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ARTICLE INFO ABSTRACT

Keywords: The agglomeration of metal catalysts can limit the performance of fuel cells. Herein, an easy, scalable, one-pot
A. Graphene microwave-assisted method is proposed to introduce guanine, which is a nucleobase found in deoxyribonucleic
A. Palladium nanoparticles acid and ribonucleic acid, to the reduced graphene oxide-supported palladium via noncovalent functionaliza-
A. Guanine

tion. Considering the abundant amino, amide, and imino functional groups of guanine that act as anchoring sites,
palladium nanoparticles of various shapes such as triangular, rectangular, circular, and diamond are uniformly
distributed. The guanine itself is revealed to be catalytically active toward methanol oxidation reaction, serving

B. Noncovalent functionalization
D. Methanol oxidation reaction

as second catalyst. Consequently, the as-produced nanocomposite has a larger electrochemically active surface

1

area (111.98m?*g~' vs. 63.80m?g™~!), greater methanol electro-oxidation ability (1017.42mA mg~' vs.
359.80 mA mg~ '), and higher stability in alkaline medium than its counterpart without guanine.

1. Introduction

Direct methanol fuel cells (DMFCs) emerge as alternative low-tem-
perature environmental benign energy source for portable electronic
devices that use methanol solution or steam as fuel at anode [1,2]. Its
popularity can be ascribed to the merits of methanol, including high
theoretical energy density, economical price, and its physical state (li-
quid form at ambient temperature and pressure) that allows easy
transportation and distribution [3,4]. Catalysts are imperative in de-
creasing the activation energy of the reactions at electrodes. None-
theless, they occupy approximately 30%-50% of the total cost of fuel
cells [5]. Palladium (Pd) nanoparticles (NPs) have been reported as
potential substitute of the current commercially used catalyst, platinum
(Pt), due to their good resistance to carbon monoxide (CO) poisoning, at
least 50 times more abundant on earth, and less cost [6]. Nevertheless,
regardless of the types, all catalyst NPs at nano-size can irreversibly
agglomerate to reduce the surface energy and thus limit the electro-
chemical performance [7].

Anchoring metal catalysts on catalyst supports have been
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discovered as a wise strategy to prevent catalyst conglomeration [6].
Graphene stands up to be superior among all catalyst supports. Ample
reviews and studies on graphene and graphene-related materials have
been devoted since its discovery in year 2004 [8,9]. On top of its role in
limiting the agglomeration, graphene also facilitates electron and mass
transport [7]. Graphene is also endowed with exceptional properties
such as large surface area (2630 m* g~ '), high electrical conductivity
(10°-10° Sm™ 1), and excellent thermal conductivity (5300 W/mK),
because of its two-dimensional one-atom thickness [10,11]. Graphene
oxide (GO) has been the preferred derivative of graphene due to its
easy, economical, and scalable production. The oxygen-functional
groups, for example hydroxyl (—OH), carboxyl (—COOH), and car-
bonyl (—CO) at the basal planes or edges, not only will increase the
interlayer spacing to obtain single or few-layered graphene but also
enables various chemical transformations and acts as anchoring sites for
metal nanoparticles [3,12,13]. Nevertheless, these oxygenated species
can devastate the unique properties of graphene and make it an in-
sulator [14]. To recover the properties of graphene, GO needs to be
subsequently reduced. Such post-reduced sample is designated as
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Fig. 1. UV-vis absorption spectra of GO, Pd/rGOo, Pd/rGOg.

reduced graphene oxide (rGO) [12].

Upon synthesis of palladium-reduced graphene oxide (Pd/rGO), the
residual oxygen-containing groups serve as the depositing sites of Pd
ions and nanoparticles. However, their interaction is too weak to
strongly immobilize the Pd NPs, leading to irreversible agglomeration
that degrades the catalytic performance [15,16]. To overcome this
obstacle, various reagents have been explored. Uniformly dispersed
catalyst NPs were successfully obtained on the surface of graphene
sheets functionalized by branched poly(ethylenimine) [17], 1-pyr-
enamine [18], polydopamine [19], poly(diallyldimethylammonium
chloride) [5,7], polybenzimidazole [20], and flavin mononucleotide
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[21]. Some dispersing or capping agents, such as oleylamine [22],
polyvinylpyrrolidone [23,24], 1-hexadecyl-2,3-dimethylimidazolium
bromide [23], and trioctylphosphine [22], were also investigated. De-
spite the positive results, they are not without drawbacks, such as
harmful, toxic, expensive or involve complex processing.

