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cells has been hindered largely by the
slow kinetics characteristic of the catho-
dic oxygen reduction reaction (ORR).'©
Therefore, it is important to develop efficient
electrocatalysts for ORR at the cathode in fuel
cells and even metal—air batteries.”° Tradi-
tionally, Pt-based nanomaterials have been
used as active electrocatalysts for both an-
ode and cathode in fuel cells. Although Pt
nanomaterials have been regarded as the
best electrocatalyst for ORR in fuel cells, they
still suffer from multiple problems. For in-
stance, Pt-based cathode electrocatalysts are
susceptible to the crossover effect caused by
the diffusion of fuel molecules from the
anode through membrane to the cathode
in fuel cells and CO poisoning.' ~®'° Further-
more, the high cost of Pt, together with its
limited reserve in nature, has been shown to
be the “bottleneck” for large-scale commer-
cialization of the fuel cell technology. Aiming
at reducing the usage of the precious Pt
metal and hence the cost of a fuel cell, the
development of nonprecious metal or metal-
free ORR electrocatalysts has thus generated
a great deal of interest,">¢19-19
In our previous effort on the development
of metal-free ORR electrocatalysts, > 2> we
have found that vertically aligned nitrogen-
doped carbon nanotubes (VA-NCNTSs) pro-
duced by pyrolysis of iron(ll) phthalocyanine
could actively catalyze ORR via a four-elec-
tron process free from the crossover and CO
poisoning effects with a 3-time higher elec-
trocatalytic activity and better long-term
durability than that of commercially available
Pt/C electrocatalysts.”® Similar ORR electro-
catalytic activity was also observed for nitro-
gen-doped graphene (N-graphene).?' On
the basis of these experimental observations
and quantum mechanics calculations,® we
have attributed the observed ORR catalytic
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ABSTRACT Poly(diallyldimethylammonium chloride), PDDA, was used as an electron acceptor

for functionalizing graphene to impart electrocatalytic activity for the oxygen reduction reaction

(ORR) in fuel cells. Raman and X-ray photoelectron spectroscopic measurements indicate the charge

transfer from graphene to PDDA. The resultant graphene positively charged via intermolecular

charge-transfer with PDDA was demonstrated to show remarkable electrocatalytic activity toward

ORR with better fuel selectivity, tolerance to CO posing, and long-term stability than that of the

commercially available Pt/C electrode. The observed ORR electrocatalytic activity induced by the

intermolecular charge-transfer provides a general approach to various carbon-based metal-free ORR

catalysts for oxygen reduction.
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activities of the VA-NCNTs and N-graphene
to the electron-accepting ability of the nitro-
gen atoms, which create a net positive
charge (via intramolecular charge-transfer)
on adjacent carbon atoms in the nanocar-
bon structures to readily attract electrons
from the anode for facilitating the O, ad-
sorption and the ORR process. These find-
ings prompted us to develop carbon-based
metal-free ORR catalysts in this study by
positively charging carbon atoms in the
nitrogen-free graphene plane through inter-
molecular charge-transfer. In particular, we
found that physical adsorption of poly-
(diallyldimethylammonium chloride), PDDA,
a positively charged polyelectrolyte with elec-
tron-withdrawing ability,***> onto nitrogen-
free graphene could create net positive
charge on carbon-atoms in the all-carbon
graphene plane via the intermolecular charge
transfer (Scheme 1). The resultant PDDA-func-
tionalized/adsorbed graphene was shown to
possess dramatically enhanced electrocataly-
tic activities toward ORR.

In a typical experiment, the adsorption of
PDDA onto the surface of graphene was per-
formed during the process of reducing gra-
phene oxide (GO) into graphene by sodium
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borohydride (NaBH,) in the presence of PDDA.%® In-
stead of using the conventional hydrazine, NaBH,
was used as the reducing agent since hydrazine re-
duction often introduces nitrogen atoms into the
graphene plane to produce N-doped graphene?” —2°
that could show certain ORR activities** to interfere
with the intermolecular charge-transfer effect. Upon
NaBH, reduction, the color of the suspension changed
from the yellow-brown of GO to black for graphene
and PDDA—graphene (Figure 1a). Subsequent adsorp-
tion of PDDA made the surface of graphene positively
charged, leading to a good dispersion via electrostatic
repulsion among individual graphene sheets, which
are also solubilized by the adsorbed PDDA chains. In
the absence of PDDA, the NaBH,-reduced graphene
precipitates at the bottom of the vial (Figure 1a).

