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Abstract

Incorporation of precious metallic nanoparticles onto a carbon support material is used to obtain an electrocatalyst for ethanol
oxidation. A composite material of spherical palladium nanoparticles (Pd NPs), reduced graphene oxide (rGO), and
polydopamine (PDA) on three-dimensional nickel foam (NF) substrate (Pd/rGO/PDA @NF) has been synthesized for ethanol
electrocatalysis. The Pd nanoparticles were obtained via reduction of precursor K,PdCl, using ascorbic acid at 60 °C for 80 min.
The rGO with large specific surface area was used in catalysts to provide large amounts of active sites for Pd NPs. Meanwhile, Pd
NPs as an effective ingredient in catalyst exhibited excellent electrochemical activity of ethanol oxidation. Local surface plasmon
resonance was carried out to determine the optimal concentration of precursor K,PdCl, aqueous solution, and the absorbance
peak of Pd NPs was found at about 340-370 nm by UV-visible spectroscopy. An enhanced property of the composite material
Pd/rGO/PDA @NF was demonstrated to catalyze the ethanol oxidation reaction in alkaline electrolyte solution. A higher ratio of
forward scan peak current intensity (/p) to reverse scan peak current intensity (/,) was 1.59, which demonstrated the significant
anti-poison effect to carbonaceous intermediates of the Pd/rGO/PDA @NF. The value of /f can maintain 90.6% after 400 cycles,
indicating the higher cycling stability and better electrocatalytic performance toward ethanol oxidation.
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Introduction environmental compatibility [2]. Therefore, DEFCs have be-
come clean and high energy sources for sustainable fuel, in

Nowadays, direct ethanol fuel cells (DEFCs) have received ~ which the effective ethanol electro-oxidation reaction is one of

great attention owing to the higher energy density and less
environmental pollution than traditional fossil fuels [1].
Ethanol, as the hydrogen-rich and non-toxic liquid in
DEFCs, exhibits more advantages, such as low toxicity and
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the major factors affecting cells property [3].

A great electrocatalyst in ethanol electrochemical oxidation
reaction of DEFCs can provide excellent electrocatalytic per-
formance for high energy conversion efficiency and low tox-
icity [4]. Accordingly, the noble metallic materials have been
synthesized to be used as efficient ingredients in
electrocatalyst for ethanol oxidation reaction (EOR). The pal-
ladium (Pd)-based electrocatalysts will promise to become the
substitute of platinum (Pt)-based catalysts because Pd can im-
prove the activity, stability, and good tolerance against carbon
intermediate species during EOR process [5, 6]. Meanwhile,
Pd-based electrocatalyst has demonstrated the better ability to
break C-C bond of ethanol in alkaline media as compared with
Pt-based catalyst [7]. Moreover, the high cost and limited
supply of Pt compose the major obstacle to the development
of electrocatalyst for fuel cells [8]. The abundance of Pd on the
Earth’s crust is 200 times more than Pt, and the relatively low
price of Pd makes it suitable for broad-scale fuel cell
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applications [7]. Actually, the Pt-free electrocatalysts like Pd
have attracted attention for EOR in alkaline media because of
their excellent electroactivity, rapid reaction kinetics, and the
probability of using carbon material support to reduce the load
of Pd nanoparticles (NPs) [9]. In our days, Pd NPs in catalysts
are the most popular and extensive for EOR because they can
exist increased surface area and considerable edges and corner
atoms to improve the catalytic performance [10]. Meanwhile,
Pd NPs can absorb more hydrogen than bulk Pd materials,
which indicate the great electrochemical performance of Pd
NPs [11, 12]. Therefore, these attractive properties of Pd-
based electrocatalysts for ethanol oxidation provide the justi-
fication for the choice of the study. However, the efficiency
and activity of Pd-based catalysts still have some restrictions
for DEFCs, including that Pd NPs would aggregate and then
lead to low catalytic activity because of the high surface ener-
gies [13]. To improve electrocatalytic activity and decrease
the aggregation of Pd-based catalysts, many methods have
been proposed in some literatures, such as making single met-
al into alloying catalysts [14], changing the morphologies of
metal NPs [15], synthesizing composites based on different
supporting materials [16]. Nickel foam (NF) also can be used
as both an electrocatalyst in itself and as a Pt electrocatalyst
support material for its open-pore structures, high specific
surface areas, and good stability in a range of different elec-
trolytes, including strongly alkaline conditions [17-19].

Graphene oxide (GO), as a two-dimensional nanosheet ma-
terial, possesses excellent high conductivity, high specific sur-
face area, and high carrier mobility and thermal stability [20,
21]. Simultaneously, GO also contains many oxygen-
containing functional groups as nucleation centers which can
provide abundant active sites for NPs and achieve distin-
guished functions in organic chemistry, electrochemistry,
and nanotechnology [21, 22]. These excellent properties make
GO become an outstanding and popular substitute to replace
the conventional carbon support materials for wide applica-
tion [20]. Additionally, the reduction of GO (rGO) was ob-
tained by many methods, such as thermal, light, and chemical
reduction [23].

Furthermore, the localized surface plasmon resonance
(LSPR) effect is a significant factor to research the noble metal
nanostructures and photochemistry [24]. At present, the me-
tallic NPs upon LSPR excitation are applied in electrochemi-
cal reactions [25]. On the other hand, the LSPR effect of Pd
NPs can be detected in ultraviolet-visible range [26].
Aasaithambi Kalaiselvi et al. described the apparent LSPR
effect of Pd NPs with the absorbance within the peak range
of 350 to 400 nm, and the optimized experiment time was
observed [27]. And it also displayed the LSPR of Pd NPs with
the absorbance 362 nm by V N Kalpana et al. [28].