Guanine is a nucleobase found in deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA). Its aromatic structure allows guanine to adsorb
onto graphene via m— interaction, whereas the amino, imino, and
amide groups serve to grab and control the synthesis of Pd NPs and
ions. Designing an easy, fast, and scalable method to efficiently anchor
Pd NPs on rGO is in great demand. To date, no study is available in-
troducing guanine into Pd/rGO for electrooxidation of methanol for
DMFC application. Our current work reported the fabrication of
monodispersed Pd-guanine-rGO (Pd/rGOg) by microwave-assisted re-
duction method. The electrochemical performance of the samples was
studied by cyclic voltammogram (CV) and chronoamperometry (CA).

2. Materials and methods
2.1. Materials

Graphite flake (50 mesh) was purchased from Asbury Carbons.
Concentrated phosphoric acid (H3PO,4) and potassium permanganate
(KMnO,4) were obtained from Wako Pure Chemical Industries, Ltd.
Concentrated sulfuric acid (H,SO4), hydrogen peroxide (H,05), fuming
hydrochloric acid (HCl, 37%), palladium chloride (PdCl,), ethylene
glycol (EG), nafion, guanine, sodium hydroxide (NaOH) and potassium
hydroxide (KOH) were from Sigma-Aldrich. All chemicals were ana-
lytically pure and used as received without further purification. The
deionized (DI) water for solution preparation was produced from
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Fig. 2. FTIR spectra of (A) GO, (B) Pd/rGOo, and (C) Pd/rGOg.
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Advantec Aquarius RFD230NA, Japan (conductivity = 0.06 pS).

2.2. Electrocatalyst synthesis

2.2.1. GO preparation

Graphite flake was oxidized to graphite oxide by improved
Hummer’s method published elsewhere with slight modification but the
main features are briefly illustrated here [25]. H,SO4 was mixed with
H3PO, at a ratio of 360:40 mL followed by the addition of 3 g of gra-
phite flake. Then, 18 g of KMnO,4 was added into the above mixture and
stirred. After 3 days of stirring, by immersing in ice bath, 500 mL of DI
water was added to the above mixture, and 17 mL of H,O, was added
dropwise to halt the oxidation. The mixture was then sequentially
washed with 1 M of HCI thrice at 6000 rpm for 30 min by centrifuging.
This process was followed up by using DI water for seven times at
10,000 rpm in 1h. The synthesized graphite oxide was then dried
overnight at 60 °C in an oven.

2.2.2. Pd/rGOg preparation

The dried graphite oxide (120 mg) was dispersed in 80 mL of DI
water and ultrasonicated for 2h to obtain graphene oxide. Guanine
(200 mg) was added and stirred for 30 min. Then, PdCl, (200 mg) was
added and sonicated for 30 min, followed by 1h stirring at room tem-
perature. Upon stirring, 80 mL of EG was added dropwise. The pH of the
mixture was adjusted to 10 by 1 M of NaOH. Subsequently, the mixture
was reduced using a microwave at 700 W for 700s. Finally, the re-
sulting black solid powders were washed by DI water thrice via cen-
trifugation at 6000 rpm for 30 min. The samples were dried overnight in
an oven at 60 °C. In order to investigate the contribution of guanine to
the electrooxidation of methanol, the synthesis was repeated at the
absence of Pd. For comparison, conventional Pd/rGO, designated as Pd/
GO, was synthesized by similar procedure without guanine addition.
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2.3. Characterization