The reduction of GO and concomitant functionaliza-
tion of the resultant graphene with PDDA were further
followed by FTIR spectroscopic measurements. As
shown in Figure 1a, the FTIR spectrum of GO shows a
strong peak at around 1630 cm ™' attributable to aro-
matic C=C, along with peaks characteristic of C=0
stretching (1720 cm™ "), carboxyl (1415 cm™ "), and
epoxy (~1226 cm ").2° The reduction of GO to gra-
phene is evidenced by the dramatic decrease in peak

Scheme 1. Schematic illustration of the electron-with-
drawing from graphene by PDDA to facilitate the ORR
process.

—— Graphene Oxide

- - - Graphene
- -- PDDA-Graphene I
e i —I_ T “,"'w

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm'1)

()

Weight Percentage (%)

intensity at ~1720, ~1415, and ~1226 cm~'. Mean-
while, functionalization of graphene with PDDA is
reflected by the appearance of new peaks at around
~850 and ~1505 cm ™', attributable to the N—C bond
in the adsorbed PDDA.

Figure 1b shows thermogravimetric analysis (TGA)
curves recorded under nitrogen for GO, graphene (i.e.,
the NaBH,-reduced GO), and PDDA—graphene. As can
be seen, GO shows a relatively poor thermal stability
with a rather low onset temperature for pyrolysis of the
labile oxygen-containing functional groups over
180—300 °C.3" The mass loss (~4 wt %) below 100 °C
can be attributed to the removal of adsorbed water.
The dramatically improved thermal stability of gra-
phene indicates a successful reduction process. The
PDDA—graphene shows a two-step thermal degrada-
tion process with about 15 wt % loss of PDDA up to
around 500 °C.

Details of the chemical changes during the reduc-
tion of GO and functionalization with PDDA were
further elucidated by X-ray photoelectron spectro-
scopic (XPS) measurements. Figure 2a shows XPS
survey spectra for GO, graphene, and PDDA—gra-
phene. As expected, the O/C atomic ratio significantly
decreased upon the NaBH,; reduction. Subsequent
PDDA functionalization/adsorption caused further de-
crease in the O/C atomic ratio, which was accompanied
by the appearance of N 1s and Cl 2p peaks located
around 401.6 and 199.2 eV, respectively (Figure 2a).

The high-resolution C 1s XPS spectra for GO, gra-
phene, and PDDA—graphene shown in Figure 2b—d
can be fitted with four different components of oxy-
gen-containing functional groups: (a) nonoxygenated
Cat 284.6 eV, (b) carbon in C—0 at 285.6 €V, (c) epoxy
carbon at 286.7 eV, and (d) carbonyl carbon (C=0,
288.2 eV). Compared with GO (Figure 2b), the graphene
(Figure 2c) and PDDA—graphene (Figure 2d) samples
showed a strong suppression for the oxygen-contain-
ing components of their C 1s XPS spectra. These results
indicate efficient reduction of the oxygen-containing
functional groups in GO by NaBH,, particularly the
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Figure 1. (a) FTIR spectra of graphene oxide, graphene, and PDDA-functionalized graphene. (b) TGA curves of graphene
oxide, graphene, and PDDA—graphene at a heating rate of 10 °C/min under nitrogen atmosphere.
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Figure 2. (a) XPS survey spectra for graphene oxide, graphene, and PDDA—graphene. The high resolution of C 1s XPS spectra
of (b) graphene oxide, (c) graphene, and (d) PDDA—graphene. (e) The N 1s XPS spectra of PDDA—graphene and pure PDDA.

