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Facile Synthesis of Palladium-Nanoparticle-Embedded N-Doped Carbon
Fibers for Electrochemical Sensing

Abstract

2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. In recent years, there have been many studies on
metal/carbon hybrid materials for electrochemical applications. However, reducing the metal content in
catalysts is still a challenge. Here, a facile synthesis of palladium (Pd) nanoparticle-embedded N-doped
carbon fibers (Pd/N-C) through electropolymerization and reduction methods is demonstrated. The as-
prepared Pd/N-C contains only 1.5wt% Pd. Under optimal conditions, bisphenolA is detected by using
amperometry in two dynamic ranges from 0.1 to 10um and from 10 to 200pum, and the obtained correlation
coeflicients are close to 0.9836 and 0.9987, respectively. The detection limit (DL) for bisphenolA is
determined to be 29.44 (+0.77)nm.
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Facile Synthesis of Palladium-Nanoparticle-Embedded
N-Doped Carbon Fibers for Electrochemical Sensing

Kyubin Shim*,” Zhong-Li Wang*,*® Tasnima Haque Mou,” Yoshio Bando,® *!
Abdulmohsen Ali Alshehri,” Jeonghun Kim, Md. Shahriar A. Hossain,"

Yusuke Yamauchi,*® ¢ and Jung Ho Kim*®

In recent years, there have been many studies on metal/
carbon hybrid materials for electrochemical applications. How-
ever, reducing the metal content in catalysts is still a challenge.
Here, a facile synthesis of palladium (Pd) nanoparticle-embed-
ded N-doped carbon fibers (Pd/N-C) through electropolymeri-
zation and reduction methods is demonstrated. The as-pre-

Introduction

Noble metals have received much attention in many catalyst
applications owing to their high catalytic activities." Of these
materials, platinum (Pt) is used in various applications because
of its high activity, but it comes at a high cost. Many research-
ers have been studying various approaches to solving the cost
problems by modifying materials to increase their surface area,
the activity and selectivity of active sites, and their stability.”
In particular, the shape- and size-controlled synthesis of noble-
metal nanomaterials has received increasing attention because
of their stimulation of catalytic reactions. Another modification
method is to change the material. Palladium (Pd) can be used
instead of platinum because its catalytic activity can be im-
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pared Pd/N-C contains only 1.5 wt% Pd. Under optimal condi-
tions, bisphenol A is detected by using amperometry in two
dynamic ranges from 0.1 to 10 um and from 10 to 200 um, and
the obtained correlation coefficients are close to 0.9836 and
0.9987, respectively. The detection limit (DL) for bisphenol A is
determined to be 29.44 (+0.77) nm.

proved by modifying the material. In addition, Pd-based mate-
rials are about five times cheaper than Pt-based materials.”

Palladium nanoparticles are used widely in applications such
as fuel cells, the oxidation of formic acid, and gas sensors.””
The materials are modified by various methods, and the cata-
lytic activity is highly dependent on the size and morphology
of the Pd nanostructures.”*! These play a critical role in the
performance over a wide range of applications. Pd nanoparti-
cles that are used for composites enhance unique catalytic
properties. Therefore, metal/carbon hybrid catalysts such as Pt/
C and Pd/C are of great interest in terms of both increasing
catalytic activity as well as decreasing the cost.”

There are diverse reports showing the enhanced electrocata-
lytic performances of metal/carbon hybrid materials, such as in
sensors,”® fuel cells,”'® and energy storage."'? These cata-
lysts are synthesized by depositing metal nanoparticles (NPs)
onto the outer surface, inner surface, or interface of the sup-
port. The shapes of the metal nanoparticles or support materi-
als influence their catalytic activity. In addition, a decrease in
size of the metallic catalyst and an increased active area of the
support materials improve their performance. As the catalyst
active part of the support materials is increased, maintaining
and/or improving performance, the amount of material used
decreases. Metal/carbon hybrid materials such as metal/
GO,"*™  metal/SWCNT,"*"¥  metal/MWCNT,"®'” and metal/
CNFs!"™®' have already been developed.