In addition, polydopamine (PDA) acts as a suitable adhe-
sive polymeric material that exhibits great conductivity and
biocompatibility [29]. PDA was prepared by one-step self-

polymerization in an aqueous solution of dopamine under
weak alkaline conditions (pH =8.5) [30]. The existence of
functional group (-NH,) in PDA causes electrochemically ac-
tive nitrogen to be doped in the graphene to enhance their
conductivity and reduce the accumulation of graphene [31].

In this paper, we presented a simple chemical method and
annealing process to synthesize the composite material (Pd/
rGO/PDA @NF) of Pd NPs, rGO, and PDA on nickel foam
(NF) substrate for ethanol electrocatalysis. In our work, we
used rGO as carbon support material to load Pd NPs. The
GO was deposited on the NF by using PDA polymer film
through a facile immersing method. The precursor K,PdCly
was reduced to Pd NPs by ascorbic acid and the LSPR peak of
NPs provided powerfully evidence to determine the concen-
tration of precursor K,PdCly solution. The GO was reduced to
rGO through annealing process while Pd NPs and substrate
combined more inseparable. The poisoning resistance to car-
bonaceous intermediate species and catalytic oxidation activ-
ity of Pd/rGO/PDA @NF were researched. The stability of the
electrocatalyst was also investigated by electrochemical
workstation.

Experimental Sections
Materials and Reagents

Nickel foam (NF) was obtained from Kunshan Toll Hui
Electronics Technology Co., Ltd. Quartz slice (QS) was ob-
tained from Donghai Alfa Quartz products Co., Ltd.
Potassium chloropalladite (K,PdCl,, 98%) and dopamine hy-
drochloride (CgH;;NO,-HCI, 98%) were obtained from
Aladdin Industrial Co., Ltd. Ethanol (C,HsOH, >99.7%), po-
tassium hydroxide (KOH, >85.0%), hydrochloric acid (HCI,
36 ~ 38%), phosphoric acid (H;PO4, >85%), sulfuric acid
(H>SOy4, 95% ~ 98%), and acetone (CH;COCH3, >95%)
were obtained from Beijing Fine Chemical Co., Ltd. L-
Ascorbic acid (C4gHgOg) was purchased from Sinopharm
Chemical Reagent Co., Ltd. Purified water was utilized in
all experiments. All of chemicals used in our work were ana-
lytical purity grade and without further purification.

Preparation of Samples
Synthesis of GO

The GO was synthesized from graphite by modified Hummers
method [32]. A mixture acid with 9:1 volume ratio of 98%
H,SO,4 and 85% H;PO,4 was added in the 250 mL three-
necked flask with the mixture of graphite powder (0.75 g)
and KMnOy, solid (4.85 g) at ice-water bath. Then the reaction
solution was heated and stirred in 50 °C for 12 h. Then reac-
tion was cooled to room temperature. After that, the mixture
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was poured and stirred into ice (100 g) with dropped 30%
H,0, (0.75 mL). The reaction product was centrifuged to
obtain the precursor graphene oxide. The product was washed
in succession with 30% HCI solution and with 5% HCI solu-
tion. For each wash, the mixture was centrifuged in 30 min
and the supernatant decanted away. Finally, the product was
filtered with a PVDF membrane to make the solution neutral
with purified water. The solid obtained on the filter was dried
at room temperature before use.

Synthesizing the Composite of Pd NPs, rGO, and PDA on QS
(Pd/rGO/PDA@QS)

In order to analyze the relationship between LSPR peak and
the concentration of precursor K,PdCly solution, the Pd/rGO/
PDA@QS synthesized in different concentrations of K,PdCl,
solution were measured by UV-visible spectroscopy. At first,
the QS slices (20 mm x 10 mm x 1 mm) were ultrasonically
cleaned by purified water, acetone, ethanol, and purified water
in proper order to dislodge impurities and then dried them at
60 °C. Subsequently, 0.5 mol L™' NaOH solution was
dropped into 20 mg mL ™" dopamine solution to adjust its
pH to 8.5. The cleaned QS slices were immersed in the
above-prepared dopamine solution for 2 h at room tempera-
ture and the PDA film was grown on the QS to obtain
PDA@QS. Next, 0.5 mg mL ™' homogeneous GO suspension
was obtained by ultrasonicated for 2.5 h. The sample of
PDA@QS was put in the GO suspension at 60 °C for 3 h to
obtain the GO/PDA@QS. Then GO/PDA@QS was im-
mersed in precursor K,PdCly solution with the existence of
ascorbic acid (0.1 mol L") in water bath at 60 °C for 80 min to
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Fig. 1 The LSPR effect of the PdrGO/PDA @QS composites in different
concentrations of K,PdCl, solution. Lines 1, 2, 3, 4, and 5 corresponded
to the spectra of Pd NPs in Pd/rGO/PDA@QS samples, which were
obtained from different concentrations of K2PdCI4 solution,
respectively, 1 mmol L™, 2 mmol L'", 3 mmol L™, 4 mmol L', and
5 mmol L™
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obtain Pd/GO/PDA @QS. In addition, the concentration of
precursor K,PdCly, solution was 1 mmol LY 2 mmol L7,
3 mmol L™!, 4 mmol L™", and 5 mmol L™, respectively. At
last, the above Pd/GO/PDA@QS samples were annealed for
2 h at 200 °C to obtain the Pd/rGO/PDA@QS composites.

