorption coefficients of the composites and PPy reference can be different 
electronic states of PPy itself. Although the synthesis process (and chemicals) was the same for all samples, the 
PPy could be different due to DND effects on the synthesis. Two additional energy levels are introduced into PPy 
bandgap at mild PPy oxidation, which corresponds to bonding and anti-bonding polaron  states67. With a large 

Figure 4.  AFM maps with indicated locations of SNOM-IR spectra of (a) PPy reference (b) O-DND/PPy (c) 
poly-DND/PPy. The lateral size of the particles’ and PPy agglomerates could be deduced from the scale bars on 
AFM images. Characteristic PPy peaks at 1671 (N–H vibration) and 1408 (C–N vibration)  cm−1 are indicated at 
SNOM-IR spectra.

Figure 5.  (a) Absorption coefficient spectra of composites and PPy reference (b) poly-DND/PPy sample during 
PDS measurement.
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extent of PPy oxidation, the quantity of intra-bandgap levels increases and they merge into bands (bipolaron 
bonding and anti-bonding bands). As a result, PPy oxidation promotes absorption in the infrared region and 
broadening of the bands in the absorption spectrum due to more possibilities of charge transfer between intra-
bandgap bands. Thus, more pronounced absorption in composites compared to pristine PPy can be explained 
by a larger extent of PPy oxidation in composites due to charge exchange between PPy and DNDs. Poly-DND/
PPy with maximum absorption compared to O-DND/PPy and H-DND/PPy might be consisted of PPy in the 
largest oxidation state due to the most pronounced charge exchange between poly-DND and PPy.

The last but not least factor behind the enhanced absorption coefficient of the nanocomposites may be the 
favorable optoelectronic properties arising at the DND/PPy junction. Theoretical computing (described further 
below) indicated large variations of energetic bandgap (0.3–3.5 eV) at the junction of DND/PPy depending on 
facet crystallographic orientation, surface chemistry and way of PPy attachment. In our opinion, it is probably 
the dominating effect behind the enhanced absorption coefficient as it is well correlated with photovoltage 
measurements by SKP.

The photograph of the SKP setup is shown in Fig. 6a. Each sample was contacted sideways by a ball-shaped 
electrode. SKP probing tip is above the sample. Illumination, when it is necessary, is introduced under an angle 
from the side. Surface potentials of poly-DND/PPy, O-DND/PPy and H-DND/PPy composites, their references 
and bare substrates were measured in the dark and under illumination. The original data of SP measurements 
are provided in Figure S9. Surface photovoltages of the samples were then calculated. The SPV values for the 
reference and composite samples are summarized in Table S1 and plotted in Fig. 6b.

Maximum photovoltage is observed on poly-DND/PPy composite (99 ± 5 mV) compared to O-DND/PPy 
(35 ± 7 mV) and H-DND/PPy (34 ± 6 mV). SPV of poly-DND/PPy is also larger compared to SPV of pristine PPy 
(67 ± 8 mV) and pristine poly-DNDs (55 ± 9 mV). H-DND reference sample shows negligible SPV (6 ± 8 mV), and 
O-DND reference has SPV values of 28 ± 9 mV. As was shown by Matunova et al.60, amorphization of nanodia-
mond surface reduces the bandgap without dependance on the surface termination. H-DND is expected to have 
smaller bandgap compared to O-DND due to more prounounced surface graphitization after hydrogen anneal-
ing (Figure S1). Recombination of light-harvested charges in H-DND is thus more probable than in O-DND, 
consequently, SPV is decreased in H-DND compared to O-DND. The largest positive surface photovoltage 
detected in poly-DND/PPy compared to all other samples might indicate the largest extent of PPy oxidation by 
poly-DNDs via withdrawing electrons from PPy chain (in agreement with the PDS spectra interpretation above). 
Moreover, O-DND/PPy and H-DND/PPy have similar surface photovoltages (SPV) considering the standard 
deviations depicted in Fig. 6. It is intriguing as the PPy assembly on H- or O-DND is different (see Table 1). 
Contrary, poly-DND/PPy composite exhibits SPV significantly higher compared to H-DND/PPy and O-DND/
PPy, even considering the standard deviation. This points out clearly that each of the functional groups on the 
surface of DND, namely hydrogen-containing (C-H groups on the diamond surface create reactive oxygen spe-
cies under  illumination68 which can initiate pyrrole cation radical formation, the first polymerization step) and 
oxygen-containing (adsorption places for Py/PPy  chains69) plays its specific role in poly-DND/PPy composite 
formation and optoelectronic performance and their combination is essential for providing enhanced SPV and 
light absorption in the visible region. As seen from Raman spectra (Figure S1) normalized to diamond peak 
(1323  cm−1) the content of  sp2 phase (band in 1600  cm−1 region) increases after hydrogenation and diminishes 
after annealing in air. The trend of the  sp2 content in Raman does not correspond to SPV trend in DND ref. 
Thus, the  sp2 carbon phase is not the determining factor for SPV effect. Its role may still be in additional photo-
senzitization and facilitation of the transport of light-generated charges as suggested in the work of Kokal et al.70 
for carbon dots in  TiO2/CdS photoanode assembly. Note also that SPV of the composites cannot be due to the 
substrate because the annealed p-Si has SPV of the opposite sign (− 87 ± 29 mV) compared to the nanocomposites 
and other reference samples.