epoxy carbon, well consistent with the FTIR spectra
shown in Figure 1a. Figure 2e shows the N 1s XPS
spectra of the pure PDDA and PDDA—graphene. While
the peak at ~402.0 eV for the pristine PDDA is attribu-
table to the charged nitrogen (N1), its negative shift to
a lower binding energy (~401.8 eV) in PDDA—gra-
phene indicates the electron transfer from graphene
to the positively charged N* centers of PDDA.'®3®
Thus, PDDA has acted as a p-type dopant to cause
the partial electron-transfer from the electron-rich
graphene substrate.

The above observed intermolecular charge-transfer
was also supported by Raman spectroscopic measure-
ments.>?~3* Figure 3 shows the Raman spectra for
graphene oxide, graphene, and PDDA—graphene. As
expected, GO displays two prominent peaks at ~1585
and ~1351 cm ™' corresponding to the G and D bands,
respectively. The D/G intensity ratio increased slightly
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from GO to graphene, suggesting a decrease of sp*-
domain induced by the NaBH, reduction.*' Upon PDDA
adsorption, the G band of graphene up-shifted from
1585 to 1594 cm ™', indicating, once again, the occur-
rence of electron transfer from graphene to the ad-
sorbed PDDA3*3® Similar G-band shifts caused by
charge-transfer have been reported for graphene func-
tionalized with other electron-accepting molecules.3%>’

Like N-doped CNTs and N-graphene,?®?' the charge
transfer observed in PDDA—graphene could also im-
part electrocatalytic activities toward ORR for the
nitrogen-free graphene. As such, we exploited the
possibility of PDDA—graphene as novel metal-free
catalysts for electrochemical reduction of O,. The cyclic
voltammograms (CVs) for oxygen reduction on the
graphene and PDDA—graphene electrodes at a con-
stant active mass loading (0.017 mg) in an aqueous O,-
saturated 0.1 M KOH solution are shown in Figure 4a. As
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Figure 3. Raman spectra of graphene oxide, graphene, and
PDDA—graphene.

can be seen, the onset potential of ORR for the pure
graphene electrode is at —0.25 V (versus SCE) with the
cathodic reduction peak around —0.47 V (versus SCE).
Upon functionalization/adsorption of graphene with
PDDA, both the onset potential and the ORR reduction
peak potential shifted positively to around —0.15
and —0.35 V, respectively, accompanied by a conco-
mitant increase in the peak current density (Figure 4a).
These results clearly demonstrated a significant en-
hancement in the ORR electrocatalytic activity for the
PDDA—graphene in respect to the pure graphene
electrode.

To further investigate the ORR performance, we
carried out the linear sweep voltammetric (LSV) mea-
surements on a rotating disk electrode (RDE) with
graphene and PDDA—graphene in an O,-saturated
0.1 M KOH electrolyte solution. As shown in Figure 4b,
the ORR at the bare graphene electrode commenced
around —0.21 V (onset potential), whereas the ORR
onset potential at the PDDA—graphene electrode sig-
nificantly shifted positively to —0.12 V with the limiting
diffusion current at —1.2 V being about 1.4 times
stronger than that of the graphene electrode. However,
the electrocatalytic activity of PDDA—graphene toward
ORR in terms of the onset potential and current density is
still not as good as that of the commercial Pt/C electro-
catalyst (Figure 4b). Although the ORR electrocatalytic
activity of the as-prepared (unoptimized) PDDA—gra-
phene electrode is still lower than that of a commercial
Pt/C electrode, the ease with which conventional
nitrogen-free graphene materials can be converted into
metal-free ORR electrocatalysts simply by the adsorp-
tion-induced intermolecular charge-transfer suggests
considerable room for cost-effective preparation of
various metal-free catalysts for ORR, and even new
catalytic materials for applications beyond fuel cells
(e.g., metal-air batteries).

