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Abstract
We report the synthesis of organic nanofibers with embedded palladium 

nanoparticle (PdNP) by the self-assembly of Pd2+-coordinated lithocholic acid 
(LCA) in the presence of sodium borohydride(NaBH4) or ascorbic acid (AA) 
reducing agents. The in-situ reduction of Pd2+ ions by NaBH4 or AA leads to 
the formation of PdNPs in the interior of self-assembled LCA nanofibers. The 
catalytic activity of LCA nanofibers with embedded PdNPs in the decolourization 
of 4-phenyl azo benzoic acid (4-PABA) is investigated.

Keywords: Lithocholic acid; Self-assembly; Palladium nanoparticles; 
Nanofibers; Recyclable nanocatalysts

on the experimental conditions under which self-assembly occurs. 
In a previous publication [43], we reported the formation of PdNP-
LCA hybrid nanofibers by the self-assembly of Pd2+-coordinated LCA 
molecules, followed by an ex-situ reduction with sodium borohydride 
(NaBH4) or ascorbic acid (AA), in which PdNPs grow on the surface 
of the self-assembled LCA nanofibers [44]. In this paper, we report 
the synthesis of hybrid nanofibers by the self-assembly of Pd2+-
coordinated LCA molecules in the presence of NaBH4 or AA. The 
in-situ reduction by NaBH4 or AA can lead to the formation of LCA 
nanofibers with embedded PdNPs. Azo dyes are widely used in the 
textile, pharmaceutical, food and cosmetics industries. They are one 
of primary sources to cause water pollution. The decolourization of 
organic dyes in water is critical in improving the quality of water. As 
a proof-of-concept, 4-phenyl azo benzoic acid (4-PABA) is chosen as 
a model dye. We demonstrate that LCA nanofibers with embedded 
PdNPs can be used as a recyclable nanocatalyst for the decolourization 
of 4-PABA in water.

Experimental section
Lithocholic acid (LCA), 4-phenyl azo benzoic acid (4-PABA), 

ammonium hydroxide (NH4OH), palladium chloride (PdCl2), 
ascorbic acid (AA), and sodium borohydride (NaBH4) were purchased 
from Sigma-Aldrich. Pd2+(NH4OH)6Cl2 used as a precursor for the 
synthesis of PdNPs was prepared by dissolving PdCl2 in NH4OH 
aqueous solution. NaBH4 and AA were used as reducing agents. 
Water used in our experiments was purified with Easy pure II system 
(18MΩ cm, pH 5.7). Carbon-coated copper grids were purchased 
from Electron Microscopy Science.

Transmission electron microscopy (TEM) was performed with 
a JEOL1011-EM microscope operating at an acceleration voltage of 
100 kV. Ultraviolet-visible (UV-vis) spectra were recorded using a 
Cary300 spectrophotometer. X-ray diffraction (XRD) measurements 
were carried out with a Rigaku D/max diffractometer with CuKa 
radiation (λ = 1.542 Å) operated at 40 kV and 30 mA.

Results and Discussion

Abbreviations
LCA: Lithocholic Acid; PdNP: Palladium Nanoparticle; NaBH4: 

Sodium Borohydride; AA: Ascorbic Acid; 4-PABA: 4-phenyl Azo 
Benzoic acid

Introduction
There has been great interest in metal nanoparticles due to their 

applications as efficient nanocatalysts for chemical productions, 
energy processes, and pollution controls [1-3]. It is known that 
small metal nanoparticles are thermodynamically unstable. The 
aggregation of metal nanoparticles can lead to the reduction of their 
catalytic activities. Thus, surfactants are often used as a stabilizing 
agent for synthesizing metal nanoparticles [4-13]. However, the 
recyclability of surfactant-stabilized small metal nanoparticles still 
remains to be a challenge because they are difficult to be separated 
and recovered from reaction solution. Recently, efforts have been 
made for synthesizing one-dimensional metal nanostructures [14-17] 
or constructing metal nanoparticles on polymer nanofibers [18-21] in 
order to achieve the good recyclability.