Synthesis of Pd/rGO/PDA@NF

Pd/rGO/PDA @NF was synthesized by the similar method to
analyze the electrocatalytic performance and stability of this
composite material. The concentration of K,PdCly solution is
3 mmol L from LSPR effect of Pd NPs in Pd/fGO/PDA @QS
composite. The NF sheets (20 mm x 10 mm x 1 mm) were
ultrasonically cleaned by purified water, acetone, ethanol,
and purified water in proper order to remove the impurities,
then dried at 60 °C. Thereafter, the synthesis process of PDA
film on the NF surface (PDA @NF) was same as the fabrication
procedure of PDA@QS, only the QS substrate was changed to
NF sheet. Then, the fabrication process of GO film on the
surface of PDA@NF (GO/PDA@NF), Pd NPs on the surface
of GO/PDA@NF composite (Pd/GO/PDA@NF), and Pd/
rGO/PDA @NF were also the same as the synthesis procedure
of GO/PDA @QS, Pd/GO/PDA@QS, and Pd/rGO/PDA @QS,
respectively, only the quartz slices were replaced to the nickel
foam sheets. In addition, the composite of Pd NPs, PDA, and
NF (Pd/PDA @NF) was synthesized by the similar method of
Pd/rGO/PDA @NF, but without adding GO.

Characterization

LSPR spectra were recorded by UV-visible (Hitachi
U-3310) with the detection range of 200 ~ 700 nm.
The morphologies and chemical elements of the as-
prepared composites were obtained by scanning electron
microscope (SEM, S-4800, Hitachi, Japan) with an ener-
gy dispersive spectrometer (EDS) analysis. The morphol-
ogy and lattice structures of composites surface were
further characterized by a high-resolution transmission
electron microscope (TEM, JEM-2100, Japan). Raman
spectra were carried out by using a Micro Confocal
Laser Raman Spectrometer and the source of radiation
was Ar" laser with wavelength of 514.5 nm. The struc-
ture and crystallization properties of the samples were
characterized by the X-ray diffractometer (DS
ADVANCE, Bruker, Germany) with Cu K, radiation
(A=0.1542 nm) at 40 kV and 40 mA with a scan rate
of 7°min”'. X-ray photoelectron spectroscopy (XPS)
measurements were performed by Model PHI 5300
(USA) to analyze the valence and state of chemical ele-
ments. The loading of Pd on the electrocatalyst surface
was detected by inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES, iCAP6300, ThermoFisher).
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Fig. 2 SEM images of different composite surface: (a) NF, (b) PDA@NF, (c) GO/PDA @NF, (d) PdA/GO/PDA@NF, (e) and (f) Pd/rfGO/PDA@NF

Electrochemical Measurements

The property of electrocatalyst was performed by the electro-
chemical workstation (CHI 760E, CH instruments, Shanghai)
using a standard three electrodes in alkaline medium at room
temperature. The counter electrode and reference electrode
were platinum sheet (2.0 cm X 1.0 cm) and saturated calomel
electrode (SCE), respectively. The as-prepared composites
were used directly as working electrodes. The cycle

voltammetry (CV) was measured by electrochemical worksta-
tion to assess the electrocatalytic performance of composites.
The KOH solution was used as the electrolyte to provide con-
ductive effect for ethanol electrochemical test. The potentially
dissolved oxygen solution in electrolyte was removed by bub-
bling high purity N, for 15 min before electrochemical mea-
surements. The range of voltage potential was limited from —
0.8 to 0.3 V (vs. SCE) of the CV performance and any CV
curves were activated after 40 cycles for stabilization.
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Fig. 3 EDS images of (a) Pd/GO/
PDA @NF and (b) Pd/rGO/
PDA@NF

Counts/cps

Counts/cps

Results and Discussion

The electrocatalyst was synthesized by a combined chemical
and annealing method. The Pd NPs as an effective component
of electrocatalyst were obtained by precursor K,PdCly, which
was reduced by ascorbic acid. The rGO could provide large
surface area to load Pd NPs for enhancing electrochemical
activity of ethanol oxidation. The morphology and chemical
composition of the composite material can be characterized by
SEM, EDS, TEM, XRD, Raman spectra, XPS, and ICP-OES.
Moreover, the LSPR effect and electrochemical measurement
determined the optimal experimental conditions and the elec-
trocatalytic activity or stability for ethanol oxidation,
respectively.

LSPR Effect

The Pd NPs exhibited distinct LSPR absorption peaks at the
range of 300 ~ 800 nm due to different concentrations of
precursor K,PdCly solution [33]. In order to select the optimal
concentration of precursor K,PdCl, solution, the LSPR ab-
sorption peaks of Pd/rGO/PDA@QS were carried out to
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Fig. 4 XRD patterns of Pd/GO/PDA@NF and Pd/rGO/PDA@NF
composites
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determine the absorption peak of Pd NPs. As shown in
Fig. 1, the intensity of absorbance increased as the concentra-
tion of the precursor K,PdCl, solution up to 3 mmol L', and
then it gradually decreased with the concentration increasing
to 5 mmol L™". This also indicated that the absorbance peaks
of Pd NPs were in the range of 340 ~ 370 nm and the strongest
LSPR peak was attributed by line 3, which was obtained from
3 mmol L' K,PdCl, solution. Therefore, according to the
LSPR effect of Pd NPs in the composites, the optimal concen-
tration of K,PdCl, solution was determined to be 3 mmol L.