The adsorption of guanine on the surface of rGO was proven by
ultraviolet-visible spectroscopy (UV-vis, PerkinElmer Spectrum 400),
Fourier transform infrared (FTIR) spectroscopy (Shimadzu TCC-240 A),
and X-ray photoelectron spectroscopy (XPS) (ULVAC-PHI Quantera II).
The characterization of morphologies and compositions of the samples
were performed by field-emission scanning electron microscopy
(FESEM) (HITACHI S-4800), transmission electron microscopy (TEM),
and high-resolution transmission electron microscopy (HRTEM) cou-
pled with energy-dispersive X-ray spectroscopy (FEI Tecnai F20).
Raman analysis was used to investigate the defect levels, crystallinity,
and structure. The procedure was performed by a JASCO NRS-3100
equipped with a charge-coupled-device detector by using argon ion at a
wavelength of 532 nm. The crystallite structures were investigated by
X-ray diffraction (XRD) by using an Ultima IV X-ray Diffractometer
(Rigaku, America) with a Cu X-ray source (\. = 0.1541 nm) operating at
40kV and 40 mA.

2.4. Electrochemical measurement

All the electrochemical experiments were examined with a con-
ventional three-electrode electrochemical cell (Solartron 1280C with
computerized control by ZPlot software) at room temperature. A pla-
tinum sheet of 1 cm?, Ag/AgCl (3M KCl) electrode, and glassy carbon
electrode (GCE, 3.0 mm diameter) were used as counter, reference, and
working electrodes, respectively.

To prepare the working electrode, 2 mg as-prepared catalysts were
first dispersed in 1 mL DI water and ultrasonicated for 30 min. Then,
10 pL of the suspension was casted onto the surface of polished GCE and
dried in an oven at 60 °C. Subsequently, 5 pL of Nafion (0.05 wt%) was
added onto the electrode surface and dried at 60 °C in the oven.

The electrochemically active surface area (ECSA) of each electro-
catalyst was conducted by CV measurement in a solution of 1 M KOH
from —1.0V to 0.6V vs. Ag/AgCl. Meanwhile, methanol oxidation
activity was investigated by CV measurements in 1 M KOH + 1 M me-
thanol at similar potential range. All the electrochemical tests were
carried out at a scan rate of 50mV s~ ! for 10 runs. CA measurements
were studied in the same methanol-contained KOH solution at an ap-
plied voltage of —0.2V for 1000s. Electrolytes were all purged with N,
gas for 30 min to remove any dissolved oxygen prior to the measure-
ments.

3. Results and discussion
3.1. Characterization

Guanine adsorption on rGO is examined by UV-vis spectroscopy. As
observed in Fig. 1, two UV-vis absorption peaks of GO occurred at 220
and 247 nm corresponding to the m—m* transition of the aromatic ring
C=C. A shoulder peak can also be observed at 310 nm caused by the
n—-7t* transition of C=0 bonds. Upon formation of the nanocomposite
Pd/rGOy, the peaks red-shift to 223, 258, and 322 nm. This phenom-
enon signifies the successful reduction of GO and the restoration of the
electronic conjugation of graphene. The further shift of Pd/rGOg peaks
to 245, 273, and 327 nm provides persuasive evidence on the co-
ordination of guanine with rGO via n-r interactions as the guanine is
characterized by the peaks at 248, 275, and 322 nm [26].

The nanocomposites are further characterized by FTIR analysis.
FTIR spectrometry of GO, Pd/rGOo, and Pd/rGOg is demonstrated in
Fig. 2A-C, respectively. The peaks of GO at 676, 1119, 1631, and
3425cm™' are attributed to the C=C bending vibration, C—O
stretching vibration of alkoxy groups, C=C stretching vibration, and
O—H group stretching vibration of phenols, respectively. Meanwhile,
the peaks at 1358 and 1417 cm ! can be ascribed to the O—H bending
vibrations of phenols. For sample Pd/rGOo, peaks related to oxygen
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Fig. 4. FESEM images of (A) Pd/rGOo and (B) Pd/rGOg. TEM images of (C) Pd/rGOo and (D) Pd/rGOg. HRTEM images of (E) Pd/rGOo and (F) Pd/rGOg.

