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P
latinum (Pt) metal has so far shown
the greatest potential as a cathode
catalyst material for the ORR in elec-

trochemical energy devices. However, mul-
tiple problems such as kinetic limits at the
cathode, crystalline facets, surface area, ac-
tivity, durability, and high costs need to be
solved before such devices can be commer-
cialized for automotive, power plant, and
other applications.1�14 One method to over-
come these barriers is to enhance the activity
and durability of the Pt catalyst through mor-
phology engineering using high surface area
support materials. During the past decade,
several methods such as high temperature
alloying with other transition metals15�18 and
maximizing intrinsically more ORR active
facets19�22 have been developed to en-
hance the performance of Pt-based ORR
catalysts. These methods have shown great
improvements in ORR activity and stability;
however, the lack of large-scale synthetic
methods has limited their use in commercial

applications. Recently, Pd�Pt bimetallic den-
drites have been shown to exhibit a high ORR
activity. However, these catalysts are not
stable for application in commercial electro-
chemical energy devices with an electroche-
mical surface area decrease of 50% after
10000 cycles.23 For these reasons, Pt/C cata-
lysts still remain the most widely used in
electrochemical energy devices.
Carbon allotropes and their derivatives,

that is, high surface area carbon black,
carbon nanotubes, highly oriented pyrolytic
graphite, and reduced graphene oxide
(rGO), have been studied as ORR catalyst
supports.24�27 Among these materials, the
rGO is the most attractive as an ORR catalyst
due to its ballistic electron conductivity, high
surface area, and mechanical strength.28�31

Herein we describe an easy route to
synthesize interconnected Pt dendrites (PtDs)
on genomic-double-stranded-DNA/reduced-
graphene-oxide (gdsDNA/rGO). In thisprocess,
gdsDNA is used as a template to direct the
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ABSTRACT Controlling the morphology and size of platinum nanodendrites (PtDs) is a key factor in improving their

catalytic activity and stability. Here, we report the synthesis of PtDs on genomic-double-stranded-DNA/reduced-graphene-

oxide (gdsDNA/rGO) by the NaBH4 reduction of H2PtCl6 in the presence of plant gdsDNA. Compared to industrially adopted

catalysts (i.e., state-of-the-art Pt/C catalyst, Pt/rGO, Pt3Co, etc.), the as-synthesized PtDs/gdsDNA/rGO hybrid displays very

high oxygen reduction reaction (ORR) catalytic activities (much higher than the 2015 U.S. Department of Energy (DOE)

target values), which are the rate-determining steps in electrochemical energy devices, in terms of onset-potential, half-

wave potential, specific-activity, mass-activity, stability, and durability. Moreover, the hybrid exhibits a highly stable mass

activity for the ORR over a wide pH range of 1�13. These exceptional properties would make the hybrid applicable in next-

generation electrochemical energy devices.
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dendritic growth of Pt by the NaBH4 reduction of
H2PtCl6. Using this simple approach, we produced a
PtDs/gdsDNA/rGO hybrid with multiple active facets
for the ORR in high yields. This synthesis provides an
easy approach to large-scale production, as it does not
require high temperatures, organic solvents, or elec-
trochemical deposition. These PtDs formation by the
reduction of Pt(IV) is contrastedwith our recent work of
growing very small Pt nanoclusters (∼1 nm size) by the
reduction of Pt(II).6 The PtDs/gdsDNA/rGO hybrid ex-
hibited excellent ORR activity and stability compared
to the commercial state-of-the-art 20 wt % Pt/C (Pt/C;
ETEK, Somerset, NJ) and Pt nanoparticles/rGO (Pt/rGO)
catalysts. Importantly, the PtDs/gdsDNA/rGO hybrid
displayed a constant mass activity for the ORR over a
wide pH range.

