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Abstract The synthesis of cadmium sulfide (CdS), zinc

sulfide (ZnS), and lead sulfide (PbS) nanoparticle chains on

cellulose nanocrystal (CNC) templates can be accomplished

by the reaction of the precursor salts. The use of a cationic

surfactant, cetyltrimethylammonium bromide (CTAB), was

critical for the synthesis of well-defined semiconductor

nanoparticle chains on the surface of the CNCs. The semi-

conductor nanoparticle particle size and packing density on

CNC surface could be controlled by the variation of the

precursor concentration and the pH of the salt solution.

Introduction

Fabrication of nanostructures such as nanowires, nanorods,

nanotubes, and nanoparticles has attracted much attention in

the past decade due to the unique properties they exhibit.

Their applicability ranges from optoelectronic devices to gas

or biosensors [1–4]. Several approaches for the synthesis of

these nanostructures have been explored. Biotemplating is

one of the bottom-up techniques that employ biomolecules

that exist in a wide range of nano-sized architectures. Thus,

the ability to utilize such systems as templating agents offers

the potential to access a range of synthetic nano-structures of

similar dimensions. Among these, proteins, viruses, and

DNAhave beenmostwidely investigated. However, they are

often difficult to isolate in appreciable quantities and there-

fore expensive. Cellulose nanocrystals (CNC) are potentially

an attractive alternative biotemplating material in the fabri-

cation of nanostructures. CNCs have nanoscale size dimen-

sions (5–20-nm diameter, 25–3000-nm long), a rod-like
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geometry and free hydroxyl groups exposed on its surface

that can be chemically functionalized. Cellulose is abun-

dantly available (extracted from trees, plants, tunicates, etc.)

and is relatively inexpensive [5–7]. The use of such a tem-

plate is promising since the dimensions, structure, and low

production cost of the CNCs are favorable for the synthesis

of nanoparticle chains or nanowires. The fabrication of

nanowires via a biotemplated procedure open several ave-

nues in applications where synthesis cost are required to be

kept low. Along with this the nanowires can be placed in

particular positions in nanocircuits which are generally dif-

ficult to access due to the complexity of the circuit design.

There have been reports on the synthesis of metallic nano-

particles on cellulose, but the density of these nanoparticles

has been extremely low [8–13]. Recently, we have suc-

cessfully synthesized high density metallic nanoparticles

(silver, gold, copper, and platinum) onto tunicate CNC sur-

faces [14]. The resultingmetallic nanoparticle deposition led

to a high surface coverage of individual CNCs. The nano-

particle size and density on the CNC surface could be

controlled by varying the concentration of cetyltrimethyl-

ammonium bromide (CTAB), pH of the salt solutions, and

the reduction time.

Along with metallic nanoparticles, semiconducting nano-

structures are interesting materials due to the several unique

properties they display. Semiconducting materials such as

cadmium sulfide (CdS), lead sulfide (PbS), and zinc sulfide

(ZnS) have applications in solar cells, optoelectronic, and

electronic devices [15–19]. CdS and ZnS are II–VI semicon-

ducting materials with band gaps of 2.42 and 3.7 eV,

respectively. The CdS band gap falls within the visible spec-

trumand can be used in the formof nanowires, nanotubes, and

quantumdots for nonlinear optical devices, photovoltaic cells,

and thin film transistors [19–21]. ZnS is a photoluminescent

material and has field emission properties, with potential

applications in light converting electrodes, ultraviolet light

emitting diodes, or phosphors in cathode ray tubes [21–24].

DNA, viruses, and proteins have been extensively used as

templates for the synthesis of CdS and PbS nanostructures

[25–27], while to our knowledge, there are no reports in the

literature on the fabrication of inorganic semiconductor

materials as one-dimensional (1D) structures using CNC

templates. There are some reports in the literature on the use

of CNCs as templates for the growth of electrically (semi)

conducting polymers [28–30].

In the current study, tunicate CNCs are used as biological

templates for the synthesis of CdS, PbS, and ZnS nano-

structures. The synthesis, characterization, and optimization

of semiconducting nanoparticles precipitation on CNCs

using a electroless deposition technique combined with a

cationic surfactant CTAB are presented. Also, the role of the

precursor concentration and the pH of the salt solution on

nanoparticle synthesis are investigated.