Theoretical calculations support the experimental results and help us propose a photovoltage generation 
mechanism in the DND/PPy composites. In the model configuration of poly-DND/PPy composites, where PPy 
chain grafted covalently to ND and surrounded by oxygen-containing groups, it was observed that HOMO is 
fully localized on PPy and LUMO fully localized on ND (Fig. 7a). In addition, for various oxygen moieties in the 
poly-DND/PPy models, the energetic levels of PPy, ND and ND-PPy interface are aligned in such a way that it 
is energetically beneficial for the electrons to be transferred from PPy into ND (Fig. 7b).

Figure 6.  (a) Scanning Kelvin probe setup. (b) Surface photovoltages (with error bars) of DND/PPy 
composites, DND and PPy references.
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Thus, the maximum and positive SPV observed in the poly-DND/PPy composite is theoretically explained. 
The calculations also elucidate the role of hydrogen- and oxygen-containing groups on the poly-DND surface, 
namely: PPy grafts via CH groups to poly-DND and hydrogen-bond interaction of the grafted PPy with sur-
rounding CO groups results in the suitable alignment of energy levels of PPy and poly-DND and the spatial 
separation of HOMO on PPy and LUMO on poly-DND. This all is favorable for charge carriers separation 
between PPy and poly-DND.

The composite with the most pronounced optoelectronic response (poly-DND/PPy) and PPy reference were 
embedded in the test solar cells to check the electronic transport characteristics. We show so far the best perform-
ing configurations based on a monolayer and spin-coated layer of DNDs and compare the role of Al or ITO as 
electrode materials as examples. Figure 8a shows IV characteristics in the dark and under illumination and the 
performance parameters of the solar cells with embedded PPy and Al as a top electrode. The inset image of Fig. 8a 
shows how the IV characteristics of the solar cells were measured. The performance parameters of the solar cell 
with the top Al electrode are enhanced after grafting PPy to a monolayer of poly-DND (Fig. 8b) compared to 
PPy in the reference solar cell. Power conversion efficiency (η) in poly-DND/PPy SC is 5 times higher compared 
to the neat PPy solar cell. This indicates that DND having large surface-to-volume ration carry more PPy than 
the bare Si substrate, thus absorbing more light and increasing the short-circuit current  (Isc). Also, poly-DND 
facilitate the exciton dissociation in PPy and built-in voltage formation, improving the open-circuit voltage  (Voc) 
in poly-DND/PPy composite solar cell compared to PPy solar cell.

When ITO is used as the top electrode, the short-circuit current  (Isc) in PPy reference solar cell is increased 
about 9 times resulting in the power conversion efficiency enhancement of almost 7 times compared to PPy with 
Al top electrode (Fig. 8c). The reason for the performance improvement can be better transparency of ITO in 
visible light range compared to semitransparent Al and better electronic level alignment.