RESULTS AND DISCUSSION

Our synthetic scheme for the PtDs/gdsDNA/rGO
hybrid is shown in Figure 1a (for details, see Experi-
mental Section and Supporting Information). In this
synthetic method, plant gdsDNA (Supporting Informa-
tion, SI, Figures S1b,c) was mixed with GO sheets
(Figure S1d) and sonicated for 5 h. This dispersion
was then heated at 95( 5 �C for 15 min. To this cooled
dispersion H2PtCl6 3 6H2O was added and the solution
was incubated at room temperature for two days.
Finally, a NaBH4 solution was added to the dispersion
and the resulting mixture was reduced at room tem-
perature for two days. After reduction, the solution was
dialyzed using a cellulose ester membrane to remove
free NaBH4 and Pt ions. We believe that the growth of
PtDs on GO is driven by the presence of gdsDNA. The
gdsDNA not only causes an accelerated NaBH4 reduction
of H2PtCl6 3H2O, which has been observed in other studies
of the formation of nanostructures of Pt,32�34 but also

works as a driving force to position the Pt nanoparticles. Pt
dendrites form as the Pt particles agglomerate in only
certainorientationswhichdependon the surface energies
of the face-centered cubic structures.
The morphologies of the Pt/rGO and PtDs/gdsDNA/

rGO hybrid materials are analyzed using scanning
electron microscopy (SEM; Figure S2a,b). Due to the
small size of the Pt particles and PtDs in the as
synthesized materials, they are further analyzed using
low-resolution transmission electronmicroscopy (LRTEM)
and high-resolution transmission electron microscopy
(HRTEM). LRTEM and HRTEM images of the PtDs/
gdsDNA/rGO hybrid are shown in Figures S3a,b and 1b
from which we can see that the as-prepared PtDs are
composed of several small Pt wire arms. In addition, the
PtDs were uniformly dispersed on the rGO surface. From
the HRTEM image of the single Pt branches, the fast
Fourier transform (FFT) patterns (inset of Figure 1b (1�3))
were obtained, which show highly ordered continuous
crystalline fringepatterns, andmostof theexposed facets
were found to be (311), (111), and (200). To gain insight
into the surface composition of the PtDs/gdsDNA/rGO
hybrid, we performed high�resolution X-ray photoelec-
tron spectroscopy (HRXPS) analysis for the Pt 4f core-level
(Figure 1c). The HRXPS Pt4f spectrum can be deconvo-
luted into two peaks with binding energies at 71.4 and
74.6 eV, respectively. These two peaks corresponded to
thebindingenergiesof Pt 4f7/2 and4f5/2,whichare similar
to the values of metallic Pt.35 The presence of these two
peaks show that the PtDs are completely reduced using
NaBH4. The binding of the Pt particles to the gdsDNA in
the PtDs/gdsDNA/rGO and Pt/gdsDNA catalysts is con-
firmed by gel electrophoresis and EDX analysis (Figure
S6a,b). The structure, functional groups, elemental com-
position, and chemical bonding of the gdsDNA, GO,
gdsDNA/GO, Pt/rGO, and PtDs/gdsDNA/rGO hybrid

Figure 1. Synthetic procedure and their HRTEM and HRXPS analysis. (a) Schematic showing the synthetic procedure for the
PtDs/gdsDNA/rGO hybrid. (b) HRTEM images of the PtDs, with branches 1�3 shown at higher magnification. Insets in parts
1�3 show the FFT patterns for the Pt branches 1�3 marked in the HRTEM. (c) Pt 4f core level HRXPS spectrum of the as-
synthesized PtDs/gdsDNA/rGO hybrid.
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materials were further analyzed using AFM, FTIR, Raman,
EDX, XPS, andHRXPS to confirm that all the sampleswere
successfully synthesized (see SI for details).
The electrochemical properties of the PtDs/gdsDNA/

rGO hybrid were compared to both Pt/C (fuel cell
grade) and Pt/rGO catalysts. Figure 2a shows the cyclic
voltammetry (CV) curves of the catalysts in N2-saturated
0.1 M HClO4 using a glassy carbon electrode at room
temperature. The CV curves display two distinctive poten-
tial regions associated with (i) the under-potential depos-
ited hydrogen (Hupd) adsorption/desorption processes
(Hþ þ e� = Hupd) between 0 < E < 0.37 V and (ii) the
formation of an OHad layer (2H2O = OHad þ H3O