Experimental details

Formation of CNC template

The CNCs were acquired from the mantels of tunicates.

Thus, the CNCs were produced via acid hydrolysis (sul-

furic acid) of the tunicate mantels according to a method

reported in literature [6, 31, 32]. In brief, tunicates were

placed in an aqueous solution of potassium hydroxide (3L,

5% w/w per 500 g of tunicate walls) and mechanically

agitated at 80 C for 24 h. This step was repeated two

times. The obtained cellulose was washed with water

having a pH of 7.0. It was then treated with 10 mL of

hypochlorite solution and 5 mL acetic acid. The resultant

suspension was heated to 60 �C. The suspension was then

treated with hypochlorite solution and acetic acid repeat-

edly at 1 h time intervals until the white color cellulose

was obtained. Finally, the cellulose was washed with water

and converted into a pulp in a Waring blender. Hydrolysis

of the cellulose pulp was carried out in sulfuric acid, to

obtain sulfate-functionalized tunicate CNCs, where a

cooled suspension of cellulose pulp in deionized water was

treated with 98% sulfuric acid. The acid was added drop

wise to the cellulose pulp with vigorous mechanical stir-

ring. The dispersion was heated to 60 �C for 90 min, fol-

lowed by cooling to 0 �C. It was then filtered and washed

with deionized water. CNCs were well dispersible in water,

which has been attributed to a small concentration of

negatively charged sulfate groups on their surface left over

from the acid hydrolysis extraction process [32]. The

concentration of sulfate groups on CNC surfaces from

sulfuric acid hydrolysis extraction processes has been

reported as being very low and results in surface charge

density of *84 mmol kg-1 [32].

Synthesis of semiconducting nanoparticles chains

on CNCs

The fabrication of nanoparticles onto the surface of a bio-

logical template, often, use electroless deposition tech-

niques on account of the simplicity of the procedure and

mild reaction conditions [30]. The driving force for nano-

particles deposition relies on the difference between the

redox potentials of the precursor salt to those of the bio-

molecule template structure. For the synthesis of CdS, PbS,

and ZnS nanoparticle chains on CNC templates, the typical

electroless deposition technique was used, with a small, but

highly enabling modification. The precursors used were

cadmium chloride (CdCl2), lead nitrate (Pb(NO3)2), zinc

chloride (ZnCl2) salt solutions, hydrogen sulfide gas (H2S),

and the CTAB surfactant. All the chemicals were purchased

from Sigma-Aldrich and were used as obtained without any

purification or any processing. The salt solution precursors
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were used as the source of cadmium (Cd), lead (Pb), and

zinc (Zn), respectively, while the H2S gas was used as the

sulfur source. In a typical example, an original solution of

CNCs (*2 wt% at pH * 2) was diluted by the addition of

distilled water (100 lL of 2 wt% CNC in 10 mL distilled

water, pH * 6), placed on a transmission electron micro-

scope (TEM) grid (carbon-coated copper grid, 3-mm

diameter), and used as a substrate for the deposition of

semiconductor nanoparticles. The dilution was carried out

to avoid a mat-like structure on the substrate due to high

concentration of CNCs. In the next *step, an aqueous

solution of the surfactant CTAB (0.5 mM, 3 lL) was added
to the droplet of the CNC dispersion, and the mixture was

incubated at room temperature for 5 min. This was followed

by the addition of a given precursor salt solution (3 lL),
CdCl2 (0.8 mM), Pb(NO3)2 (0.5 mM), and ZnCl2
(2.0 mM), at a set pH (4 or 7), and the resulting mixture was

allowed to react at room temperature for another 5 min.

Next, H2S gas was passed over the substrate for 2 min. The

TEM grid substrate was then washed with distilled water

and dried in air. The washing process was carried out by

placing a drop of deionized water on a piece of parafilm

followed by immersing the sample in this droplet for 5 min.

The sample was dried by removing the excess water with a

blotting paper and leaving the sample in air.

Characterization of CNC and semiconducting

nanoparticle chains

The CNC morphology and the resulting semiconducting

particles were characterized with a Philips CM-10 TEM,

operating at 80 kV. A carbon-coated copper TEM grid was

used as a substrate. The CNC suspension in distilled water

(3 lL) was pipette out on to the TEM grid. It was then

stained using 2% uranyl acetate solution for 1 min. The

excess solution from the substrate was removed with a

blotting paper. The grid was dried, loaded in the specimen

holder, and imaged under the TEM microscope.