To investigate a way for possible further improvement of the solar cell performance with the poly-DND/
PPy composite, we employed a thicker active layer by using the spin-coating procedure. Spin-coating was used 
to cast 38 ± 3 nm layer of poly-DND on silicon (Figure S6). After Py processing, the poly-DND layer thickness 
decreased to 20 ± 2 nm layer (due to desorption of DND into polymerization medium) with 6 ± 3 nm of PPy 
on top. We expected to address several issues with the spin-coating procedure, namely (a) more light can be 
absorbed by an increased amount of the material, (b) pinholes in the sample layer are avoided, (c) continuous 
pathways in electron donor and electron acceptor materials are created that improves the charge transport to the 
electrodes. Figure 8d shows the improved characteristics of the solar cell with the thicker active layer. Indeed, 
the short-circuit current in such solar cell increased to 79 μA/cm2. It is an order of magnitude higher than in a 
monolayer composite (Fig. 8b) PPy on the bare substrate,  Isc = 4.4 μA/cm2 (Fig. 8c). It is most likely due to the 
higher amount of light-harvesting PPy and fewer pinholes with better charge collection. Open-circuit voltage 
 (Voc) increased by order of magnitude in spin-coated poly-DND/PPy composite  (Voc = 0.224 V) compared to the 
reference solar cell with the neat PPy  (Voc = 0.013 V), which shows that poly-DND has a favorable role in exciton 
dissociation and built-in voltage generation at the poly-DND/PPy junction. The efficiency increased several 
orders of magnitude in the spin-coated poly-DND/PPy solar cell (η = 6.6 ×  10−3%) compared to PPy on the bare 
Si (η = 1.4 ×  10−5%) as well as compared to the monolayer poly-DND/PPy composite (η = 1.1 ×  10−5%). Thus, the 
test solar cell with poly-DND/PPy composite demonstrates a proof-of-principle and shows opportunities for 
further optimizations (by variation of materials for top/back electrode, finding the optimum thickness of the 
nanocomposite, morphology optimization, etc.).

Figure 7.  (a) Example of spatial separation of PPy HOMO and ND LUMO. Based on DFT calculations. (b) 
Scheme of HOMO and LUMO energetic levels composite of separate materials and their interface with the most 
probable charge transfer due to level alignment.
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Conclusions
The present work showed that detonation nanodiamonds with various surface chemical groups can control 
assembly as well as the optoelectronic performance of nanocomposite with polypyrrole. We demonstrated layer-
by-layer fabrication technology that is suitable for solar cell fabrication. Formation of the nanocomposite and 
pronounced interaction between polypyrrole and nanodiamond with the controlled alignment of the polymer 
chains by nanodiamond surface chemistry in such composite were evidenced by changes and appearance of vibra-
tional bands in infrared spectroscopy performed both macroscopically and locally with nanoscale resolution and 
supported by atomic force microscopy. Moreover, AFM indicated that DNDs with different surface terminations 
assemble PPy oligomers in different ways. Different PPy alignments relative to DNDs surface might contribute to 
the different light-harvesting effects of the composites. The study of optical absorption and photovoltage genera-
tion revealed that the nanocomposite exhibits a highly enhanced absorption coefficient. The optical absorption 
of the composite is broad, covering well the visible spectrum from infrared to near UV (1–3.5 eV). Also, the 
photovoltage was enhanced compared to pristine materials. The positive polarity of SPV shows that DND acts 
as an electron acceptor and leave the positive charge on PPy molecules. Theoretical atomic-scale DFT calcula-
tions corroborated the experimental results and confirmed that electrons are indeed transferred from PPy into 
nanodiamond. Polyfunctional nanodiamond combining both oxygen and hydrogen surface groups appeared the 
most favorable for photovoltaics. The assembled test solar cells proved the functionality of the concept. Taking 
into account the general non-toxicity of nanodiamond, its chemical stability, and availability in large quantities, 
its applicability in organic photovoltaics is possible.

Received: 13 October 2020; Accepted: 21 December 2020

References
 1. Mahmood, A. et al. Recent progress in porphyrin-based materials for organic solar cells. J. Mater. Chem. A 6, 16769–16797 (2018).
 2. Dang, M. T., Hirsch, L. & Wantz, G. P3HT:PCBM, best seller in polymer photovoltaic research. Adv. Mater. 23, 3597–3602 (2011).
 3. Lukina, E. A. et al. Light-induced charge separation in a P3HT/PC70BM composite as studied by out-of-phase electron spin echo 

spectroscopy. Phys. Chem. Chem. Phys. 18, 28585–28593 (2016).
 4. Guo, X. et al. High efficiency polymer solar cells based on poly(3-hexylthiophene)/indene-C70 bisadduct with solvent additive. 