þ þ e�)
beyond ∼0.6 V.23 The electrochemically active surface
area (EASA) was calculated from the electric charge in
the Hupd adsorption/desorption region, assuming that a
constant 0.21 mC/cm2 is the charge required to oxidize a
monolayer of hydrogen on a smooth polycrystalline Pt
surface (see SI for details). The specific EASA (EASA per
unitweight of Pt) of the PtDs/gdsDNA/rGOhybrid, Pt/rGO,

and Pt/C catalysts were calculated to be 57.8, 43.6, and
74.2 m2 g�1, respectively. It is well-known that rGO has a
very large double-layer charge, which can be clearly
observed in the PtDs/gdsDNA/rGO hybrid and Pt/rGO
catalyst cyclic voltammograms (Figure 2a). Due to the
presence of this high double-layer capacity, the calculated
EASA from the Hupd adsorption/desorption curve might
not be very accurate. Therefore, we also carried out CO
strippingCVmeasurements in order to obtain information
on structure, and more accurate EASA of Pt catalysts.
Figures S12a�c shows the CO stripping CV curves of the
PtDs/gdsDNA/rGOhybrid, Pt/rGO, andPt/Ccatalysts. From
the charge involved in the oxidation of the adsorbed CO
the EASAof the Pt/C catalystwas calculated tobe 72.0m2/
g. This value is similar to the EASAvalueobtained from the
Hupd region, where the charge of desorption of a CO
monolayer from a Pt surface is 420 μC/cm2.36�41 On the
other hand, the EASAof thePtDs/gdsDNA/rGOhybrid and
the Pt/rGO were calculated to be 67.2 and 50.5 m2/g,
respectively. This value is higher than that calculated from

Figure 2. Electrocatalytic properties. (a) CV curves for the catalysts in N2-saturated 0.1 M HClO4 solution with a scan rate of
50mV/s. (b) RDE curves for the PtDs/gdsDNA/rGO hybrid in O2-saturated 0.1MHClO4 solutionwith a sweep rate of 10mV/s at
different rotation rates. (c) K�L plots of the PtDs/gdsDNA/rGO hybrid at various potentials. (d) RDE curves for the catalysts at
25, 60, and80 �C in anO2-saturated0.1MHClO4 solutionwith a scan rate of 10mV/s and a rotation speedof 1600 rpm. (e)Mass
activity and (f) specific activity at 0.9 V vsRHE for the catalysts.Mass and specific activities are given as kinetic current densities
(jk) normalized with respect to the loading amount of Pt and EASA (EASA from CO stripping experiments), respectively. Pt
loadingon the RDE (geometric area = 0.0707 cm2) for the interconnected PtDs/gdsDNA/rGOhybrid, Pt/rGO, and Pt/C catalysts
was ∼14.14 μg/cm2.
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theHupd region. The larger EASA of the PtDs/gdsDNA/rGO
hybrid could be attributed to the even dispersion of the
PtDs on the surface of the gdsDNA/rGO hybrid. Addition-
ally, the onset potential of COads oxidation of the PtDs/
gdsDNA/rGO hybrid (Figure S12a) is shifted by ∼0.15 V
toward lower potentials compared with that of the Pt/C
catalyst (Figure S12c). Thus, the PtDs/gdsDNA/rGO hybrid
displays an improved CO tolerance in perchloric acid
electrolyte compared to the Pt/rGO and Pt/C catalysts.
Rotating-disk electrode (RDE) measurements were

