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Assembling multiple nanomaterials into a single nanostructure is a promising way to obtain 

multifucntionality derived from each building block. We address here the need for a general 

all-solution processed strategy to control the fabrication of multiple nanoparticles (NPs) at 

room temperature and vacuum free condition. The monodisperse multiple NPs are integrated  

successively into a thin bulk-hybrid gradient or periodic tandem multilayer films through 

tuning cycling number of cyclic voltammetry (CV), which base on the quantitatively 

electrochemical deposition of each kind of NPs thanks to the electrochemical coupl ing reaction 

of N-alkylcarbazole ligand. This simple method yields nanoporous, transparent, stable and 

photoactive films with hierarchical structure of multiple uniform NPs, exemplified by the 

prototype photodetector devices. Significantly, this strategy opens an avenue to fabricate low-

cost, wire, and 3-dimensional NPs films on physically flexible conducting substrates.  

 

Introduction 

  A large variety of nanoparticles (NPs) play indispensable role 

as “building blocks” for a variety of materials with superior 

transport and optical properties for optoelectronics,1  catalysis,2  

and bio-related applications.3 Over the last few decades, there 

has been a huge interest in manipulating tailored NPs building 

blocks into thin films for optimizing properties of materials 

with controllable composition, structure, and enhanced 

performance. Thus, significant efforts have been made over the 

years to develop bottom-up approaches to tailor film properties 

in an effective way. The fabrication of nanostructured 

functional NPs through bottom-up surface modification 

method4,5 has been widely used by scientific and engineering 

communities. For example, organic material has been used to 

assist and disperse inorganic NPs for fabrication of hybrid film 

with enhanced performance.6 However, many issues still 

remain challenging, such as: (1) fabrication of uniform NPs 

film, (2) controlling the well-dispersed placement of multi-NPs 

within thin film, and (3) improving light absorption capabilities 

of NPs film. Film fabrication of multiple NPs would be ideal to 

guarantee the sufficient absorption of incident light and funnel 

the energy level efficiently for facilitating charge transport to 

electrode.7 However, in situ NPs generation is often not optimal 

for such multilayer studies because of the uncontrollable 

growth and aggregation, which makes extreme difficulty in film 

fabrication of uniform NPs.  

Electropolymerization was introduced for nanoparticle film,8 

however, non-quantitative (unlimited) electrochemical 

reactions usually result in conducting conjugated polymers with 

an unavoidable highly doped state. In fact, the resulting 

conjugated polymers and highly doped states are often 

unnecessary (or disadvantageous) for a wide library of building 

blocks. Recently, we have developed quantitatively 

electrochemical coupling reaction of N-alkylcarbazole9 and 

electrochemical coupling (ECC) assembly.10 In this paper, we 

focus our attention on electrochemically and quantitatively 

manipulating of uniform multi-NPs. This simple method 

affords bulk-hybrid film or periodic multilayered nanostructure 

with tunable absorption for photovoltaic device serve as both 

photoactive layer and interface modifier. Significantly, this 

strategy opens an avenue to fabricate low-cost, wire, and 3-

dimensional NPs film on physically flexible conducting 

substrate. 

 

Results and discussion 

 
Scheme 1 Manipulating hierarchical composition of NPs Film through controlling 

successive CV cycles of quantitative electrochemical dimerization of pendent 

carbazole modified on Au, PbS, and CdS NPs.12 
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  The solution processed ECC assembly of inorganic NPs is 

conducted using <10 nm size NPs (Fig. S1) because of their 

general interest11 and favorable diffusion and electromigration 

to electrode surface. Three typical optical ingredients Au, CdS 

and PbS NPs capped with peripheral electroactive carbazole 

units were selected and synthesized. Film assembly of these 

three kinds of NPs in both homo- and hybrid-mode is 

successfully conducted through cyclic voltammetry (CV) under 

open air in solution. 

 
Fig. 1 (A) Successive CV and (B) absorption spectra, (C) peak intensity 

relationship with CV scan cycles for fabrication of CdS NPs film, and AFM images 

of ITO surface covered with CdS NPs of 0 (D), 5 (E) and 20 (F) CV scan cycles; (G) 

Photos of CdS film on ITO (a) without and (b) with sunlight reflection; (H, I) TEM 

images of CdS NPs film. 