Morphology and Composition Analysis

The synthesized composites were scanned by SEM to obtain
the surface morphology. The SEM images of different com-
posites were shown in Fig. 2, containing NF, PDA@NF, GO/
PDA@NF, Pd/GO/PDA@NF, and Pd/rtGO/PDA@NF. In
Fig. 2a, the three-dimensional NF sheet showed the numerous
and average networks in the frame structure which provided
the huge supporting base for rGO or Pd NPs. After immersing
in PDA solution, it can be obviously observed that the PDA
particles were uniformly distributed on the NF surface as
shown in Fig. 2b, which could provide a certain amount of
adherence points for the adsorption of GO. This also con-
firmed that the PDA was successfully adsorbed on the NF
surface. Then, by comparing with Fig. 2b, it can be clearly
seen that the GO-like wavy tulle was successfully deposited
on the PDA@NF surface as shown in Fig. 2c. Moreover, the
wrinkled GO can reduce the contact resistance and preserve
the porous structure to support active points [31].

As can be seen from Fig. 2(d—f), the similar shape of spher-
ical Pd NPs were successfully grown on the GO/PDA@NF
surface in Pd/GO/PDA @NF and Pd/rGO/PDA@NF. The nu-
merous spherical Pd NPs were dispersed on the GO film with
the similar diameter of 30 to 200 nm in two composites.
Compared with two samples (Fig. 2d and 2e), it can be found
that Pd NPs of Pd/rfGO/PDA @NF (Fig. 2¢) were grown more
inseparable and combined with the substrate stronger than
unannealed Pd NPs (Fig. 2d). And this phenomenon was more
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Fig. 5 TEM images of PDA (a),
GO/PDA (b) and Pd/rGO/PDA
(c), and HRTEM of Pd/rGO/PDA
(d). The inset of ¢ is the mor-
phology of the small Pd NPs. The
inset of (d) is the SAED patterns
of Pd/rGO/PDA

pronounced at higher magnifications of Pd/rGO/PDA @NF in
Fig. 2f.

The chemical components of the Pd/GO/PDA@NF and
Pd/rGO/PDA@NF composites were also determined by
EDS spectra as shown in Fig. 3. The EDS spectra of Pd/GO/
PDA@NF and Pd/rGO/PDA@NF displayed the main disper-
sion of elements Pd and Ni on the surface, which confirmed
that the Pd NPs were successfully deposited on the composite
surface.

XRD measurement was carried out to further analyze the
crystallization state and compositions of Pd/GO/PDA@NF
and Pd/rGO/PDA @NF composites. As shown in Fig. 4, three
diffraction peaks at 44.30°, 52.42°, and 76.80° were assigned
to Ni(111), Ni(200), and Ni(220) lattice planes of cubic nickel
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Fig. 6 Raman spectra of Pd/GO/PDA@NF and Pd/rGO/PDA@NF
composites

(JCPDS 04-0850) in XRD curves of two composites. In addi-
tion, the standard diffraction peaks at 20 =40.0°, 46.6°, and
68.1° corresponded to the (111), (200), and (220) lattice
planes of cubic palladium (JCPDS 46-1043), respectively.
So the similar peaks at 20 =40.1°, 46.7°, and 68.1° in two
curves of Fig. 4 were obtained, which corresponded well to
the (111), (200), and (220) lattice planes of cubic Pd.

TEM analysis was measured to further investigate the sur-
face morphology and crystal structural features of the com-
posites in more detail by high-resolution transmission electron
microscope (HRTEM) and selected area electronic diffraction
(SAED). The TEM images in Fig. 5(a—c) displayed the mor-
phologies of PDA, GO, and Pd NPs, consistent with SEM
(Fig. 2) observations. Using the graphene as a support, large
amounts of little spherical Pd NPs with a diameter of 8§ nm
aggregated into the relatively homogeneous spheres with av-
erage sizes of 100 nm. These homogeneous spheres were an-
chored onto the GO sheet, as shown in Fig. 5c and the inset.
The lattice fringes in Fig. 5d were measured to be 0.225 nm,
and according to the Bragg’s Law 2dsinf = n)\, where d is the
interplanar spacing of Pd NPs, 6 is the diffraction angle be-
tween the incident X-ray and the corresponding crystal plane,
n is the diffraction order (n = 1), and \ is the X-ray wavelength
(A=0.1542 nm). So we can obtain the value 26 = 40.1°, which
can be assigned to cubic Pd (111) lattice planes. The SAED
patterns (inset of Fig. 5d) contained several concentric diffrac-
tion rings of spots, suggesting that the spherical Pd NPs are
polycrystalline state. In addition, the lattice fringe of Pd NPs
was calculated from SAED patterns as 0.225 nm, confirming
the presence of cubic phase Pd(111) lattice planes.
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Fig.7 (a) XPS full scan spectrum
of different composites: rGO/
PDA@NF, Pd/GO/PDA @NF,
Pd/rGO/PDA@NF; (b) C 1s XPS
core level spectra of Pd/GO/
PDA @NF composite; (¢) C 1s
XPS core level spectra of Pd/rGO/
PDA @NF composite; (d) Ni 2p
XPS core level spectra of Pd/GO/
PDA @NF composite; (e) Ni 2p
XPS core level spectra of Pd/rGO/
PDA @NF composite; (f) Pd 3d
XPS survey spectra of Pd/GO/
PDA @NF; (g) Pd 3d XPS survey
spectra of PdrGO/PDA@NF