Energy Environ. Sci. 5, 7943–7949 (2012).
 5. Holliday, S. et al. High-efficiency and air-stable P3HT-based polymer solar cells with a new non-fullerene acceptor. Nat. Commun. 

7, 11585 (2016).

Figure 8.  IV curves in the dark (black) and under solar simulator irradiation (red) of the solar cell with 
(a) pristine PPy as active material and Al as the top electrode; the inset picture shows the test solar cell with 
connected microelectrodes for IV characterization. (b) poly-DND/PPy composite as an active material with 
poly-DND monolayer and semitransparent Al layer as a top electrode. (c) pristine PPy as active material and 
ITO as the top electrode. (d) poly-DND/PPy composite as active material with 20 ± 2 nm thick poly-DND layer 
and ITO as the top electrode.



12

Vol:.(1234567890)

Scientific Reports |          (2021) 11:590  | https://doi.org/10.1038/s41598-020-80438-3

www.nature.com/scientificreports/

 6. Liu, D. et al. An effective strategy for controlling the morphology of high-performance non-fullerene polymer solar cells with-
out post-treatment: employing bare rigid aryl rings as lever arms in new asymmetric benzodithiophene. J. Mater. Chem. A 6, 
18125–18132 (2018).

 7. Fan, Q. et al. High-performance nonfullerene polymer solar cells with open-circuit voltage over 1 V and energy loss as low as 0.54 
eV. Nano Energy 40, 20–26 (2017).

 8. Speller, E. M. et al. From fullerene acceptors to non-fullerene acceptors: prospects and challenges in the stability of organic solar 
cells. J. Mater. Chem. A https:// doi. org/ 10. 1039/ C9TA0 5235F (2019).

 9. Duan, L., Elumalai, N. K., Zhang, Y. & Uddin, A. Progress in non-fullerene acceptor based organic solar cells. Sol. Energy Mater. 
Sol. Cells 193, 22–65 (2019).

 10. Li, X. et al. Simplified synthetic routes for low cost and high photovoltaic performance n-type organic semiconductor acceptors. 
Nat. Commun. 10, 519 (2019).

 11. Sugimoto, H., Ozaki, Y. & Fujii, M. Silicon quantum dots in dielectric scattering media: Broadband enhancement of effective 
absorption cross section by light trapping. ACS Appl. Mater. Interfaces 9, 19135–19142 (2017).

 12. Karimi Tafti, M. H. & Sadeghzadeh, S. M. Novel use of nanodiamonds as light-scattering material in dye-sensitized solar cells. J. 
Mater. Sci. Mater. Electron. 27, 5225–5232 (2016).

 13. Wright, M. & Uddin, A. Organic—inorganic hybrid solar cells: A comparative review. Sol. Energy Mater. Sol. Cells 107, 87–111 
(2012).

 14. Huang, J., Huang, Z., Yang, Y., Zhu, H. & Lian, T. Multiple exciton dissociation in CdSe quantum dots by ultrafast electron transfer 
to adsorbed methylene blue. J. Am. Chem. Soc. 132, 4858–4864 (2010).

 15. Blackburn, J. L. Semiconducting single-walled carbon nanotubes in solar energy harvesting. ACS Energy Lett. 2, 1598–1613 (2017).
 16. Liu, Z. et al. Organic photovoltaic devices based on a novel acceptor material: Graphene. Adv. Mater. 20, 3924–3930 (2008).
 17. Kamat, P. V. Graphene-based nanoassemblies for energy conversion. J. Phys. Chem. Lett. 2, 242–251 (2011).
 18. Krueger, A. & Lang, D. Functionality is key: Recent progress in the surface modification of nanodiamond. Adv. Funct. Mater. 22, 

890–906 (2012).
 19. Lai, L. & Barnard, A. S. Tunable charge transfer on selectively functionalised diamond nanoparticles. Diam. Relat. Mater. 68, 78–83 