RDE voltammetry measurements were also carried
out to gain further insight into the ORR performance of
the graphene electrode before and after functionaliza-
tion/adsorption with PDDA. Figure 5 panels a and b
show the LSV curves at various different rotation rates
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Figure 4. (a) CV curves of oxygen reduction on the gra-
phene and PDDA—graphene electrodes in an O,-saturated
0.1 M KOH solution at a scan rate of 50 mV s~ . (b) LSV
curves for oxygen reduction on the graphene, PDDA—gra-
phene, and Pt/C electrodes in an O,-saturated 0.1 M KOH
solution at a scan rate of 10 mV s~ .

for graphene and PDDA—graphene electrodes. As can
be seen, adsorption of the hydrophilic PDDA chains,
which facilitated interactions with the electrolyte, onto
the graphene electrode (Figure 5a) led to the much
better diffusion controlled regions shown in Figure 5b.
The limiting current density increases with increasing
rotation rate. At any constant rotation rate, the limiting
current density of ORR at the PDDA—graphene elec-
trode is always higher than that at the pure graphene
electrode. The transferred electron numbers per O,
involved in the oxygen reduction at both the graphene
and PDDA—graphene electrodes were determined by
the Koutechy—Levich equation as given below:*'**

o1 0
jo ok Bw®?
where ji is the kinetic current and w is the electrode
rotating rate. B could be determined from the slope of
the K—L plots (Figures 5c,d) based on the Levich
equation as follows:?!

B = 0.2nF(Do,)*3v1/%Co, ()

where n represents the number of electrons transferred
per oxygen molecule, F is the Faraday constant (F =
96485 C mol '), Do, is the diffusion coefficient of O, in
0.1 MKOH (1.9 x 10> cm?s™ "), v is the kinetic viscosity
(001 cm?s™ "), and Co, is the bulk concentration of O,
(1.2 x 10°% mol cm ). The constant 0.2 is adopted
when the rotation speed is expressed in rpm.
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Figure 5. LSV curves at various different rotation rates for oxygen reduction at (a) the graphene and (b) PDDA—graphene electrode
in an O,-saturated 0.1 M KOH solution; K—L plots of ORR on (c) the graphene and (d) PDDA—graphene electrode. (e) The dependence
of the electron transfer number and (f) the kinetic current density on the potential for both the graphene and PDDA—graphene
electrodes. ORR on the RRDE of (g) the graphene and (h) PDDA—graphene electrode in an O,-saturated 0.1 M KOH solution.

As shown in Figure 5 panels ¢ and d, linear relation-
ships between i~' and w~®® were observed for both
the graphene and PDDA—graphene electrodes at var-
ious potentials. The number of electrons transferred
per O, molecule (n) was calculated from the slope of
the K—L plots, as shown in Figure 5e, in which the
electron transfer number was found to be dependent
on the potential for both the graphene and PDDA—
graphene electrodes. In particular, the electron transfer
number increased with a decrease in the negative
potential. The electron transfer number for ORR at
the PDDA—graphene electrode is always higher than
that on the pure graphene electrode over the potential
range covered in this study. Within the range of the

WANG ET AL.

electron transfer number from 3.5 to 4, the oxygen
reduction reaction proceeds via a nearly four-elec-
tron pathway.*®3? As seen in Figure 5e, the four-
electron ORR reaction commenced at around —0.70
and —0.80V on the PDDA—graphene and pure graphene
electrode, respectively, indicating that PDDA—gra-
phene is a more efficient ORR electrocatalyst than
graphene. This is consistent with the relatively high
calculated kinetic current density, ji (eq 1), for ORR at
the PDDA—graphene electrode with respect to the
pure graphene electrode (Figure 5f). In addition, rotation
ring-disk electrode (RRDE) was used to evaluate the
ORR performance of the graphene and PDDA—
graphene electrodes. Figures 5 panels g and h show
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Figure 6. The current—time (i—t) chronoamperometric responses for ORR at the PDDA—graphene and Pt/C electrodes in an
0,-saturated 0.1 M KOH solution at —0.4 V versus SCE: (a) 3.0 M methanol was added at around 300 s and (b) CO was added at
around 100 s, and (c) at —0.28 V versus SCE at a rotation rate of 1000 rpm.