functional groups, such as C—O stretching vibration (1172 cm ™ 1), 0—H
bending vibration (1406 ecm™ 1), and O-H stretching vibration
(3687 cm ™ 1), exhibit reduced intensities, indicating rGO formation.
The low intensity peaks ranging from 580-780 cm ™! and at approxi-
mately 800cm ™! belong to the vibrations of the C-H bonds of the
benzene rings and C-H out of plane bending vibration, respectively. As
for Pd/rGOg, a much decreased intensity of O—H stretching vibration
occurs at 3107 cm ™~ '. New peaks of N—H stretching vibration are ob-
tained at 3317, 2907, and 2852 cm™'. C=N stretching vibration is
noticed at 1671 cm ™. Furthermore, peaks of C—N stretching vibration
of amine are found at 1259, 1214, 1173, and 1118 cm ™ . The existence
of peaks of both N—H and C—N stretching vibration affirms the pre-
sence of the amide functional group. Meanwhile, peaks of C-N and C=
N verify the functionalization of guanine in Pd/rGOg.

The size and crystalline phase structures of the samples are analyzed
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by XRD measurement. Fig. 3 shows that the peak of GO at 10.3° dis-
appears, and a weak and broad C (002) peak at 24° occurs, suggesting
the feasibility of microwave-assisted reduction method in reducing the
GO [27]. Three representative peaks of guanine at 14.0°, 26.1°, and
27.9° can clearly be observed in the XRD spectrum of Pd/rGOg, mani-
festing the adsorption of guanine on the surface of rGO. Peaks at ap-
proximately 40.1°, 46.5°, 68.2°, 82.1°, and 86.69° corresponds to the
(111), (200), (220), (311), and (422) lattice planes of the face-centered
cubic (fec) crystalline structure of Pd (JCPDS No. 46-1043), respec-
tively. Therefore, Pd NPs are loaded on rGO, forming the nanocompo-
sites. Notably, the (111) peak shows the highest intensities, indicating
that the Pd NPs are mainly growing in the (111) directions. Crystallite
size of Pd is calculated by Scherrer’s formula based on the Pd (220)
peak and records 7.57 and 2.66 nm for Pd/rGOo and Pd/rGOg, re-
spectively.
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Wrinkles and ripples induced from the GO deoxygenation are ob-
vious for the Pd/rGOg in Fig. 4A [28]. By contrast, Pd/rGOg (Fig. 4B)
appears slightly thickened in graphene sheets, further validating the
attachment of guanine on its surface. Pd NPs with average size of 7.51
and 11.66 nm are deposited on the surface of both the functionalized
and nonfunctionalized rGO, respectively. Pd NPs agglomerate in Pd/
rGOo but are uniformly dispersed with slight agglomeration for Pd/
rGOg. This observation suggests that the introduction of guanine is
effective in restraining the agglomeration of Pd NPs. In contrast to the
circular nanoparticles of Pd/rGOo (Fig. 4C), various shapes, such as
triangular, square, circular, and diamond shapes, are observed for Pd/
rGOg (Fig. 4D). These shapes reveal the capability of the amino, amide,
and imino groups of guanine to control the synthesis of Pd NPs. HRTEM
shows the lattice spacing of both samples is approximately 0.22 nm
(Fig. 4E and F), conforming to the (111) planes of the fcc of Pd. The
mass loadings of Pd NPs of the samples are quantified by EDX and re-
cords 73.29% and 20.61% for Pd/rGOg and Pd/rGOg, respectively.