(2016).
 20. Ōsawa, E., Ho, D., Huang, H., Korobov, M. V. & Rozhkova, N. N. Consequences of strong and diverse electrostatic potential fields 

on the surface of detonation nanodiamond particles. Diam. Relat. Mater. 18, 904–909 (2009).
 21. Čermák, J. et al. Correlation of atomic force microscopy detecting local conductivity and micro-Raman spectroscopy on poly-

mer–fullerene composite films. Phys. Status Solidi RRL Rapid Res.Lett. 1, 193–195 (2007).
 22. Kozak, H. et al. Chemical modifications and stability of diamond nanoparticles resolved by infrared spectroscopy and Kelvin force 

microscopy. J. Nanopart. Res. 15, 66 (2013).
 23. Vaijayanthimala, V., Tzeng, Y.-K., Chang, H.-C. & Li, C.-L. The biocompatibility of fluorescent nanodiamonds and their mechanism 

of cellular uptake. Nanotechnology 20, 425103 (2009).
 24. Schrand, A., Hens, S. A. C. & Shenderova, O. Nanodiamond particles: properties and perspectives for bioapplications. Crit. Rev. 

Solid State Mater. Sci. 34, 18–74 (2009).
 25. Nagata, A. et al. Fabrication, nanostructures and electronic properties of nanodiamond-based solar cells. Prog. Nat. Sci. Mater. 

Int. 20, 38–43 (2010).
 26. Oku, T. et al. Microstructures and photovoltaic properties of C 60 based solar cells with copper oxides,  CuInS2, phthalocyanines, 

porphyrin, PVK, nanodiamond, germanium and exciton diffusion blocking layers. Mater. Technol. 28, 21–39 (2013).
 27. Xu, W.-L. et al. Charge transfer dynamics in poly(3-hexylthiophene): Nanodiamond blend films. Diam. Relat. Mater. 64, 8–12 

(2016).
 28. Giambrone, N., McCrory, M., Kumar, A. & Ram, M. K. Comparative photoelectrochemical studies of regioregular polyhexylth-

iophene with microdiamond, nanodiamond and hexagonal boron nitride hybrid films. Thin Solid Films 615, 226–232 (2016).
 29. Ohtani, M., Kamat, V. P. & Fukuzumi, S. Supramolecular donor–acceptor assemblies composed of carbon nanodiamond and 

porphyrin for photoinduced electron transfer and photocurrent generation. J. Mater. Chem. 20, 582–587 (2010).
 30. Zhong, Y. L. et al. Diamond-based molecular platform for photoelectrochemistry. J. Am. Chem. Soc. 130, 17218–17219 (2008).
 31. Rezek, B. et al. Synthesis, structure, and opto-electronic properties of organic-based nanoscale heterojunctions. Nanoscale Res. 

Lett. 6, 238 (2011).
 32. Abthagir, P. S. & Saraswathi, R. Junction properties of metal/polypyrrole Schottky barriers. J. Appl. Polym. Sci. 81, 2127–2135 

(2001).
 33. Vernitskaya, T. V. & Efimov, O. N. Polypyrrole: A conducting polymer; its synthesis, properties and applications. Russ. Chem. Rev. 

66, 443–457 (1997).
 34. Kausaite-Minkstimiene, A., Mazeiko, V., Ramanaviciene, A. & Ramanavicius, A. Evaluation of chemical synthesis of polypyrrole 

particles. Colloids Surf. A 483, 224–231 (2015).
 35. Leonavicius, K., Ramanaviciene, A. & Ramanavicius, A. Polymerization model for hydrogen peroxide initiated synthesis of polypyr-

role nanoparticles. Langmuir 27, 10970–10976 (2011).
 36. Armes, S. P. Optimum reaction conditions for the polymerization of pyrrole by iron(III) chloride in aqueous solution. Synth. Met. 

20, 365–371 (1987).
 37. Chao, T. H. & March, J. A study of polypyrrole synthesized with oxidative transition metal ions. J. Polym. Sci. A Polym. Chem. 26, 