High resolution transmission electron microscopy

(HRTEM) images were obtained to study the crystalline

nature of the semiconducting nanoparticles chains.

HRTEM images were recorded on a FEI Titan 80/300

TEM operating at 300 kV. The electron energy loss

(EELS) spectra were obtained with the same equipment,

and used to confirm the chemical composition of CdS, PbS,

and ZnS nanostructures. A similar sample preparation was

used as described above.

Results and discussion

The diameter and morphology of the CNC template were

studied by TEM imaging. Figure 1 shows that the diameter

was *10–20 nm and the length was between 100 nm to

several microns. This was consistent with other reports in

the literature [5, 7].

The fabrication of semiconducting nanoparticles onto

the surface of a biological template displaying negative

charges on their surface, such as DNA, viruses, or fibrillar

proteins, can be achieved by the popular electroless

deposition technique, which is often used due to its sim-

plicity and mild synthetic conditions. However, this

method is not easily applicable to polysaccharides, such as

CNCs, which possess mostly neutral hydroxyl groups, as

they may not readily interact with the cations during the

initial electrostatic interaction step in the synthesis process.

Due to the limited availability of negatively charged groups

on CNCs, this approach registered very limited success in

our initial attempts to use CNCs as templates for semi-

conductor nanostructures synthesis. Except for a small

negative charge given by the sulfate groups, CNC surfaces

display mostly neutral hydroxyl groups (see Sect. Forma-

tion of CNC template). Considering this, we can speculate

that the small amounts of negative charges and the neutral

OH groups did not sufficiently interact with cations to

cause the precipitation of semiconducting nanoparticles in

sufficient amounts to ensure complete coverage of the

CNCs just via deposition of salts, with no CTAB. To

illustrate this, Fig. 2a shows that, in the absence of CTAB,

CdS nanoparticles were deposited on the substrate rather

than on the CNCs. In contrast, the TEM results reveal that

after the inclusion of the cationic surfactant, CTAB, into

the reaction process, semiconducting nanostructures were

formed preferentially on CNC surface. Figure 2b shows a

striking difference when compared with Fig. 2a. Figure 2b

shows that in the presence of CTAB, the semiconducting

nanoparticles (CdS) were stabilized on the CNC surface in

Fig. 1 TEM image of a CNC template
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a virtually continuous chain. The average particles size, as

measured by TEM, was approximately 55 nm. The sample

was prepared with a precursor concentration of 0.8 mM

(CdCl2), a H2S exposure time of 2 min, and a neutral pH of

the salt solution.

To further emphasize the significance of CTAB in the

synthesis process, experiments were performed where CdS

nanoparticles were synthesized without the presence of

CNC templates, under the same experimental conditions

used for the results in Fig. 2 (0.8 mM CdCl2, 2 min H2S

exposure time, and neutral pH of the salt solution). When

CTAB was used in the synthesis of these CNC-free nano-

particles, the CdS nanoparticles appear to form either as

individual nanoparticles or in small agglomerates (Fig. 3a).

In contrast, when these exact same experiments were per-

formed without CTAB, there was significant agglomeration

of the CdS nanoparticles (Fig. 3b).

CTAB is a cationic surfactant that, like other surfactants,

forms micelles above the critical micelle concentration

(CMC). We propose that CTAB acts as a nanoparticle

stabilizer inside its micellar core, a role previously reported

in literature, but the exact mechanism of the stabilization

process is not completely understood [20, 21]. The CMC of

CTAB is 1.0 mM [33]. Below CMC, CTAB forms indi-

vidual micelles, while above this concentration the CTAB

micelles self-associate into nanorod-like structures. When

this occurs, the effective concentration of free CTAB

micelles available for capping semiconducting nanoparti-

cles decreases, which in turn leads to a decrease of CTAB-

stabilized nanoparticles available to deposit on the CNCs.