Contrary to the commonly used surfactants in stabilizing metal 
nanoparticles, a number of lipids and bile acids can self-assemble 
into one-dimensional (1D) nanostructures with well-defined sizes 
and morphologies including fibers, ribbons and tubes [22-24]. These 
1D nanostructures are promise as organized templates for growing 
and patterning inorganic nanoparticles [25-33]. The self-assembly of 
metal ion-coordinated lipids has been proven to an efficient method 
in the synthesis of metal ion-coordinated nanotubes [34-36]. The 
Cu ion-and Ni ion-coordinated lipid nanotubes have shown good 
catalytic activities for the effective oxidation of organic compounds 
[35-36].

Lithocholic acid (LCA) is a secondary bile acid. It has a rigid, 
nearly planar steroid nucleus and a short alkyl chain with a carboxyl 
terminal group. It has been shown that LCA can self-assemble in 
aqueous solution into helical ribbons and tubes [37-43], depending 
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The chemical structures of LCA and 4-PABA are shown in 
Figure 1. In our experiments, 30 mg of LCA was dissolved in 4mL 
of 0.01 M NH4OH aqueous solution at pH 11.0. The pre-prepared 
Pd2+(NH4OH)6Cl2 solution was then added into 20mM LCA solution. 
The concentration of Pd2+ ions in the mixed solution varied from 
0.1mM to 1mM. The mixed solution was stirred, followed by 
adding 400μL of 100mM of NaBH4 solution. Finally, the solution 
was vigorously stirred for 60 min and then sealed in a glass vial at 
room temperature. Figure 2a shows a low-resolution TEM image 
of nanofibers formed at the Pd2+ ion concentration of 1mM. The 
nanofibers are over 100 µm long with diameters in the range from 
70 nm to 180 nm. As can be seen from the high-resolution TEM 
image (Figure 2b), PdNPs (dark dots) with a diameter of 30-40 nm 
are embedded in the LCA nanofibers. In the synthesis process, the 
deprotonated LCA molecules provide negatively charged COO-1 
groups to coordinate with positively charged Pd2+ ions. The Pd2+-
coordinated LCA molecules then self-assemble into nanofibers 
in the presence of NaBH4reducing agent. The formation of PdNPs 
inside the LCA nanofibers suggests that the coordinated Pd2+ ions 

are in situ reduced by NaBH4 to form Pd nuclei, which then grow 
into PdNPs inside the LCA nanofibers. X-ray diffraction patterns of 
LCA nanofibers with embedded PdNPs show five characteristic peaks 
(Figure 3), corresponding to the scattering from the (111), (200), 
(220), (311), and (222) planes of the face centered cubic PdNPs.