743–753 (1988).
 38. Dias, H. V. R., Fianchini, M. & Rajapakse, R. M. G. Greener method for high-quality polypyrrole. Polymer 47, 7349–7354 (2006).
 39. Satoh, M., Kaneto, K. & Yoshino, K. Dependences of electrical and mechanical properties of conducting polypyrrole films on 

conditions of electrochemical polymerization in an aqueous medium. Synth. Met. 14, 289–296 (1986).
 40. Pringle, J. M. et al. Electrochemical synthesis of polypyrrole in ionic liquids. Polymer 45, 1447–1453 (2004).
 41. Wang, P.-C. & Yu, J.-Y. Dopant-dependent variation in the distribution of polarons and bipolarons as charge-carriers in polypyrrole 

thin films synthesized by oxidative chemical polymerization. React. Funct. Polym. 72, 311–316 (2012).
 42. Santos, M. J. L., Brolo, A. G. & Girotto, E. M. Study of polaron and bipolaron states in polypyrrole by in situ Raman spectroelec-

trochemistry. Electrochim. Acta 52, 6141–6145 (2007).
 43. Genoud, F., Guglielmi, M., Nechtschein, M., Genies, E. & Salmon, M. ESR study of electrochemical doping in the conducting 

polymer polypyrrole. Phys. Rev. Lett. 55, 118–121 (1985).
 44. Kaufman, J., Colaneri, N., Scott, C. B. & Street, G. Evolution of polaron states into bipolarons in polypyrrole. Phys. Rev. Lett. 53, 

1005–1008 (1984).
 45. Bredas, J. & Street, G. Polarons, bipolarons and solitons in conducting polymers. Acc. Chem. Res. 18, 309–315 (1985).
 46. Stehlik, S. et al. Size and purity control of HPHT nanodiamonds down to 1 nm. J. Phys. Chem. C 119, 27708–27720 (2015).
 47. Stehlik, S. et al. Ultrathin nanocrystalline diamond films with silicon vacancy color centers via seeding by 2 nm detonation nano-

diamonds. ACS Appl. Mater. Interfaces 9, 38842–38853 (2017).
 48. Klapetek, P. et al. Atomic force microscopy characterization of ZnTe epitaxial films. Acta Phys. Slov. 53, 223–230 (2003).
 49. Miliaieva, D., Stehlik, S., Stenclova, P. & Rezek, B. Synthesis of polypyrrole on nanodiamonds with hydrogenated and oxidized 

surfaces: Synthesis of polypyrrole on nanodiamonds. Phys. Status Solidi A 213, 2687–2692 (2016).

https://doi.org/10.1039/C9TA05235F


13

Vol.:(0123456789)

Scientific Reports |          (2021) 11:590  | https://doi.org/10.1038/s41598-020-80438-3

www.nature.com/scientificreports/

 50. Huth, F., Schnell, M., Wittborn, J., Ocelic, N. & Hillenbrand, R. Infrared-spectroscopic nanoimaging with a thermal source. Nat. 
Mater. 10, 352–356 (2011).

 51. Keilmann, F. & Hillenbrand, R. Near-field microscopy by elastic light scattering from a tip. Philos. Trans. A Math. Phys. Eng. Sci. 
362, 787–805 (2004).

 52. Huth, F. et al. Nano-FTIR Absorption Spectroscopy of Molecular Fingerprints at 20 nm Spatial Resolution. Nano Lett. 12, 3973–
3978 (2012).

 53. Westermeier, C. et al. Sub-micron phase coexistence in small-molecule organic thin films revealed by infrared nano-imaging. Nat. 
Commun. 5, 55 (2014).

 54. Remes, Z. et al. Preparation and optical properties of nanocrystalline diamond coatings for infrared planar waveguides. Thin Solid 
Films 618, 130–133 (2016).

 55. Frisch, M. et al. Gaussian 09, Revision E.01, Wallingford CT: Gaussian, Inc., Gaussian (2009).
 56. Zhao, S. & Larsson, K. Theoretical study of the energetic stability and geometry of terminated and B-doped diamond (111) surfaces. 

J. Phys. Chem. C 118, 1944–1957 (2014).
 57. Tian, Y. & Larsson, K. Process of Diamond Surface Termination by Carboxylic and Amino groups – A Quantum Mechanics 

Approach. DIVA (2014).
 58. Stehlik, S. et al. High-yield fabrication and properties of 1.4 nm nanodiamonds with narrow size distribution. Sci. Rep. 6, srep38419 

(2016).
 59. Matunová, P., Jirásek, V. & Rezek, B. Computational study of physisorption and chemisorption of polypyrrole on H-terminated 