performed in an O2-saturated 0.1 M HClO4 solution to
assess the ORR activity and kinetics of the PtDs/
gdsDNA/rGO hybrid, Pt/rGO, and Pt/C catalysts. The
RDE were prepared by depositing an ultrasonically
dispersed aqueous catalyst onto a glassy carbon RDE
at room temperature. The ORR polarization curves for
the electrocatalysts are in Figures 2b,c and S13a�d.
The ORR onset potentials for the PtDs/gdsDNA/rGO
hybrid, Pt/rGO, and Pt/C catalysts are∼1.01,∼0.99, and
∼0.95 V, respectively. Additionally, a higher ORR half-
wave potential is observed for the PtDs/gdsDNA/rGO
hybrid (∼0.90 V) than the Pt/rGO (∼0.84 V) and Pt/C
(∼0.85 V) catalysts.
For all the catalysts, the RDE curves in O2-saturated

0.1 M HClO4 show that the current density increases
with an increase in the rotation rate from 400 to
1600 rpm (Figures 2b and S13a,c), while the corre-
sponding Koutecky�Levich (K�L) plots display linear-
ity (Figures 2c, and S13b,d). Linearity and parallelism in
the K�L plots are indicative of first-order reaction
kinetics with respect to the concentration of dissolved
O2 molecule, as well as similar electron transfer num-
bers for the ORR at different electrode potentials.42 For
the PtDs/gdsDNA/rGO hybrid the number of electrons
transferredwascalculated tobe∼4.0between0.80�0.9V,
suggesting a four-electron pathway for the O2 reduction
process (Figure 2c). The number of electrons transferred
by the Pt/C and Pt/rGO catalysts during the ORR in an O2

saturated 0.1 M HClO4 solution were 4.0 and 3.9 between
0.775�0.85 V, respectively (Figures S13b,d).
The excellent ORR activity of the PtDs/gdsDNA/rGO

hybrid catalyst was also confirmed using a Tafel plot
(Figure S14). The obtained Tafel slope of 60mV/decade
at a low current is very close to the value of ∼63 mV/
decade for the Pt/C catalyst in 0.1MHClO4. The transfer
of the first electron catalyzed by PtDs/gdsDNA/rGO is
probably the rate-determining step, as indicated by
the Tafel slope being close to �2.303RT/RF ≈ 60 mV
per decade (R, T, R, and F are the molar gas constant,
absolute temperature, transfer coefficient, and Faraday
constant, respectively) at room temperature.43 From
the figure it can be easily seen that the kinetic current
density of PtDs/gdsDNA/rGO is far larger than that of
the Pt/C catalyst in the potential region 0.8�1.0 V
versus reversible hydrogen electrode (RHE; Figure S14).
To gain further insight into the ORR activity and