the disk and ring currents for the graphene and
PDDA—graphene electrode, respectively. The ring cur-
rents were measured to estimate the amount of gen-
erated hydrogen peroxide ions.?>?' As can be seen,
both of the electrodes started to generate the ring
current at the onset potential for oxygen reduction.
However, the amount of hydrogen peroxide ions gen-
erated on the PDDA—graphene electrode is signifi-
cantly less than that on the pure graphene, indicating
that PDDA—graphene is a more efficient ORR electro-
catalyst. The electron transferred number (n) of ORR on
graphene and PDDA—graphene estimated from the
ring and disk currents®® (see Supporting Information)
at —0.5 Vare found to be around 1.5 and 3.5, respectively,
which are consistent with the K—L analyses.

The PDDA—graphene electrode was further sub-
jected to testing the possible crossover and the stabi-
lity toward ORR. To examine the possible crossover
effect in the presence of other fuel molecules (e.g.,
methanol) and the poisoning effect by carbon mon-
oxide (CO), the current—time (i—t) chronoampero-
metric responses for ORR at the PDDA—graphene
and Pt/C electrodes were obtained (Figures 6a,b). As
shown in Figure 6a, a sharp decrease in current was
observed for the Pt/C electrode upon addition of 3.0 M
methanol. However, the corresponding amperometric
response for the PDDA—graphene electrode remained
almost unchanged even after the addition of metha-
nol. This result unambiguously indicates that the

WANG ET AL.

PDDA—graphene electrocatalyst has higher fuel selec-
tivity toward ORR than the commercial Pt/C electroca-
talyst. To examine the effect of CO poisoning on the
electrocatalytic activities of the PDDA—graphene and
Pt/C electrodes, a CO gas was introduced into the elec-
trolyte. As seen in Figure 6b, the PDDA—graphene elec-
trode was insensitive to CO, whereas the Pt/C electrode
was rapidly poisoned under the same conditions.

Finally, the durability of the PDDA—graphene and
commercial Pt/C electrodes for ORR was evaluated via
a chronoamperometric method at —0.28 V in an O,-
saturated 0.1 M KOH at a rotation rate of 1000 rpm. As
seen in Figure 6¢, the current density from both the
PDDA—graphene and Pt/C electrodes initially de-
creased with time. However, the PDDA—graphene
electrode exhibited a much slower decrease than the
Pt/C electrode and leveled off after continuous reac-
tion for about 17000 s, indicating that the PDDA—gra-
phene electrocatalyst is much more stable than the
commercial Pt/C electrode.

In summary, we have demonstrated that certain
polyelectrolyte (e.g, PDDA) functionalized/adsorbed
graphene could act as an efficient metal-free electro-
catalyst through intermolecular charge-transfer that
creates net positive charge on carbon atoms in the
nitrogen-free graphene plane to facilitate the ORR
catalytic activity. Notably, the PDDA-adsorbed graphene
electrode shows remarkable ORR electrocatalytic activ-
ities with a better fuel selectivity, more tolerance to CO
NO.8 = 6202-6209 =
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posing, and higher long-term stability than that of
commercially available Pt/C electrode. While further
work, including theoretical calculation, is needed to
fully understand the ORR mechanism induced by the
intermolecular charge transfer, we believe that the
active site for ORR is still carbon atoms in the gra-
phene sheets with the adsorbed PDDA to create
somewhat delocalized positive charges on the con-
jugated carbon surface of graphene to alter the
electronic properties of graphene and its adsorption
behavior toward oxygen for facilitating the ORR pro-
cess. Although the electrocatalytic activity of PDDA—