Raman spectra have become a widely used method to an-
alyze and characterize the structural, double carbon-carbon

@ Springer
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bonds, and electron-phonon coupling in graphene [34, 35].
The peak at about 1600 cm ' is G peak which results from
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Fig. 8 The CV curves of PdrGO/PDA @NF in different concentrations
of K,PdCly solution: 1 mmol LY 2mmolL",3mmolL ", 4 mmol L},
5 mmol L™". The inset is a plot of current density and concentration of
K,PdCl,

first-order scattering of the E,, mode for sp® carbon atoms
[36]; while the other is D peak at around 1350 cm ! which
comes from the structural defects or grain boundaries of amor-
phous carbon species [36]. Therefore, the Raman spectra of
Pd/GO/PDA@NF and Pd/rfGO/PDA@NF composites were
measured to prove that the GO was reduced to rGO after
annealing. As can be seen in Fig. 6, the two characteristic
peaks of Pd/GO/PDA@NF and Pd/rGO/PDA@NF compos-
ites corresponding to G peak and D peak at around 1600 cm ™'
and 1351 cm™' were obtained, respectively. Generally, the
intensity ratio (/p/Ig) between D peak and G peak is associat-
ed with the density of defects and graphitization for graphene-
based materials [37]. So we draw the conclusion in Fig. 6, the
Ip/l ratio of PdA/GO/PDA@NF (0.93) was higher than Pd/
rGO/PDA @NF (0.89), indicating that the defects of GO were
more than rGO. This confirmed that the GO had been reduced
to rGO after annealed for high temperature.

Furthermore, the XPS measurement can give assistance to
analyze compositions and structure to further supplement the
information of the composites. The XPS spectra were used to
characterize the composites to further confirm the chemical
states of specific ingredients and demonstrate particle surface

character of the composites. The XPS full scan spectrum of
rGO/PDA@NF, Pd/GO/PDA@NF, and Pd/rfGO/PDA @NF
was determined in Fig. 7a, which mainly displayed the carbon,
oxygen, nitrogen, palladium, and nickel species. For three
composites, the peak located at 284 eV and 530 eV was as-
cribed to the characteristic peak of C 1 s and O 1 s, respec-
tively. The peak located at 400 eV was attributed to the char-
acteristic peak of N 1 s, which showed that the PDA was
successfully coated on the surface of NF sheet of all compos-
ites. In addition, the Pd 3d peak at about 338 eV was observed
in the spectrum of Pd/GO/PDA@NF and Pd/rGO/PDA @NF
by comparison in three composites, indicating that Pd NPs
were deposited on the GO/PDA @NF surface.

In detail, as can be seen from the Fig. 7b, the C 1s spectrum
of PA/GO/PDA @NF can be split into four peaks with binding
energies at about 284.5 eV, 286.4 ¢V, 287.9 eV, and
288.8 eV, corresponding to C-C, C-O, C=0, and O-C=0 spe-
cies, respectively [38, 39]. In Fig. 7c, the C 1s XPS spectrum
of Pd/rGO/PDA @NF can be divided to five peaks with bind-
ing energies at about 284.5 eV, 285.6 eV, 286.4 ¢V, 287.9 ¢V,
and288.8 eV, which related to C-C, C-N, C-O, C=0, and O-
C=0 species. By comparing Figs. 7b and c, it can be obvious-
ly shown that the existence of C-N bond at binding energy
285.6 eV citified the presence of PDA on the surface of nickel
foam in Pd/rGO/PDA@NF and demonstrated a little amount
of N element from PDA layer was doped in the rGO.

The XPS spectrum of Ni 2p peak in Fig. 7d and e indicated
the chemical states of the nickel substrate. In Fig. 7d, the two
main peaks of binding energy of Ni 2p3, and Ni 2p;,, at
855.7 eV and 873.3 eV with two satellite peaks, respectively,
which revealed the oxidation state of Ni** [40]. Compared
with Fig. 7e, the height of satellite peak of Ni 2p;,, and Ni
2p1,, were smaller than their own, the intensity of Ni 2p peak
in the surface of Pd/rGO/PDA@NF significantly decreased
due to being annealed at high temperature. Annealing can
eliminate the internal stress, reduce the high hardness, and
enhance the interactions of Pd NPs, GO, PDA, and NF. The
main difference between images Fig. 7d and e of Pd/GO/
PDA@NF and Pd/rGO/PDA@NF is also from the annealed
process. The XPS spectrum of Pd 3d peak for Pd/GO/

Fig.9 The CV curves of Pd/rGO/ 20F —Pd/rGO/PDA@NF 250}, —Pd/rGO/PDA@NF
PDA @NF, Pd/GO/PDA@NF, a — Pd/GO/PDA@NF b — Pd/GO/PDA@NF
Pd/PDA@NF and rGO/ < —Pd/PDA@NF < 200 —Pd/PDAGNF
PDA@NF in (a) 1 mol L' KOH E 10} —rGO/PDA@NF g —rGO/PDA@NF
solution; (b) 1 mol L' KOH ~ o 150F
electrolyte containing 1 mol L™ E =
ethanol at 100 mV s o of £ 100p

S L]
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Potential / V (vs. SCE)