kinetics of the catalysts, we performed RDE experiments

at different temperatures (25, 60, and 80 �C) in an O2

saturated 0.1 M HClO4 solution at a 10 mV/s sweep rate
and1600 rpmrotation speed. TheORRpolarizationplots
of the PtDs/gdsDNA/rGO hybrid and Pt/rGO and Pt/C
catalysts are displayed in Figure 2d. The mass-transport
corrected kinetic current was evaluated from the ORR
polarization plots, and then this current was normalized
to the loading amount of Pt in order to directly compare
the mass activities of the different electrocatalysts. At
25 �C, the interconnected PtDs/gdsDNA/rGO hybrid
showed a mass activity of 0.401 mA/μgmetal at 0.9 V
versus RHE. This mass activity is 4.2 and 3.6 times higher
than those of the Pt/C (0.0956 mA/μgmetal) and Pt/rGO
(0.111 mA/μgmetal) catalysts, respectively (Figure 2e).
Additionally, at 60 �C, the Pt mass activity of the PtDs/
gdsDNA/rGO hybrid (0.750 mA/μgmetal) is higher than
those of the Pt/C (0.203 mA/μgmetal) and Pt/rGO (0.155
mA/μgmetal) catalysts (Figure 2e). While at 80 �C, the
PtDs/gdsDNA/rGO hybrid displayed a mass activity of
1.01 mA/μgmetal, which is 3.5 and 5.5 times higher than
those of the Pt/C (0.288 mA/μgmetal, Figure 2e) and
Pt/rGO (0.183 mA/μgmetal, Figure 2e) catalysts, respec-
tively. Importantly, the PtDs/gdsDNA/rGO activity
(1.01 mA/μgmetal) is much higher than the DOE target
value (see Table 1) forORRelectrocatalysts (0.44mA/μgPt
at 0.9 V vs RHE at 80 �C) by the DOE.44 In SI, Table S1
shows the mass activity of various ORR Pt catalysts for
comparison. Therefore, the use of the PtDs/gdsDNA/
rGO hybrid as an ORR catalyst is highly promising for
practical applications as well as been more economic-
ally viable than currently used catalysts. Besides its
excellent mass activity, we also find that the PtDs/
gdsDNA/rGO hybrid displays a large specific activity.
The specific activity was calculated through the nor-
malization of the kinetic current using the catalysts
EASA. At 25 �C, the interconnected PtDs/gdsDNA/rGO
hybrid shows a specific activity 4.5 and 2.7 times those
of the Pt/C and Pt/rGO catalysts, respectively (Figure 2f).
At 60 and 80 �C the PtDs/gdsDNA/rGO hybrid showed
specific activities 4.0 and 3.8 times that of the Pt/C
catalyst, and 3.7 and 4.2 times higher than that of the
Pt/rGO catalyst (Figure 2f). These increases in specific
activity indicate acceleratedORRkinetics on the surfaces
of the PtDs. The increased onset potential, half-wave
potential and improved activity exhibited by the PtDs/
gdsDNA/rGOhybrid couldbeattributed to the following
factors: a) changes in morphology to facilitate fast
reaction kinetics, and enhance O2 molecular diffusion
on the Pt surface and/or b) the existenceofmultipleORR
active (110), (111) facets along with high-index (311)
facets on the Pt branches. From the CO stripping curves
wecan showtheexistenceofmultiple facets in thePtDs/
gdsDNA/rGO hybrid by the observation of a doublet
peak at 0.63 and 0.75V versusRHE (Figure S11).45�47 This
is in good agreement with the TEM data, which shows
multiple facets (Figure 1b). Based on previous reports,
the activity of Pt toward the ORR increases with the Pt
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surface orientation in the order Pt(100) < Pt(111) <
Pt(110).48,49 Additionally, the gdsDNA and rGO sheets
areheld togetherbyπ�π interactions.50�54 Theπ systems
show good electronic conductivity, as can be noted from
graphene and π-stacked graphene systems.55,56 Further-
more, PtDs interact with both nucleobases and the gra-
phitic regions of rGO (due to neutral metal�π inter-
cations57�59) as well as the graphene oxide regions of
rGO, increasing the conductivity of the hybrid material.
Thus, this increased conductivity would help easier trans-
port of the reduced species in the gdsDNA/rGO hybrid.
Long-term stability and durability of ORR catalysts is

a critical requirement for electrochemical energy de-
vices applications. CV stability and accelerated degra-
dation tests were carried out to examine the stability
and durability of the PtDs/gdsDNA/rGO hybrid and Pt/
rGO and Pt/C catalysts. Figure 3a shows the 10th and
10000th CV cycles for the PtDs/gdsDNA/rGO hybrid,
from which a small degradation in performance is
observed. For a clear understanding of CV stability,
the normalized EASA was plotted as a function of cycle

number (Figure 3d). The Pt/rGO (decreased by∼41%of
the initial EASA) and Pt/C (decreased by ∼51% of the
initial EASA) catalysts exhibited a huge loss in EASA
over 10000 cycles. In sharp contrast, a decrease in EASA
(<10%) is observed for the PtDs/gdsDNA/rGO hybrid.
This result clearly shows improved electrocatalytic sta-
bility for the hybrid over the Pt/rGO and Pt/C catalysts.
The durability of the catalysts was assessed using the