These materials have been used for the detection of various
species. Among them, the detection of bisphenol A (2,2-bis(4-
hydroxyphenyl) propane) is highly important, because bisphe-
nol A can lead to health problems such as breast cancer, pros-
tate cancer, birth defects, infertility, precocious development in
girls, diabetes, and obesity.”” Bisphenol A is one of the raw
materials used to produce plastics and resins, and can be used
for food containers, drink packaging, and to coat metal prod-
ucts (e.g., food cans, bottle tops).?"?? Various methods have

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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been used for the detection of bisphenol A such as separation
analysis,” fluorimetry,” immunoassay,”” and electrochemical
methods.” Of these, the electrochemical method has more
advantages than other methods, such as short analysis time,
simplicity, and great sensitivity. Because of this, electrochemical
sensors using the direct oxidation reaction have been devel-
oped to detect bisphenol A, and this method requires electro-
chemically active electrode materials. The development of elec-
trode materials is most important for good sensitivity.

Herein, we have focused on reducing the amount of Pd and
successfully synthesized Pd-nanoparticle-embedded N-doped
carbon fibers (Pd/N-C) with a Pd content of 1.5 wt%. The Pd/
N-C hybrid material contains a small amount of Pd compared
with other commercial Pd/C materials. Scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), and Raman spectroscopy were employed to
characterize the Pd/N-C hybrid materials. Finally, we studied
the application of the materials in the detection of bis-
phenol A.
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Results and Discussion

The obtained Pd/N-C hybrid materials were obtained by elec-
tropolymerization and reduction methods (Figure 1a). The
strategy for the synthesis of Pd/N-C hybrid materials can be
summarized into four simple steps. First, the polyaniline (PANI)
fibers were prepared by electrochemical polymerization in acid
aniline solution. They were deposited on carbon paper and
then stripped and dispersed in water. After washing three
times, freeze-drying technology was used to remove the water
to prevent the aggregation of the PANI fibers. By optimizing
the type of acid, unique needle-branched nanostructures of
PANI fibers were formed in HNO,; electrolyte. Secondly, the
polymer precursor was carbonized in nitrogen at 800°C for
3 h, and was thus converted into N-doped carbon fibers. Third-
ly, the resulting carbon fibers were soaked in water by ultra-
sonic dispersion, and then the quantitative Na,PdCl, solution
was added dropwise with stirring. Finally, the sample was dis-
persed in ethanol and reduced in a hydrogen atmosphere at
30°C for 12 h.

PANI fiber Carbon fiber PdCl;> Pd
- "'{‘1/ !
ssilgid 2P 800 °Cin N,
P ol g for3h
Vet va ) —_—
» o Carbonization

PdCl,>
adsorption

¥

Dispersed

in ethanol
—

Figure 1. a) Schematic illustration of the synthesis of Pd/N-C hybrid material and b) SEM images of Pd/N-C hybrid material.
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The obtained Pd/N-C hybrid materials and commercial Pd/C
particles were confirmed by SEM (Figure 1b and Figure S1 in
the Supporting Information). From these images, it can be con-
firmed that the Pd/N-C hybrid materials have a greater surface
area than commercial Pd/C materials because of the specific
shape of the Pd/N-C hybrid materials. Similarly to the shape
identified in the SEM images, the unique nanostructural sur-
face on the fibers was also confirmed by TEM observation (Fig-
ure 2a,b). For confirmation of the presence of Pd nanoparticles

Figure 2. TEM images of Pd/N-C hybrid material: a,b) low magnification, and
c,d) high magnification.

on the Pd/N-C fibers, the particles were observed directly by
TEM. It was revealed that small Pd nanoparticles are formed on
the carbon fibers and are evenly distributed (Figure 2¢,d). The
Pd content was determined to be 1.5 wt% by ICP measure-
ment. Note that the Pd content can be tuned from low to
high values by varying the reactant ratios. However, for a high
content (> 1.5 wt%), the size of the Pd nanoparticles will in-
crease. By optimizing the electrochemical performances, it was
found that the content of 1.5 wt% is the best value with the
highest utilization efficiency of Pd. As seen in the Raman spec-
tra of the Pd/N-C hybrid material, two peaks at 1598 cm™
(G band) and 1320 cm™' (D band) are observed (Figure S2), in-
dicating a well-developed carbon matrix. The surface area was
calculated to be 31 m?g™" by using the BET method and the
obtained adsorption isotherm (Figure S3).