08 06 04 02 00 02 04
Potential / V (vs. SCE)
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Fig. 10 The CV curves of Pd/rfGO/PDA@NF synthesized by different

conditions C1, C2, C3, C4, C5, C6, C7, C8, and C9 in the solution

containing 1 mol L' KOH and 1 mol L™ ethanol at 100 mV s !,

respectively

PDA@NF in Fig. 7f presented two main peaks of binding
energy at 335.0 eV (Pd 3ds),) and 340.1 eV (Pd 3d5),), respec-
tively, which displayed the presence of Pd (0) [41] and the
weaker couple 0f 336.9 eV (Pd 3ds),) and 342.4 eV (Pd 3d;),)
corresponded to Pd (IT) [41]. In comparison with Fig. 7f, the
Pd 3d binding energies of Pd/rGO/PDA@NF were slightly
shifted for higher values than Pd/GO/PDA@NF composite.
The shift of binding energies of Pd 3d core level could modify
the electronic structure and reflect the change of d-band center
relative Fermi level [42, 43].

Electrochemical Performance of As-prepared
Electrodes

The crucial factors in assessing performance of electrocatalyst
include tolerance to the carbonaceous species and catalytic
activity. The cycle voltammetry (CV) was measured to deter-
mine the electrochemical properties of those electrocatalysts
or electrodes.

Figure 8 presented CV curves of Pd/rGO/PDA @NF fabri-
cated in different concentrations of K,PdCl, solution. The
fabrication of Pd/fGO/PDA@NF composite in 3 mmol L™
K,PdCl, solution exhibited the maximum current
value. And the inset of Fig. 8 showed the significant relation-
ship between current and concentration of K,PdCly solution.
The best electrocatalytic performance in EOR was consistent

Table 1 The /¢/I, of Pd/rGO/PDA@NF synthesized by different
operation conditions

Samples C1 C2 C3 C4 C5 C6 C7 C8 (9

1yl 1.04 122 159 1.07 115 129 126 101 1.19

@ Springer

with the strongest LSPR effect. So Pd/iGO/PDA@NF fabri-
cated in 3 mmol L ™! K,PdCl, solution was selected to deter-
mine the electrochemical behavior in EOR.

Figure 9a showed the CV curves of Pd/rGO/PDA @NF,
Pd/GO/PDA@NF, Pd/PDA@NF, and rGO/PDA@NF in
the potential range of — 0.8 to 0.3 V (vs. SCE) at a scan
rate of 100 mV s ' in 1 mol L™ KOH solution. The CV
profile of rGO/PDA@NF is essentially featureless in the
potential range of — 0.8 to 0.3 V, which may be caused by
interference from the PDA and graphene [18]. The CV
curves of Pd/rGO/PDA@NF, Pd/GO/PDA@NF, and Pd/
PDA@NF displayed the similar appearance with the re-
duction peak of PdO at the potential range of —0.3 to
—0.2 V (vs. SCE). Another CV curve of rGO/PDA@NF
showed the gentle trend and not contained the reduction
peak of PdO. As shown in Fig. 9b, the CV curves of Pd/
rGO/PDA@NF, Pd/GO/PDA @NF, Pd/PDA@NF, and
rGO/PDA @NF electrodes in the solution containing
1 mol L' KOH and 1 mol L™" ethanol at a scan rate of
100 mV s~ were observed. Two oxidation peaks different
from Fig. 9a can be obviously depicted in Pd/rGO/
PDA@NF, Pd/GO/PDA@NF, and Pd/PDA@NF, which
confirmed the electrocatalytic activity of these as-
prepared composites in a solution of 1 mol L™' KOH and
1 mol L™! ethanol. However, the ethanol oxidation peak of
rGO/PDA @NF in the electrolyte was hardly observed, in-
dicating the absence of electrochemical activity. In addi-
tion, the peak current intensity of Pd/rGO/PDA@NF was
higher than Pd/GO/PDA @NF and Pd/PDA@NF obvious-
ly, which displayed the better electrocatalytic performance
of Pd/rGO/PDA@NF for ethanol oxidation. The presence
of rGO can enhance the electrochemical activity toward
ethanol electrocatalysis by comparing Pd/rGO/PDA@NF
and Pd/PDA @NF.

The reverse scan peak of CV curves in EOR is related to the
intermediates of ethanol and these reaction intermediates will
result in low activity of catalyst, which can be named “catalyst
poisoning” [41]. Generally, a ratio of forward scan peak cur-
rent intensity (/y) to reverse scan peak current intensity (£,) for
CV curves can evaluate the tolerance limit and catalytic activ-
ity of the catalysts to intermediate carbonaceous species [42,
44]. To select the optimal experimental conditions for the
excellent ethanol electrocatalytic performance, the orthogonal
test of four factors at three different levels was carried out in
Table S1 (Supplementary material).

We synthesized Pd/rGO/PDA@NF composites in nine
conditions and named them C1, C2, C3, C4, C5, C6, C7,
C8, and C9.