Raman characterization is carried out to study the defect levels and
quality of reduced graphene oxide. As shown in Fig. 5, two re-
presentative bands of graphene, D band and G band, occur at
1330-1350cm ™' and approximately 1590 cm ™!, respectively. The
former peak is initiated by the structural disorder or intrinsic defects
due to an A, vibrational mode. The latter is correlated to the first-order
scattering of the E;; mode of graphite that is associated to the coplanar
vibration of sp>hybridized carbon atoms in a two-dimensional hex-
agonal lattice [3]. The G band of Pd/rGO¢ and Pd/rGOg red-shifts from
1589 cm ™! of GO to 1592 and 1598 cm ~ !, respectively. Therefore, the
GO is partially reduced, and the graphitic structure is restored. The
intensity ratio of D band to G band (?) is a parameter to determine the
degree of graphitization and defect level of carbon materials [18].
Relative to GO, D increases from 1.00 to 1.05 and 1.01 for Pd/rGOg
and Pd/rGOg, respectlvely Such increase in ratio can be ascribed to the
creation of defects during the reduction of GO and deposition of Pd NPs
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on rGO [29,30]. The low ratio of Pd/rGOg implies that it has high
degree of graphitization and low defect density. The introduction of
guanine is signified to preferably preserve the electronic structure and
integrity of rGO and offers more active sites on the surface of rGO for
the loading of Pd NPs. As defects on rGO serve as Nucleation Center for
Clustering (NCC) for the coalescence of Pd NPs at its vicinity, ag-
glomeration is serious in Pd/rGOo [24].

XPS analysis is conducted to probe the chemical composition and
content of Pd/rGOg and to verify the attachment of guanine to the rGO.
Fig. 6A demonstrates the XPS spectra of Pd/rGOg. N1s peak can clearly
be observed at 398 eV, signaling the functionalization of guanine on
rGO. The peaks at approximately 285 eV, 340 eV, and 530 eV are the
peaks of Cls, Pd3d, and Ols, respectively. The presence of Pd peak
confirms the successful deposition of Pd NPs. The deconvolution of Cls
XPS spectrum (Fig. 6B) shows dominant C-N bonds (285.8 eV), C—C/
C=C bonds (284.7 eV), C-O bonds (286.7 eV), NH,/N—C=0 bonds
(287.5eV), and C=0 bonds (288.1 eV). The C-O bonds involve hy-
droxyl (—OH) and epoxide (-O-); C=O bonds comprise carboxyl
(—COOH), carbonyl (—C=0), and carboxylate (—COOR) [31]. The
low intensity of C-O and C=O peak signifies successful reduction of
GO, where a large number of oxygen-containing species of GO are re-
moved. The existence of C-N and NH,/N—C=0 bonds indicates that
guanine has been adsorbed onto the surface of rGO. In Fig. 6C, the N1s
peak is deconvoluted into the peaks of -N = groups (N1) at 398.54 eV
and -NH, bond (N2) at 399.94 eV. The former peak is resulted from the
pyridinic nitrogen of guanine, whereas the latter is attributed to the
amine groups. The observation in Fig. 6D, where the Pd® peaks dom-
inate in the deconvolution of the Pd3d peak, further verifies the high
degree reduction of the synthesis. In brief, the findings are in ac-
cordance with the UV-vis, FTIR, XRD, and Raman results.

3.2. Electrochemical measurements

Fig. 7A and B shows the electrochemical tests to provide insight to
the effect of introduction of guanine to the catalytic activity. The inset
in Fig. 7A clearly reveals that the rGO and guanine can be a catalyst
with the former slightly stronger than the latter. Both rGO and guanine
catalyse the methanol oxidation reaction (MOR), achieving peak at
—0.17 and —0.15V vs. Ag/AgCl, respectively. Nevertheless, the stan-
dalone guanine is weak in the electrooxidation of methanol. Upon
functionalization of guanine on rGO, the electrooxidation of methanol
is enhanced significantly. The electrochemical performance is further
boosted as high as 164% at the presence of Pd NPs. It is hypothesized
that the addition of guanine to rGO leads to larger ECSA, and thus the
extraordinary methanol oxidation activity of rGO + guanine. However,
Fig. 7B declines the hypothesis because the introduction of guanine to
rGO does not have any impact to the ECSA. Such an observation
complies with the FESEM image in Fig. 5B, where the rGO become
thicker at the presence of guanine. Thus, such improvement can be
credited to the unique properties of graphene that facilitates the elec-
tron transfer of guanine, leading to the increase in current densities
[32].