accelerated degradation test in an O2-saturated HClO4
solution between 0.6 and 1.2 V at a scan rate of 50 mV/s.
The CV curves recorded between 0 and 1.4 Vwere used to
calculate the EASA during potential cycling. After 10000
cycles, the Pt/rGO and Pt/C catalysts decreased by ∼40
and∼41% of the initial EASA (Figures 4b and S16a,c) and
showed a half wave potential degradation of ∼0.07 and
∼0.06 V versus RHE (Figure S17b,d). In contrast, the PtDs/
gdsDNA/rGO hybrid showed almost no change, with only
∼7% loss in initial Pt EASA (Figure 4a,b) and no significant
decrease (less than ∼0.01 V) in a half wave potential
decrease versus RHE (Figure 4c). These results show that
the PtDs/gdsDNA/rGO hybrid displays an excellent

TABLE 1. ORR Activities at 0.9 V vs RHEa

catalyst

specific activity

(mA/cm2; RT)

mass activity

(mA/μg; RT)

specific activity

(mA/cm2; 60 �C)

mass activity

(mA/μg; 60 �C)

specific activity

(mA/cm2; 80 �C)

mass activity

(mA/μg; 80 �C)

PtDs/gdsDNA/rGO 0.597 0.401 1.120 0.750 1.503 1.010
Pt/C 0.133 0.0956 0.282 0.203 0.400 0.288
DOE target 0.720b 0.440b

a ORR experiments were carried out in an O2-saturated 0.1 M HClO4 solution with a scan rate of 10 mV/s and a rotation speed of 1600 rpm.
b The 2015 stack targets at 80 �C set

by the Department of Energy (DOE).

Figure 3. Electrocatalytic stability test. (a�c) CV curves for the 10th and 10000th cycles of the PtDs/gdsDNA/rGO hybrid,
Pt/rGO, and Pt/C catalysts. (d) Comparison of EASA loss for the PtDs/gdsDNA/rGO hybrid, Pt/rGO and Pt/C catalysts in
N2-saturated 0.1 M HClO4 solution with a cyclic potential scan between 0.0 and 1.4 V at a scan rate of 50 mV/s. Pt loading on
the RDE for the interconnected PtDs/gdsDNA/rGO hybrid, Pt/rGO and Pt/C catalysts was ∼14.14 μg/cm2.

A
RTIC

LE



TIWARI ET AL. VOL. 7 ’ NO. 10 ’ 9223–9231 ’ 2013

www.acsnano.org

9228

durability performance compared to that of the Pt/C and
Pt/rGO catalysts. To further examine the catalysts dur-
ability their structures were observed after cycling by
using LRTEM and HRTEM. After the accelerated degrada-
tion test, the catalysts were collected by sonicating the
glassy carbon electrode (GCE) in ethanol. Figures S17 and
S18 show the TEM images of the Pt/rGO, Pt/C and PtDs/
gdsDNA/rGO catalysts. For the Pt/rGO catalyst, there is an
increase in Pt nanoparticle size from ∼3 to ∼20 nm
(Figure S17c), while the Pt/C catalyst shows an increase of
∼3 to ∼10 nm (Figure S17d). This increase in Pt nano-
particle is due to Ostwald ripening and aggregation, and
additionally an uneven dispersion and detachment of Pt
nanoparticles is observed due to degradation of the
carbon or rGO supports (Figure S17c,d). On the other
hand, for the PtDs/gdsDNA/rGOhybrid, the PtDs arewell-
dispersed on the gdsDNA/rGO, and their sizes are only
slightly increased (Figure S18a). This demonstrates that
plant gdsDNA provides a surface stability for the PtDs, as
is evident from the clearly visualized lattice spacings
(Figure S18b�d). This increased ORR stability arises from
higher stability of PtDs over Pt nanoparticles, as well as
morphological stabilization of the hybrids by DNA lin-
kages between the rGO sheets.
Finally, the ORR activity for the catalysts over a wide