In our previous study [14], we reported the synthesis of

single element (metallic) nanoparticles at different CTAB

concentrations. The concentration of CTAB was varied

from 0.1 to 1.0 mM, and it was observed that the nano-

particle coverage increased gradually from 0.1 to 0.5 mM

CTAB and then decreased for 1.0 mM of CTAB. Based on

the CMC value of 1 mM for CTAB, and our previous

experimental observations, a concentration of 0.5 mM was

chosen for this study.

In this case, we propose that CdS, PbS, and ZnS nano-

particles are formed via the chemical reaction between

precursor salts and H2S, and CTAB might act as a stabi-

lizer, forming small agglomerates as shown in Fig. 3a. The

nanoparticle-CTAB assemblies are non-covalently attached

to the hydrophilic hydroxyl groups that cover the surface of

the CNCs. The CNC structure acts like a template, result-

ing in semiconducting nanoparticle chains or nanowire-like

assemblies. Here, we can make again the observation that

the CNCs should display some level of negative surface

charge coming from the residual sulfate groups introduced

through acid hydrolysis. However, our experimental results

(Fig. 2a) show that this charge is insufficient to strongly

react with the metallic cations. From these results, it

appears that when CTAB is not used as a stabilizer and link

to the CNCs, solely the interaction of Cd2? with the neg-

ative charges results in non-specific CdS deposition. These

considerations are a starting point, but it is difficult, if not

impossible, based on the current experimental data, to

pinpoint with a high level of confidence, the exact mech-

anism that explains why the deposition of semiconducting

nanoparticles becomes so specific and directed in the

presence of CTAB. It is however safe to assume that, at

least to some extent, the CTAB forming individual

micelles that interact with the neutral OH groups of CNCs

plays a major role in this link of chemical events.

The characterization of these semiconducting nano-

structures using EELS confirmed the chemical composition

of the CdS, PbS, and ZnS nanoparticles formed on the

CNCs. Figure 4 shows the EELS spectra for CdS and PbS

samples. For the CdS sample, the EELS spectra show the

cadmium M4,5 edge at 404 eV and the sulfur L2,3 edge at

165 eV. Likewise, for PbS, the lead O2,3 edge at 86 eV and

sulfur L2,3 edge at 165 eV. For the ZnS sample, the EELS

spectra showed the zinc L3, L2, and L1 edges at 1020, 1043,

Fig. 2 TEM images of CdS nanoparticle samples in the absence (a) and presence of (b) CTAB
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and 1194 eV, respectively, and the sulfur L2,3 edge at

165 eV (not shown here). The spectra also show the Car-

bon K edge at 300 eV, contributed from the carbon coating

of the TEM grid.

High resolution TEM imaging was carried out to study

the nanocrystalline nature of the semiconducting nano-

structures. Figure 5 shows HRTEM images of CdS, PbS,

and ZnS nanoparticles on CNCs. In general, the CdS and

ZnS nanoparticles (*55 nm in diameter) assembled on the

surface of the CNCs were agglomerates of much smaller

nanoparticles. HRTEM images of CdS and ZnS nanopar-

ticles confirmed that the agglomerates consist of several

nanocrystals with sizes ranging between 2 and 6 nm

(Fig. 2). By contrast, the PbS particles produced were

identified as single crystals with a cubic morphology, as

evident from the lattice fringes present in the HRTEM

images.

To maximize the coverage of the semiconductor

nanoparticles on the CNCs, two process parameters (pH

of salt solution and H2S exposure time) were

Fig. 3 TEM images of CdS nanoparticle samples with (a) and without (b) CTAB, in the absence of the CNC template

Fig. 4 EELS spectra. CdS

sample showing the a cadmium

M4,5 edge at 404 eV and the

b sulfur L2,3 edge at 165 eV.

PbS sample showing the c lead

O2,3 edge at 86 eV and the

d sulfur L2,3 edge at 165 eV.

The spectra also show the

carbon K edge at 300 eV, likely

resulting of the carbon TEM

grid
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systematically varied to assess their role in resulting

nanoparticle formation on the CNC surface. First, the

influence of the pH of the precursor solution on the par-

ticle size and morphology was investigated for CdS, PbS,

and ZnS nanoparticles via TEM imaging. The CdCl2,

Pb(NO3)2, and ZnCl2 concentration was 0.8, 0.5, and

2 mM, respectively. The reaction time was kept constant

at 5 min, and the results obtained at two values of the pH

of the salt solutions, pH = 4 and pH = 7, were compared.