The CV curves of Pd/rGO/PDA@NF for different condi-
tions were measured in the aqueous solution of 1 mol L™
KOH and 1 mol L' ethanol at 100 mV s™' as shown in
Fig. 10. There are two apparent oxidation peaks: one peak at
—0.1 to 0.15 V appears during forward scan and comes from
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Fig. 11 (a) The CV curves of Pd/ 240

rGO/PDA@NF from the first to 00l 2 b
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ethanol oxidation peak; the other peak at —0.25 to —0.15 V Pd + CH;CH,OH=Pd—(CH;CH,0H) 4, (3)

occurs in reverse scan and res.ullts from the oxidation reaction  pd—(CH;CH, OH),,, + 30H '-Pd—(CH;CO),

of carbonaceous species. Additionally, the values of I/I;, were -

summarized in Table 1. The PdrGO/PDA@NF (I/], = 1.59) + 3H,0 + 3e (4)

was synthesized by C3 in Table S1, which was higher than
others. This result indicated that Pd/rGO/PDA@NF synthe-
sized in C3 has excellent tolerance to carbonaceous interme-
diates and higher ethanol catalytic performance than others.
So, we next selected C3 to synthesize Pd/rGO/PDA@NF for
all of ethanol oxidation tests. In addition, the electrochemical
active surface area (ECSA) of electrocatalysts is other impor-
tant parameter to evaluate the electrochemical activity. The
ECSA was calculated by this equation: [45]

0
mx C

ECSA = (1)

where Q is the charge associated with the reduction of PdO
on the surface (mC), m is the mass of metallic Pd (mg), and C
is the reduction charge density for PdO monolayer (0.405 mC/
cm?). The ECSA of PdrGO/PDA@NF was calculated to be
19.08 m* g~! by this equation.

The poisoning effect against carbonaceous intermediates is
associated to the ethoxi species (CH3CO,4s) and the hydroxyl
species (OH,q4s) on the catalyst surface in electrolyte. The pos-
sible mechanism between CH;CO,4, and OH, 4, on Pd-based
electrocatalyst toward ethanol oxidation can be depicted as
following steps [46, 47]:

Pd + OH =Pd-OH,q + ¢ (2)

Pd—(CH;CO),,, + Pd~OH,4—Pd~CH;COOH +Pd  (5)

Pd—CH3;COOH + OH ' -Pd + CH;COO™ + H,0O (6)

Meanwhile, the electrocatalytic stability of catalysts was an
important evaluation standard for ethanol oxidation. The sta-
bility of catalyst toward ethanol oxidation was measured by
the CV curves with multiple cycles. As shown in Fig. 11a, the
CV curves of PdrGO/PDA@NF displayed a trend that the
current intensity of forward and reverse scan peaks increased
gradually before the 100th cycle and then declined after
achieving the highest value of the current intensity. In detail,
the current intensity of positive and negative scan peaks at the
first cycle increased from 125.7 mA and 146.9 mA to
216.2 mA and 153.3 mA in the 100th cycle. This is indicative
of'overall increase of the current intensity of Pd most likely via
increase of active surface areas of rGO from the first — 100th
cycle [17]. Then the current intensity at both forward and
reverse scan peaks gradually reduced from the 100th to the
400th and they were observed 195.7 mA and 138.7 mA in the
400th cycle. This is indicative of overall loss of the current
intensity of Pd most likely via detachment and
electrodissolution of Pt particles and poisoning to carbona-
ceous intermediates species from the 100th to the 400th cycle
[18]. In addition, the value of peak potential increased in the
cycle process. The reason of shift in peak potential may be the

Fig. 12 (a) The CV curves of Pd/
rGO/PDA @NF in the solution of 2004
I mol L' KOH and 1 mol L™

R2=0.9903

ethanol at different scan rates of g 150
5mVs !, 25mVs ', 50mVs -
100mVs ', 150 mVs ', and = 100
200 mV s . (b) The graph of E sol
current intensity vs. square roots @)

of scan rate. Pd/rGO/PDA@NF of
was synthesized by C3 in

Table S1

08 06 04 02 00 02 04 00t
Potential / V (vs. SCE)

Scan Rate (v)12/ mV 71,172
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Fig. 13 (a) CV plots of PdrGO/
PDA@NF in the solution of

1 mol L ™! KOH and different
concentrations of ethanol (a—e):
0.10, 0.50, 1.00, 1.25, and

1.50 mol L™"; (b) the plot of
current intensity vs. concentration
of ethanol solution. Pd/rGO/
PDA @NF was synthesized by C3
in Table S1

Current/ mA
o = b 2
[ 3 [ 3

=l

0.6 04
Potential / V (vs. SCE)

continuous production of carbon intermediates during the
reaction.

As shown in Fig. 11b, the stability of PdrGO/PDA@NF
was performed by current intensity of forward scan peak vs.
cycle number to evaluate the long-term cycle stability directly
of this catalyst toward ethanol oxidation. More evidently, the
current intensity of forward scan peak gradually increased
from the first cycle, then achieved the top point (216.2 mA).
Next, the current intensity showed a slow decline in the cyclic
process which meant the decreasing of the electrocatalytic
performance for Pd/rGO/PDA @NF. It was found that the cur-
rent intensity remained a stable decrease trend and kept 90.6%
of the maximum value after 400 cycles. During the cyclic
process, it showed that Pd/rGO/PDA @NF possessed a supe-
rior long-term stability.

The CV curves of Pd/rfGO/PDA @NF toward ethanol oxi-
dation in 1 mol L' KOH solution containing 1 mol L™" eth-
anol solution at different scan rates were shown in Fig. 12a.
Evidently, the current intensity of forward and reverse scan
peaks increased with the addition of scan rates in the same
electrolyte. So Pd/rGO/PDA@NF exhibited great electrocat-
alytic performance with the increasing of scan rates for etha-
nol oxidation. As shown in Fig. 12b, the relationship between
the current intensity of forward scan peak and square roots of
scan rate was obviously linear (R*=0.9903). This indicated
that the ethanol electrocatalysis on Pd/fGO/PDA@NF was a
diffusion-controlled process.