METHODS

Synthesis of Graphene Oxide. Graphene oxide (GO) was synthe-
sized from natural graphite powder according to a modified
Hummers method.?83¢4°~*2 Briefly, 0.9 g of graphite powder
was added into a mixture of 7.2 mL of 98% H,SO,4, 1.5 g of
K,S,0g, and 1.5 g of P,0s. The solution was kept at 80 °C for
4.5 h, followed by thorough washing with water. Thereafter, the
as-treated graphite was put into a 250 mL beaker, to which 0.5 g
of NaNOs and 23 mL of H,S0, (98%) were then added while
keeping the beaker in the ice bath. Subsequently, 3 g of KMnO,
was added slowly. After 5 min, the ice bath was removed and
the solution was heated up to and kept at 35 °C under vigorous
stirring for 2 h, followed by the slow addition of 46 mL of water.
Finally, 40 mL of water and 5 mL of H,0, was added, followed by
water washing and filtration. The exfoliation of graphene oxide
was then performed by ultrasonication (Fisher-Scientific Me-
chanical Cleaner FS110, 50/60 Hz, 185w).

Synthesis of PDDA Functionalized/Adsorbed Graphene. PDDA func-
tionalized/adsorbed graphene (PDDA—graphene) was prepared
by sodiumborohydride (NaBH,) reduction of GO in the presence
of PDDA. Briefly, GO (100 mg) was loaded in a 250-mL round-
bottom flask, followed by the addition of 100 mL of PDDA (0.5 wt %)
in water to produce an inhomogeneous yellow-brown dis-
persion. This dispersion was sonicated until it became clear
with no visible particulate and kept under stirring for overnight.
Thereafter, 100 mg of NaBH, was added and the solution was
stirred for 30 min, followed by heating in an oil bath at 130 °C
equipped with a water-cooling condenser for 3 h to produce a
homogeneous black suspension. The final product (PDDA—
graphene) was collected through filtration and dried in a
vacuum oven for 24 h. To obtain the unfunctionalized graphene,
the above procedure was adopted in the absence of PDDA.

Characterization. Electrochemical measurements were per-
formed using a computer-controlled potentiostat (CHI 760C,
CH Instrument, USA) with a typical three-electrode cell. A
platinum wire was used as counter-electrode and saturated
calomel electrode (SCE) as reference electrode. All the experi-
ments were conducted at room temperature (25 + 1 °C). For the
electrode preparation, graphene or PDDA—graphene suspen-
sion in ethanol (1 mg/mL) was prepared by introducing a
predetermined amount of the corresponding graphene sample
in ethanol under sonication. A 10 uL portion of the graphene or
PDDA—graphene suspension was then dropped onto the sur-
face of a prepolished glassy carbon electrode (GCE), followed by
dropping 5 uL of Nafion solution in isopropyl alcohol (0.5 wt %)
as a binder. For a comparison, Pt/C electrode was also prepared:
Pt/C suspension was prepared by dispersing 10 mg of Pt/C
powder in 10 mL of ethanol in the presence of 50 uL of 5%
Nafion solution in isopropyl alcohol. The addition of a small
amount of Nafion could effectively improve the dispersion of
the Pt/C catalyst suspension.*

X-ray photoelectron spectroscopic (XPS) measurements
were performed on a VG Microtech ESCA 2000 instrument using
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graphene is not as good as that of nitrogen-doped
carbon nanotubes and Pt/C, the ease with which
graphene materials can be produced by various
low-cost large-scale methods, including the chemical
vapor deposition, chemical reduction of graphite
oxide, and exfoliation of graphite, suggests consider-
able room for cost-effective preparation of metal-free
efficient graphene-based catalysts for oxygen reduc-
tion. These findings indicate that the intermolecular
charge-transfer can serve as a general approach to the
cost-effective development of various carbon-based
metal-free efficient ORR catalysts.

a monochromic Al X-ray source (97.9 W, 93.9 eV). Thermogravi-
metric analyses were carried out on a TA instruments with a
heating rate of 10 °C under N,. FTIR measurements were
performed on a FTIR spectroscope (PerkinElmer). Raman spec-
tra were collected with a Renishaw inVita Raman spectrometer
with an excitation wavelength of 514.5 nm. SEM images were
recorded on a Hitachi S4800-F scanning electron microscope.
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