As depicted in Scheme 1, ECC assembly of NPs was 

performed using CV apparatus in order to precisely control 

over the each single NPs layer through tuning CV cycling 

numbers, which is superb to conventional method especially on 

single component LbL film fabrication.13 Specifically, as for 

CdS NPs assembly, NPs diffuse to indium tin oxide (ITO) 

electrode surface then the carbazole units modified on NPs 

surface oxidized to radical-cation beyond 0.8 V (vs. Ag/Ag+) 

during successive CV sweeping between -0.5 and 1.05 V at the 

rate of 200 mV/s in 1 mg/mL CH2Cl2 solution (Fig. 1A). 

Eventually, the coupling of carbazole radical-cation at 3,6-

position forming covalent bond spur the NPs to be addressed 

onto ITO surface as resulting film. On subsequent CV scan 

cycles, current density of redox peak arise stepwise, indicating 

the film forming in a layer by layer manner. The consistent 

assembly of NPs onto electrode surface was also confirmed by 

sustained growth of light absorption intensity (Fig. 1B), which 

shows nearly linear increase upon cycle number (Fig. 1C). 

According to the absorption spectrum of monodisperse CdS 

NPs in solution (Fig. S2), peaks at 390 nm and 590 nm are 

suggested to be ascribed to carbazole dimer and CdS NPs first 

exciton absorption peak.14 In addition, a broad absorption band 

at 800-1400 nm appeared, probably because of the dication 

species of carbazole dimer, which was reported previously.15 

Since the first exciton absorption coefficient of CdS NPs is 

lower than that of organic ligand, herein its absorption intensity 

is comparable to those trace dication of carbazole dimer, which 

could be ignored in the case of electrochemical fabrication of 

organic film.16 The absorption at 800-1400 nm can be 

efficiently depressed in the case of lower positive scan potential 

(c.a. 0.85 V),17 whereas the film absorption intensity is relative 

lower (Fig. S3), suggesting slow film formation. In order to 

speed up assembly, we selected the potential at 1.05 V. Atomic 

force microscopy (AFM) was also performed to investigate the 

scan cycles influence on film morphology. The feature of ITO 

morphology (Fig. 1D) was partially and completely covered by 

NPs topical texture after 5 (Fig. 1E) and 20 scan cycles (Fig. 

1F). In contrast to other film fabrication process, the 

electrochemical assembly has the ability of “self-reparation” 

and products filled up preferentially the lacunas because of 

relative high current density in these areas.17 This uniform film 

with thickness of 150 nm (Fig. S4) is highly transparent (Fig. 

1G(a)) and shows metallic luster under sunlight reflection (Fig. 

1G(b)). The CdS NPs film did not show fluorescence probably 

due to a reversed molecular orbital energy order with respect to 

the carbazole oligomer and CdSe NPs.8c 

ECC assembly film is very stable against solvent because of 

the covalent cross-linking construction between NPs, which 

make it difficult to go through the examination of TEM for 

observation of inner structure. In order to solve this problem, 

water soluble PEDOT-PSS was pre-spin-coated on ITO before 

the electrochemical assembly fabrication, and that makes the 

resulting film capable of falling off from ITO after a washing 

step in water. As depicted in Fig. 1H, the whole piece of CdS 

NPs film was uniform in particle size and closely stacked 

between NPs. And the details in Fig. 1I clearly showed a NPs 

layered nanoporous structure. The close stacking distribution of 

uniform NPs size may suggest that the electrochemical 

assembly has the selection ability for small size NPs because of 

easy kinetic diffusion. 

The single component PbS NPs film was also fabricated and 

investigated. Compared to CdS NPs film, the CV curve of PbS 

NPs shows an extra shoulder reduction current peak at 0.9 V 

(Fig. 2A), indicating some extent of 2,7-position coupling.18 In 

addition, the PbS NPs baring no carbazole units were also 

found to be electrochemically active with a similar current 

peak19, which is likely to be another contribution factor to the 

extra shoulder peak. As for absorption spectra, the contribution 

of PbS NPs first exciton absorption peak (Fig. S1) along with 

the dication absorption of carbazole dimers intensifies the near-

infrared absorption band (Fig. 2B). The highly transparent PbS 

film (~120 nm) also shows metallic luster under sunlight 

reflection (Fig. 2C). 

 
Fig. 2 Successive electrochemical assembly presented in CV (A) and UV-vis 

spectra (B) of PbS NPs film, and film photos (C) without (a) and with (b) light 

reflection. 