We studied the catalytic activity of LCA nanofibers with 
embedded PdNPs in the decolourization of 4-PABA in water. In 
our experiments, the LCA nanofibers with embedded PdNPs were 
purified by centrifugation to remove excess LCA and small PdNP-
LCA aggregates. When 25µL of 10mM NaBH4 solution was added 
into 1mL of 1mM 4-PABA solution, we observe no color change, 
suggesting that the oxidation of 4-PABA proceeds at a very slow 
rate without catalysts. The addition of 25 µL nanofiber solution 
causes the ultimate fading of the orange color of 4-PADA solution, 
suggesting that the LCA nanofibers with embedded PdNPs are 
able to effectively catalyze the decolourization reaction of 4-PABA.
To quantitatively compare the catalytic activity of LCA nanofibers 
with embedded PdNPs formed at different conditions, we study the 
kinetics of the decolourization reaction by monitoring the reaction 
solution with UV–vis absorption spectroscopy as a function of 
time at room temperature. Figure 4a shows the time-resolved UV-
vis absorption spectra of the decolourization of 4-PABA by the 
LCA nanofibers with embedded PdNPs synthesized at the Pd2+ 
concentration of 1mM, where NaBH4 was used as a reducing agent. 
The UV-vis absorption spectra were recorded in every 1 min. In the 
absence of the nanofibers, 4-PABA solution shows a characteristic 
absorption peak at 430 nm arising from the –N=N– bond of 4-PABA. 
The adsorption peak quickly decreases over time after the addition 
of LCA nanofibers with embedded PdNPs, suggesting that the 
nanofibers are capable of catalyzing the breakage of the –N=N– bond. 
After 10 min, the absorption peak at 430 nm disappears. Thus, we 
used the intensity of the absorption peak to quantitatively evaluate 
the catalytic performance of LCA nanofibers with embedded PdNPs. 
Figure 4b shows the plots of ln (At/A0) versus reaction time t for 
the decolourization of 4-PABA, where At and A0 is the intensity of 
absorption peaks at time t and 0, respectively. The linear relationship 
shown in Figure 4b suggests that the decolourization process by LCA 
nanofibers with embedded PdNPs follows pseudo-first-order kinetics. 
Since the concentration of NaBH4 is high, we expect that it remains 
essentially constant during the reaction. Thus, the pseudo-first-order 
kinetics can be used to evaluate the catalytic rate of LCA nanofibers 
with embedded PdNPs in the decolourization of 4-PABA. The rate 
constant calculated from the slope of the plot shown in Figure 4b is 
3.04×10-4 s−1. The pseudo-first-order kinetics is also observed if AA is 
used as a reducing agent (Figure 4c). In this case, the calculated rate 
constant is 1.08 ×10-4 s−1. The reduced rate constant is because AA is a 
weaker reducing agent, compared to NaBH4.

Furthermore, we study the catalytic performance of LCA 
nanofibers with embedded PdNPs synthesized at different Pd2+ 

concentrations. Figure 5a shows the plots of ln (At/A0) versus 
reaction time t for the decolourization of 4-PABA, in which NaBH4 
was used as a reducing agent. As can be seen in Figure 5b, all the 
decolourization processes show pseudo-first-order kinetics. The rate 
constant decreases from 3.45×10-4 s−1to 0.59 ×10-4 s−1 when the Pd2+ 

concentration decreases from 1mM to 0.1mM.

Figure 1: Chemical structures of (a) lithocholic acid (LCA) and (b) 4-phenyl 
azo benzoic acid (4-PABA).

Figure 2: (a) Low and (b) high resolution TEM images of LCA nanofibers with 
embedded PdNPs.

Figure 3: X-ray diffraction pattern of LCA nanofibers with embedded PdNPs.
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One of the advantages of using LCA nanofibers with embedded 
PdNPs as a nanocatalyst is that they can be easily separated and 
recovered from reaction solution due to their high aspect ratios. 
After each reaction cycle, LCA nanofibers were recovered from the 
reaction solution by centrifugation. Figure 6a shows the plots of ln 
(At/A0) versus reaction time t for the decolourization of 4-PABA by 
LCA nanofibers with embedded PdNPs for four recycling tests, where 
NaBH4 is used as a reducing agent. As can be seen from Figure 6b, the 
decolourization processes of each recycle shows pseudo-first-order 
kinetics. The rate constant shows only a slight decrease from 3.04×10-

4 s−1 to 2.31 ×10-4 s−1.

Conclusion
We report the synthesis of organic nanofibers with embedded 

PdNPs by the self-assembly of Pd2+-coordinated LCA molecules and 
an in-situ reduction approach. The LCA nanofibers with embedded 
PdNPs show good catalytic activity in the decolourization of 4-PABA 
by using NaBH4 or AA as a reducing agent. We demonstrate that the 
LCA nanofibers with embedded PdNPs can be used as a recyclable 
nanocatalyst for the decolourization of 4-PABA in water.
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