A high-resolution TEM image shows that the size of the Pd
nanoparticles is around 3 nm. The nanoparticles show lattice
fringes of around 0.22 nm, which is consistent with the d-spac-
ing for the Pd (111) plane (Figure 2d). These images provided
direct evidence that the Pd nanoparticles are well-crystalline
and faceted. The wide-angle XRD peaks record the crystalline
phase of the Pd/N-C hybrid material (Figure S4). The peaks of

ChemPlusChem 2018, 83, 401 - 406
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the Pd nanoparticles can be assigned to (111), (200), (220), and
(311) diffraction peaks of the face-centered cubic (fcc) crystal
structure. For further understanding of the Pd/N-C hybrid ma-
terials, HAADF-STEM images and elemental mapping were
used, as shown in Figure 3. The Pd/N-C hybrid materials are

Figure 3. a) HAADF-STEM image, and b-d) elemental mapping images of
Pd/N-C hybrid material.

composed of C, N, and Pd elements (Figure 3b-d). It is indicat-
ed that N and Pd are present on the carbon nanofiber. As seen
in Figure 3d, Pd nanoparticles are clearly and uniformly distrib-
uted on the N-doped carbon fiber. In general, porous carbons
are well known as catalytic support materials. Among them, N-
doped porous carbon is one of the most interesting materials
owing to properties such as enhanced catalytic activity, higher
conductivity, and much higher resistance for coarsening.*®
Therefore, it is expected that Pd/N-C hybrid materials will im-
prove the sensitivity for the detection of bisphenol A despite
the lower amount of Pd.

Detailed XPS spectra were obtained to understand the
chemical element states of the Pd/N-C hybrid material further.
The survey results clearly show the presence of Pd3d, C1s,
N1s, and O 1s from the materials (Figure S5a). The contents of
N, Pd, and C are 5.3, 1.2, and 93.5 wt%, respectively. Although
several N-doped carbons by different approaches have been
reported,”’=*Y the N-doping is very effective for improving the
electrical conductivity. Figure S5b-d (in the Supporting Infor-
mation) reveals the high-resolution C1s, N1s, and Pd3d spec-
tra of the Pd/N-C material. As seen in Figure S5b, the high-res-
olution C1s spectrum displays C—C, C—N, C—0, and C=0 peaks,
located at 284.8, 285.5, 286.5, and 288.8 eV, respectively. The
deconvoluted N 1s peak of the Pd/N-C material reveals pyridin-
ic N, pyrrolic N, and oxidized N located at 398.20, 400.40, and
402.90 eV, respectively (Figure S5c). The high-resolution Pd3d

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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spectrum shows peaks appearing at 335.60 and 340.80 eV
(Pd), and at 337.30 and 342.30 eV (Pd*") (Figure S5d), indicat-
ing that the surface of the Pd nanoparticles is slightly oxidized.