The concentration of ethanol or KOH solution also affects
the catalytic activity toward ethanol oxidation. The current

0.0 02 04 06 08 1.0 12 14 16
Concentration of Ethanol / mol L-!

-0.2 0.0 0.2 0.4

intensity of forward and reverse scan peak can change gradu-
ally with the variable concentration of the electrolyte.

The CV curves were measured in existence of different
concentrations of ethanol (a—e) with 1 mol L' KOH solution
at scan rate of 100 mV s ' in Fig. 13a. The current intensity of
forward and reverse scan peaks gradually raised with the in-
crease of ethanol concentration. Furthermore, the current in-
tensity added obviously with an increase of ethanol concen-
tration in Fig. 13b, which clearly displayed the excellent elec-
trocatalytic performance for ethanol catalytic oxidation with
the increasing of ethanol concentration.

The Fig. 14a showed the CV curves in the solution of
1 mol L™ ethanol and different concentrations of KOH (a—
e) at a scan rate of 100 mV s '. The current intensity of for-
ward and reverse scan peaks increased with addition of KOH
concentration. Figure 14b obviously showed the increasing
trend of current intensity with different concentrations of
KOH solution. Additionally, the Pd/rfGO/PDA@NF did not
have obvious catalytic activity when the concentration of
KOH solution was 0.10 mol L™'. So KOH electrolyte provides
conductive effect in ethanol eletrocatalytic oxidation [40]. The
catalytic activity of PdrGO/PDA@NF enhanced during fre-
quent potential cycling change in the electrolyte with higher
concentrations of KOH or ethanol in Figs. 13 and 14.

The catalytic parameters of Pd/rGO/PDA@NF catalyst
and the electrochemical measurement results obtained
from previously reported literatures are compared in
Table 2, including the comparison of the peak potential,
I¢/1, and ECSA of catalysts containing Pd NPs or rGO. In

Fig. 14 (a) CV curves of Pd/rGO/
PDA @NF in the solution of

1 mol L™! ethanol and different
concentrations of KOH (a—e):
0.10, 0.75, 1.00, 1.50, and

2.00 mol L™'; (b) the plot of
current intensity vs. concentration
of KOH solution. PdAGO/

PDA @NF was synthesized by C3

in Table S1
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Table 2 Summary of literature

catalytic parameters in ethanol Electrode Peak potential (V) Il ECSA (m* g!) Reference

oxidation of various Pd-based

electrocatalysts Pd/RGO/GC —0.28" (vs. SCE) 0.90" 21.80 [16]
Pd@CoP NSs/CFC —0.25%(vs. SCE) 1.04* 40.30 [45]
Pt-Pd(1:3)/RGO/GC —0.29% (vs. SCE) L17° - [48]
Pd/GN/GC —=0.27* (vs. SCE) 1.08" 24.6 [49]
Pd/rGO/PDA@NF 0.1 (vs. SCE) 1.59 19.08 This work

2 The value was evaluated from CV curves in the literatures

this table, Pd/rGO/PDA@NF holds a higher value of I¢/1,,
and similar ECSA value. The excellent performance of
Pd/rGO/PDA@NF for ethanol oxidation can attribute to
NF, rGO, and Pd NPs. Firstly, NF can provide the large
surface area for substance deposited. Secondly, the rGO
can supply large surface area and good conductivity.
Layered rGO existed abundant active sites to support
more Pd NPs. The Pd NPs will be dispersed uniformly
on the surface of rGO, and reduced the agglomeration of
Pd NPs. The good electrical conductivity of rGO and the
excellent activity of Pd can be able to act synergistically
together in ethanol electrocatalysis. At last, Pd NPs exhib-
ited great electrocatalytic performance of anti-poisoning
to carbonaceous intermediates and stability toward etha-
nol catalytic test.

Conclusions

The composite material of Pd nanoparticles, graphene, and
polydopamine based on three-dimensional nickel foam
substrate was successfully synthesized for ethanol oxida-
tion. Pd nanoparticles were obtained via reduction of pre-
cursor K,PdCl, using ascorbic acid at 60 °C for 80 min.
Localized surface plasmon resonance was performed to
determine the optimal synthesized condition by absorbance
peak to obtain Pd nanoparticles. The nickel foam substrate
provided a considerable support structure, which brought a
large surface area for supporting polydopamine, graphene,
and Pd nanoparticles. Moreover, polydopamine as a binder
combined nickel foam with graphene closer. The Pd nano-
particles acted as an effective ingredient of electrocatalyst
and graphene existed large surface area and could supply
large amounts of active sites for nanoparticles toward eth-
anol oxidation. The higher ratio of forward scan to reverse
scan peak current intensity (/¢/l, =1.59) was observed
through the analysis of electrochemical test, suggesting
that the composite material exhibited a higher tolerance
of against poisoning to carbonaceous intermediate species
and excellent catalytic activity. In addition, the peak cur-
rent intensity of forward scan peak retained 90.6% of max-
imum value after 400 cycles, which powerfully

demonstrated the great stability of the composite material.
The excellent electrocatalyst can be obtained by this syn-
thesized method, which could be used as a promising elec-
trochemical catalyst material toward ethanol oxidation for
fuel cell.
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