High ECSA is greatly desired for effective electron and mass transfer
to and from the electrode surface [11,12]. The ECSA is calculated from
the area of reduction peak of palladium oxide (PdO) in the potential
region of —0.7 to —0.2V vs. Ag/AgCl on the CV in Fig. 8(A) according
to the following equation [33]:

ECSA = g,

Sl
where “Q” is the coulombic charge (mC) for the PdO reduction; “S” is a
conversion factor corresponding to 0.424 mC cm ™2, and “I” is the mass
of catalyst (mg) loaded on the GCE [33]. The Pd/rGO¢ and Pd/rGOg
attain ECSA values of 63.80 and 111.98 m? g™, respectively. In the
discussion above, the introduction of guanine does not contribute to the
ECSA of rGO. Therefore, the increased ECSA is mainly from the Pd NPs.
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Evidently, the small size and uniform dispersion of Pd NPs are the
governing factors to the great ECSA of the Pd/rGOg.

As shown in Fig. 8(B), Pd/rGOg reports 183% improvement in MOR
(1017.42mA mg~! vs. 359.80 mA mg ). Despite the almost similar
onset potential (Eopser; —0.44 vs. — 0.43V vs. Ag/AgCl), the in-
corporation of guanine favours negative half-wave potential (E;,o;
—0.18 vs. — 0.12V vs. Ag/AgCl) and peak potential (Epea; —0.10
vs. — 0.07 V vs. Ag/AgCl). Such an outcome can be attributed to the
combination of the catalytic capabilities of Pd NPs, guanine, and rGO.
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Certainly, the evenly dispersed small Pd NPs and great ECSA also play a
part. Notably, Pd/rGOg is significantly more promising than the re-
ported commercial Pd/C (107.8 A g_l) [34]. A promising electro-
catalyst can also be defined by its ability to resist poisoning of inter-
mediate species particularly CO that can be embodied by the ratio of
forward to backward peak current density, I¢/I;, [35,36]. In this context,
Pd/rGOg records much higher ratio (11.38) compared with Pd/rGOo
(3.98). Therefore, Pd/rGOg has better capability to facilitate the oxi-
dation of CO to carbon dioxide, re-exposing the active sites.
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In term of the stability of electrocatalysts (Fig. 8(C)), Pd/rGOg re-
tains high current density (87.36 mA mg~ ' vs 70.56 mA mg~'). Both
electrocatalysts undergo rapid degradation in MOR performance during
the first 50s due to the formation of intermediate species [37,38].
Further continuous operation oxidizes the intermediate species, liber-
ating the active sites and thus the subsequent steady drop in current
density. The good stability of Pd/rGOg can be reasoned by its high
graphitization level and low defect density. Defects can promote the
corrosion of electrocatalysts under electrochemical operation. Small
particle size, uniform distribution, and large ECSA are other con-
tributing factors.

4. Conclusions

This work designs a straightforward and novel method to introduce
safe and cost-effective guanine into Pd/rGO. The abundant amino,
imino, and amide groups of guanine enable the immobilization of the
Pd NPs and ions, restricting their agglomeration. The aromatic structure
of guanine interacts with rGO via ni— interaction. The results reveal the
capability of guanine to direct the structure of Pd NPs, attaining tri-
angular, rectangular, circular, and diamond shapes. Guanine is also
discovered to have catalytic effect toward MOR. Therefore, the guanine
can be a second catalyst. The as-synthesized Pd/rGOg exhibits sig-
nificant enhanced MOR (1017.42 mA mg ™' vs. 359.80 mA mg ", 183%
improvement), good durability, and more negative half-wave and peak
potential. This new nanocomposite obtains slightly better tolerance to
the poisoning intermediate species. Such promising enhancement can
be credited to the small particle size and uniform dispersion of Pd NPs
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that increase the active catalytic sites for electrochemical reaction. In
summary, Pd/rGOg is a remarkable anodic electrocatalysts for DMFCs.
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