Fabrication of Au NPs film presents similar successive CV 

curve (Fig. 3A), but different dication absorption feature 

(Figure 3B) to those of CdS NPs (Fig. 1A, 1B). At the initial 

stage of electrochemical assembly, thin Au film shows two 
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main peaks at 382 nm and 560 nm only, which are attributed to 

carbazole oligomer and plasma effect of Au NPs respectively. 

As film growing up, a broad absorption band of the carbazole 

dimer dication emerges and gradually increases along with 

assembly cycles, probably due to the relatively small amount of 

carbazyl ligand capped on Au NPs surface compared to those of 

CdS and PbS NPs, which corresponds well with the smaller 

current density (Fig. 3A). The highly transparent purple Au 

film (~320 nm) also shows metallic luster under sunlight 

reflection (Fig. 3C). The electrochemical assembly NPs film 

could undergo annealing process to partially remove the surface 

modified organic ligand of Au NPs. As shown in Fig. 3D, the 

characteristic absorption peak of Au NPs at 560 nm is 

significantly enhanced after annealing, as well as Au 4f 

intensity in XPS spectra, alone with C 1s intensity drops down 

(Fig. 3E), indicating the elimination of surface organic ligand 

and that may efficiently enhanced localized surface plasmon 

resonance (LSPR) of Au NPs. In principle, the nanoporous size 

of film can be easily controlled by tuning NPs size and shape,20 

which would support their use in applications involving energy 

storage and conversion,21 catalytic22 and various assembly of 

guest objects.23  

The hybrid and multilayered film of different NPs are highly 

desirable because that offers a unique opportunity to flexibly 

tune the light harvesting upon manipulating the composition 

and thickness of NPs layers. Thus, an ordered, organized 

assembly controlled over interface of inter-NPs can be very 

important. The ECC assembly NPs film is covalently cross-

linked, making it very stable for further fabrication of 

additional layer. Quantitative fabrication of each kind of NPs 

can realize through tuning CV cycling numbers. In principle, 

the absorption of NPs film could be tailored to allow maximum 

overlap with solar spectrum. 

 
Fig. 3 (A) Successive CV and (B) its corresponding absorption spectra for 

fabrication of Au NPs film, and (C) film photos (a) without and (b) with light 

reflection; (D) Absorption and (E) XPS spectra comparison of Au NPs film before 

and after annealing at 500 ˚C for 1h. 

The film growth of Au/PbS NPs hybrid assembly was 

monitored by absorption spectra. As depicted in Figure 4A, 

feature absorption peak of Au and PbS NPs presented 

alternative increase along with stepwise assembly of each 

component. Resulting film is purplish red in contrast to green 

metallic luster of ITO (Fig. 4B). AFM images of this film 

reveal that no phase separation presents on surface and no 

distinguishable boundaries were found in a cross-section image 

of SEM (Fig. S5). Therefore, the XPS spectra in vertical 

etching mode were performed to map the element distribution 

of Au and PbS hybrid NPs film. As shown in Fig. 4D, the 

intensity of C1s gradually drops down as etching minutes, 

indicating a vertical etching process. Meanwhile, the 4f 

intensity of both Au and Pb show up throughout full process 

and decrease progressively, demonstrating the Au and PbS NPs 

are significantly well-mix-located in hybrid film. 

Comparatively, the XPS spectra of single component Au or PbS 

NPs film only present their respective Au4f and Pb4f feature 

peaks (Fig. 4E). Consequently, the multilayer or hybrid film of 

NPs can be fabricated by controlling cycling number of CV. 

Frequently alternative electrochemical fabrication of multiple 

components is favorable for high dispersal in bulk film. The 

NPs hybrid and multilayer structure are obtained depending on 

the thickness of every single component layer. In the case of 

multi CV cycling numbers for thick fabrication of both Au and 

PbS NPs layers, the resulting film will be a bilayer structure 

with surface XPS spectra features of single component Au or 

PbS film. Specifically, as for film structure analysis under 

multiple CV scan cycles condition, 70 cycles Au NPs film and 

another additional 50 cycles CdS NPs upon 70 cycles Au film 

were fabricated. The SEM images show distinguished cross-

section morphology between Au film (Fig. 4F) and Au/CdS 

bilayer film (Fig. 4G). Interestingly, subsequent assembly of 

CdS layer tend to squeeze the pre-assembly Au to a thinner and 

more compact layer (Fig. 4G), and the film color totally 

changes from light purple (Au NPs) to green (CdS NPs), 

indicating the uniform and even NPs deposition. 