To obtain an acidic salt solution, HCl was added, while

NH4OH was added to increase the pH value. The pH of

the salt solution was measured using a pH meter before

the synthesis. It was observed that both the particle size

and the density of nanoparticles on the CNC surface

increased as the pH of the salt solution increased, as

shown in Fig. 6. Here, only the results obtained from the

CdS samples are shown. Similar trends were observed for

the PbS and ZnS samples. The observations can be

explained with the help of the following reactions

occurring during the synthesis process. An acidic medium

will lead to the following reaction mechanism:

H2Sþ H2O ¼ S2� þ HS� þ 2Hþ þ OH� ð1Þ
S2� þ Hþ ¼ HS� ð2Þ

As the pH increases by the addition of NH4OH, more

hydroxyl ions are introduced in the reaction, and the fol-

lowing reaction becomes valid:

HS� þ OH� ¼ S2� þ H2O ð3Þ
From the above equations it can be inferred that as the pH

of the medium increases, more S2- anions are available to

combine with the cations such as Cd2? increasing the

nucleation and growth rates. An important observation here

relates again to the fact that the CNCs have an inherent

surface charge. Since our pH is generally kept at an acidic

(4) or neutral (7) value, and our experimental results

showed that few nanoparticles were deposited on CNCs in

the absence of CTAB (Fig. 2a), we speculate that these

negative charges were either neutralized by the protons

present in solution due to the fairly acidic medium, or by

the Cd2? or Pb2? cations that are free in solution. We

believe that the few nanoparticles deposited on the CNC

Fig. 5 HRTEM images from the CdS (a), PbS (b), and ZnS (c) samples. The semiconducting nanoparticles are made up of several nanocrystals

in the case of CdS and ZnS. The PbS sample shows cubic morphology of the nanoparticles

Fig. 6 TEM images of CdS samples with varying pH of the salt solution from 4 (a) to 7 (b)
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surface in the absence of CTAB are there precisely due to

these residual negative charges on the CNC surface.

The next set of experiments was carried out with the

objective of varying the particles size and varying the

coverage of the CNC template by just changing the H2S

exposure time, while keeping all the other reaction

parameters the same as in the previously described exper-

iments. For this set of experiments, the exposure time was

varied from 2, 5 to 10 min. The TEM images in Figs. 7, 8,

and 9 show the evolution of the particle size with changing

exposure time. From these TEM images, it can be clearly

seen that the particle size increases with an increase in H2S

exposure time. The cubic nature of the PbS nanoparticles

(Fig. 8) is due to the rocksalt cubic structure of PbS. The

HRTEM images of these PbS samples (Fig. 5) also reveal

that each cube is a single crystal, where uniform lattice

fringes were seen. The morphology of CdS and ZnS

nanoparticles appear more like agglomerates and are

composed of several small nanocrystals as seen in the

HRTEM images. From the TEM images in Fig. 7, 8, and 9,

it is clear that nanoparticles of different architectures can

also be synthesized via this fabrication procedure. These

experiments indicate that the nanoparticle size can be

varied independently by varying the pH of the salt of

solution and the H2S exposure time. Moreover, the cov-

erage of the template also could be greatly improved by

varying the process parameters, helping in the formation of

nanowire-like structures.

Fig. 7 TEM images of CdS samples with varying H2S exposure time of 2 min (a), 5 min (b), and 10 min (c)

Fig. 8 TEM images of PbS samples with varying H2S exposure time of 2 min (a), 5 min (b), and 10 min (c)

Fig. 9 TEM images of ZnS samples with varying H2S exposure time of 2 min (a), 5 min (b), and 10 min (c)
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Conclusions

In summary, we demonstrated that CNCs can be coupled

with the stabilizing properties of surfactants and exploited

for the fabrication of nanoarchitectures of various semi-

conducting materials such as CdS, ZnS, and PbS. The

results indicate that the same platform could be extended to

serve as an alternative universal platform for engineering a

variety of functional materials at the nanoscale. This uni-

versal platform could present advantages over DNA or

protein templating in terms of costs, simplicity, and ver-

satility and as such offers advantages for translating the

fabrication of functional nanomaterials into real life elec-

tronic and optical nanodevices.
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