(111) and (100) nanodiamond facets. Phys. Status Solidi A 213, 2672–2679 (2016).
 60. Matunová, P., Jirásek, V. & Rezek, B. DFT calculations reveal pronounced HOMO–LUMO spatial separation in polypyrrole–nano-

diamond systems. Phys. Chem. Chem. Phys. 21, 11033–11042 (2019).
 61. Chiesa, S. & Rossi, M. J. The metastable HCl ·  6H2O phase - IR spectroscopy, phase transitions and kinetic/thermodynamic proper-

ties in the range 170–205 K. Atmosph. Chem. Phys. 13, 11905–11923 (2013).
 62. Beck, P., Gaigeot, M.-P. & Lisy, M. J. Anharmonic vibrations of N–H in  Cl− (N-methylacetamide)1(H2O), 0–2Ar2 cluster ions. 

Combined IRPD experiments and BOMD simulations. Phys. Chem. Chem. Phys. 15, 16736–16745 (2013).
 63. Valtera, S. et al. Dye-stimulated control of conducting polypyrrole morphology. RSC Adv. 7, 51495–51505 (2017).
 64. Cordeiro, E. et al. Staphylococcus aureus biofilm formation on polypyrrole: An electrical overview. Química Nova 38, 1075–1079 

(2015).
 65. Petit, T. & Puskar, L. FTIR spectroscopy of nanodiamonds: Methods and interpretation. Diam. Relat. Mater. 89, 52–66 (2018).
 66. Amenabar, I. et al. Structural analysis and mapping of individual protein complexes by infrared nanospectroscopy. Nat. Commun. 

4, 2890 (2013).
 67. Bredas, J. L., Themans, B. & Andre, J. M. Bipolarons in polypyrrole chains. Phys. Rev. B 27, 7827 (1983).
 68. Zhu, D., Zhang, L., Ruther, R. E. & Hamers, R. J. Photo-illuminated diamond as a solid-state source of solvated electrons in water 

for nitrogen reduction. Nat. Mater. 12, 836–841 (2013).
 69. Guyard, L., Hapiot, P. & Neta, P. Redox chemistry of bipyrroles: Further insights into the oxidative polymerization mechanism of 

pyrrole and oligopyrroles. J. Phys. Chem. B 101, 5698–5706 (1997).
 70. Kokal, R. K., Kumar, P. N., Deepa, M. & Srivastava, A. K. Lead selenide quantum dots and carbon dots amplify solar conversion 

capability of a  TiO2/CdS photoanode. J. Mater. Chem. A 3, 20715–20726 (2015).

Acknowledgements
The authors are thankful for P. Bauerova for assistance with SEM and solar cell fabrication. Helpful advice of 
E. Ukraintsev and J. Kocka are also gratefully appreciated. This work has been supported by the Czech Science 
Foundation project 20-20991J (GACR), student project SGS18/179/OHK4/3T/13 (CVUT) and the European 
Regional Development Fund project CZ.02.1.01/0.0/0.0/15 003/0000464 (CAP). We also acknowledge use of 
the CzechNanoLab research infrastructure supported by the MEYS (LM2018110). The copyright for the image 
of the house in Fig. 1b belongs to lanamaster@123rf.com.

Author contributions
D.M. conducted AFM and SKP measurements, processed and plotted the data from all the experiments. D.M 
and B.R. came up with the ideas, worked out the interpretation and collaborated on writing the manuscript. P.M. 
performed theoretical calculations. J.C. and S.S. assisted with AFM measurements. A.C. performed SNOM-IR 
measurements. Z.R. measured PDS and P.S. FTIR spectra. M.M. with D.M. performed IV characterization. All 
authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 020- 80438-3.

Correspondence and requests for materials should be addressed to D.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-020-80438-3
https://doi.org/10.1038/s41598-020-80438-3
www.nature.com/reprints


14

Vol:.(1234567890)

Scientific Reports |          (2021) 11:590  | https://doi.org/10.1038/s41598-020-80438-3

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021, corrected publication 2021

http://creativecommons.org/licenses/by/4.0/

	Nanodiamond surface chemistry controls assembly of polypyrrole and generation of photovoltage
	Materials and methods
	Materials. 
	Nanocomposite fabrication. 
	Test solar cell (SC) fabrication. 
	Characterization techniques. 
	Theoretical computing procedures. 

	Results and discussion
	Conclusions
	References
	Acknowledgements