 
Fig. 4 (A) Absorption spectra of Au/PbS NPs hybrid as-sembly film by alternative 

electrochemical deposition, and (B) its photo, (C) surface texture, and (D) XPS 

vertical analysis monitored at etching mode; (E) Single component XPS spectra of 

Au and PbS NPs film; (F) Photos and cross-section SEM images of (F) Au NPs film 

and (G) Au/CdS NPs film. 

Motivated by these results, transparent, ultrathin, solution 

processed and closely packed NPs films were applied as 

photoactive layer and interface modifier in photovoltaic devices. 

A single layer CdS NPs film was firstly fabricated to 

photodetector with the prototype structure of ITO/CdS/Al. 
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Current density-voltage performance was tested upon 430 nm 

monochromatic light irradiation. As presented in Fig. 5A, the 

anodic photocurrent increased monotonically with increasing 

positive bias from -0.5 to 2.0 V, whereas the dark current 

remained almost constantly low, demonstrating 

photoconductive behavior of this electrochemical fabricated 

film. The device EQE can reach 2% in initial tests (Fig. 5B), 

which is significantly competitive to those of devices fabricated 

by LbL assembly24,7b and spin-coated nanocrystal.25,26 

Meanwhile the device stability is not decent. Specifically, 

applying under -0.5 V bias, EQE remain almost the same as 0 V, 

and the EQE curve fluctuates much under more than -1 V bias 

(Fig. S5). After Au layer was added into device as anode 

interface layer, photocurrent intensity is slightly decreased (Fig. 

5C), meanwhile higher EQE and better device stability is 

obtained under as high as -3 V bias (Fig. 5D). These devices do 

not show photovoltaic property beyond 480 nm comparing to 

the absorption spectra probably due to inefficient dication 

species of carbazole dimer or ion doped semiconductor NPs. 

Next, appropriate variation of film structure, composition, and 

low contact resistance would improve the device performance. 

For example, the absorption of NPs film could be tailored to 

allow maximum overlap with solar spectrum. Moreover, 

electrochemical method was explored as a convenient and 

cheap way for electrical devices fabrication16a, 27. Herein, we 

further demonstrate its versatility for fabrication films on 

complex substrates. Electrochemically active fluorescent 

molecule TCPC which was developed by our group previously 

was deposited evenly on Pt coil (Fig. 5E) and flexible ITO/PET 

electrode (Fig. 5F) in high quality. Thus, this electrochemical 

fabrication is a highly promising strategy to create a new 

generation of printable dynamic smart systems for 1D 

wearable,28  flexible 2D planar platform, and complex 3D 

substrate, which could lead to large area  films fabrication by 

electrochemical rolling coating with flexible conductive 

substrates. 

 
Fig. 5 Photodetector device characterization: (A, C) Current density-voltage 

profiles upon irradiation of 430 nm monochromatic light with device structure 

and (B, D) their corresponding EQE characterizations. Photos of fluorescent 

example electrochemically assembled on (E) 3D Pt wire and (F) flexible ITO/PET 

electrode. 

Conclusions 

In summary, we have used the concept of sphere 

electrochemical packing and demonstrated a well-controlled 

fabrication strategy to embed multiple CdS, PbS and Au NPs 

into a bulk-hybrid film. The hierarchical composition of NPs 

composite film is tunable within gradient or periodic tandem 

structure, depending on precise quantitative electrochemical 

fabrication of each component by tuning cycling number 

applied in CV. This simple process yields nanoporous, 

transparent, uniform, stable, and photoactive film exemplified 

by prototypical photodetector device with notable EQE 

performance. In contrast to conventional methods of LbL 

assembly for controlling active layer morphology, this approach 

affords the ability to (a) fabrication film with uniform NPs, (b) 

pretailor NPs domains with required internal packing and size, 

(c) obtain stable continuous nanoporous structure, and (d) 

multiscale control over interface of inter-NPs. Significantly, 

this electrochemical fabrication method is a highly promising 

strategy to create a new generation of printable dynamic smart 

system for 1D wearable, flexible 2D planar platform, and 

complex 3D substrate, which could achieve large area films 

fabrication by utilizing roller pulley with flexible conductive 

substrates. 
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The multiple uniform nanoparticles are electrochemically integrated into thin 

bulk-hybrid gradient or periodic tandem multilayer films for photovoltaic devices. 
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