The as-prepared electrode using the Pd/N-C hybrid material
was tested for the electrochemical detection of bisphenol A. To
realize the best performance, we checked the effect of the
loading amount of the sample on the electrode. The Pd/N-C
hybrid material suspension (3 uL, 1 mgmL™") was dropped on
the electrode from one to four times. Then, cyclic voltammo-
grams (CVs) were recorded using the electrodes modified with
different amounts of the Pd/N-C hybrid materials (3-12 ulL).
The results revealed that 9 pL (three drops) was optimal (Fig-
ure S6). The Pd/N-C hybrid material and commercial Pd/C elec-
trodes were activated by scanning the potential from 0.0 to
0.6V at a scan rate of 0.1Vs™' for ten cycles using cyclic vol-
tammetry (CV). After activation, CVs were recorded in 5 to
100 um by scanning the potential from 0.0 to 0.6 V at a scan
rate of 0.05Vs~'. During the scanning, the oxidation peak ap-
peared clearly at around +0.23 V versus Ag/AgCl (vs. sat. KCl)
(Figure 4a). The calibration plots showed that the sensitivity of
the Pd/N-C hybrid material electrode (slope=0.0237 pApum ")
(black) is similar to that of the commercial Pd/C modified elec-

CHEMPLUSCHEM
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trode (slope=0.0228 pApum ') (red) (Figure 4b). Thus, we ach-
ieved a very high efficiency using the Pd/N-C hybrid material
with only 1.5 wt% Pd. This efficiency is almost the same as
that of the commercial material with a much higher Pd con-
tent (10 wt% Pd), which clearly has economic implications.
Chronoamperometric (CA) response curves were obtained
with successive addition of different concentrations of bisphe-
nol A in a 0.1 ™M PBS solution (Figure 4c). To attain the maxi-
mum response current for BPA using the Pd/N-C hybrid modi-
fied electrode, the experimental conditions were optimized in
terms of the starting and final applied potentials (Figure S7). In
this case, the optimized starting and final applied potentials
were determined to be +0.05 and +0.45V, respectively. Two
dynamic ranges of the calibration plot for bisphenol A detec-
tion were determined from 0.1 to 10 um and from 10 to
200 um, with correlation coefficients of 0.9836 and 0.9987, re-
spectively (Figure 4d). The two different linear ranges are
caused by the different kinetics at different concentrations of
bisphenol A. The oxidation kinetics in the low-concentration
range were dominated by the adsorption process, whereas the
kinetics in the high-concentration range depended on the BPA
diffusion and activation by the catalyst.®? The detection limit

a b
154 —Pd/C 1.5 wt% 25 ] = PAC(LS5wt%)
| ——Pd/C 10 wt% - Pd/C (10 wt%) /t
1.0 l 2.0 | l
3 =
~ o 15 1
E 0.54 ’5
2 210
- U .
© 004 =
0.5+
-0.54
BPA Concentration: 50 M 0.0
0.0 01 02 03 04 05 06 . 0 20 40 60 80 100
Potential / V vs. Ag/AgCl Bisphenol A concentration / pM
C d
200M 19-
1 uM| |
) JL_/MF 1.0 1
. 1 uM g
q_:' 100 pM; g 0.8
‘g 0.6 % 0.6 4 B
; ' 2 04]
@] i o Va4
s 0.4 - | 1
0.2 e
004 0.0+
60 70 80 0 50 100 150 200
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Figure 4. a,b) CVs for characterization of Pd/N-C hybrid material (with 1.5 wt% Pd) and Pd/C commercial material (10 wt % Pd): a) Detection of bisphenol A
(50 pm) using Pd/N-C hybrid material and Pd/C commercial material electrodes. b) Bisphenol A detection (5, 10, 50, and 100 um) calibration curves. ¢) Ampero-
metric response of Pd/N-C hybrid material/AuNPs/SPCE with different concentrations of BPA. d) Calibration curves from the amperometric responses over two

ranges of BPA concentration.
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(DL) of bisphenol A was determined to be 29.44 (+0.77) nm.
The threshold values of bisphenol A in water samples are al-
ready regulated by the European Chemicals Bureau. The values
have defined predicted no-effect concentrations (PNEC) for
fresh (1.5ugL™") and marine (0.15 ugL™") waters.”® Further
comparison of our performance with previous literature is
shown in Table S1 in the Supporting Information. Therefore,
Pd/N-C hybrid materials can be used for electrode materials for
the detection of bisphenol A.

Conclusion

We have successfully synthesized a Pd/N-C hybrid material by
using electropolymerization and reduction methods. Small-
sized Pd nanoparticles were loaded successfully on the carbon
fibers. The Pd nanoparticles were distributed evenly on the
carbon fibers without any aggregation. The Pd content was
determined to be 1.5wt% from ICP measurements. Interest-
ingly, our Pd/N-C hybrid material shows very high efficiency,
even though the loading amount of Pd is only 1.5 wt %, which
is much lower than that of commercially available materials.
The Pd/N-C hybrid modified electrode showed two dynamic
ranges from 0.1 to 10 um and from 10 to 200 um, with a detec-
tion limit of 29.44 (£0.77) nm.

Experimental Section
Chemicals and materials

Aniline (C¢HsNH,, JIS Special Grade) and nitric acid (HNO;, JIS Spe-
cial Grade) were purchased from Wako Pure Chemical Industries,
Ltd. Carbon paper (CP) was provided by Toray (Japan). Sodium tet-
rachloropalladate(ll) (Na,PdCl,, 98.0%), monosodium phosphate
(NaH,PO,), disodium phosphate (Na,HPO,), and bisphenol A were
obtained from Sigma-Aldrich. Phosphate buffer solution (0.1 m,
pH 7.4) was prepared by mixing solutions of 0.1m NaH,PO, and
0.1 M Na,HPO,.

Synthesis of Pd/N-C catalyst

PANI fibers were prepared through the galvanostatic method at a
current density of 2mAcm 2 for 2 h on a carbon paper (CP) elec-
trode. Before use, the CP was treated at 500°C in air for 1.5 h and
washed with concentrated acid. The treated CP was used as the
working electrode and the counter electrode, and a saturated calo-
mel electrode (SCE) was used as the reference electrode. The elec-
trolyte was prepared by dissolving HNO; (3.7 mL) in H,0O (44 mL),
and then adding aniline (2.3 mL) to form a uniform solution. After
electrochemical polymerization, PANI fibers were stripped from the
CP and dispersed in water by ultrasonication. They were washed
three times and freeze-dried for 24 h. The obtained polymer
powder was then carbonized at 800°C in a N, atmosphere for 3 h
and converted into N-doped carbon. Next, the as-prepared carbon
powder (40 mg) was dispersed in H,0O (40 mL) with ultrasonication
for 2 h. Na,PdCl, (1.67 mg) was dissolved in H,O (40 mL). The
Na,PdCl, solution was then added dropwise to the carbon powder
suspension. The sample was stirred for 2 h and washed three
times, then dispersed in ethanol (20 mL) and transferred into a
flask linked with a hydrogen balloon. The sample was reduced by

ChemPlusChem 2018, 83, 401 -406 www.chempluschem.org

CHEMPLUSCHEM
Full Papers

hydrogen at 30°C for 12 h with stirring. Then, the Pd/N-C catalyst
was obtained after washing and vacuum drying.

Instruments

A screen-printed carbon electrode (SPCE) was used for the detec-
tion of bisphenol A. The area of the exposed working electrode
that contained the carbon was 0.03141 cm?. First, colloidal Au NPs
in solution® 3 were dropped onto the SPCE and dried. Secondly,
the Pd/N-C hybrid (or commercial Pd/C) materials were dropped
on the Au NP-modified SPCE and dried. The reference electrode
was Ag/AgCl, and the counter electrode was pure carbon.**” Am-
perograms and cyclic voltammograms (CVs) were recorded with a
potentiostat/galvanostat (lvium, Netherland). Microstructures were
examined by TEM (JEOL ARM-200F, Japan) and SEM (JEOL JSM-
7500). The surface area was calculated by the BET method using
the obtained adsorption isotherm (BELSORP-mini Il, MicrotracBEL
Corp.). Wide-angle powder XRD patterns were measured with a
GBC MMA XRD at a scanning rate of 2° min~". Raman spectroscopy
was obtained with a JY HR800 instrument (HORIBA, Japan). XPS ex-
periments were performed with a VG Scientific ESCALAB 2201XL
instrument.
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