pH range was determined (Figure 4d). The PtDs/
gdsDNA/rGO hybrid exhibited a uniform mass activity
(0.401) over the pH range of 1�13, whereas the ORR
mass activities of Pt/C, Pt/rGO, and 46 wt % Pt/C60

catalysts vary as the pH changed. The remarkable pH
stability of the interconnected PtDs/gdsDNA/rGO hy-
brid could be ascribed to the π�π interactions be-
tween rGO sheets and gdsDNA side chains as well as
the neural metal�π interactions of PtDs with both
gdsDNA and rGO. The π�π stacking (hydrophobic
interactions between the nucleobases of the gdsDNA
and the graphitic domains of rGO sheets)50�54 are
hardly affected by acids and bases involving proton
transfer induced electrostatic interactions, which helps
corrosion-resistance. Furthermore, PtDs interact with
both the nucleobases of gdsDNA and the graphitic
regions of rGO.57�59 These neuralmetal�π interactions
are also little affected by the acids and bases because
neutral PtDs are safe to a certain extent over the electro-
static environmental changes under proton exchanges,
which results in corrosion-resistance; otherwise, the PtDs
could aggregate together, which could result in degrada-
tion of the catalytic activity. Although PtDs interact with
both phosphate groups of the gdsDNA graphene oxide
regions of rGO, which would be susceptible for acids and
bases environments, this hybrid material could be well
sustained because of the above neural metal�π interac-
tions along with the π�π interactions.

CONCLUSIONS

In summary, we have synthesized the intercon-
nected PtDs on gdsDNA/rGO. Compared to industrially
adopted catalysts (i.e., state-of-the-art Pt/C catalyst,

Figure 4. Electrocatalytic durability and pH dependentmass activity test. (a) CV curves for the 10th and 10000th cycles of the
PtDs/gdsDNA/rGO hybrid. (b) Comparison of EASA loss for the PtDs/gdsDNA/rGO hybrid, Pt/rGO, and Pt/C catalysts in
O2-saturated 0.1MHClO4 solutionwith a cyclic potential scan between 0.6 and 1.2 V at a scan rate of 50mV/s. (c) Polarization
curves for the PtDs/gdsDNA/rGOhybrid samples before and after the accelerateddurability test (ADT). (d) Themass activity of
the catalysts was estimated in O2-saturated solutions of various pH, with scan rate 10mV/s and rotation speed 1600 rpm. The
mass activity values are an average calculated from five independent experiments. Pt loading on the RDE for the
interconnected PtDs/gdsDNA/rGO hybrid, Pt/rGO, and Pt/C catalysts was ∼14.14 μg/cm2.
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Pt/G, Pt3Co, etc.), the as-synthesized PtDs/gdsDNA/rGO
hybrid shows an outstanding catalytic activity toward
ORR, with respect to onset potential, half-wave poten-
tial, mass activity, specific activity, stability, and dur-
ability.Moreover, the PtDs/gdsDNA/rGOhybrid exhibited
a constant mass activity for the ORR over a wide pH

range (pH = 1�13). Given that the ORR catalytic activity
has been the rate-determining step in electrochemical
energy devices, all those exceptional properties
make us believe that PtDs/gdsDNA/rGO hybrid can
be utilized in next generation electrochemical energy
devices.

EXPERIMENTAL SECTION

Preparation of the PtDs/gdsDNA/rGO Hybrid and Pt/rGO Catalyst. The
details of preparation processes for gdsDNA, GO and gdsDNA/
GO are given in the SI. The synthesis of the 20 wt % PtDs/
gdsDNA/rGO hybrid was achieved by mixing 106 mg of
H2PtCl6 3 6H2O (ACS reagent, g37.50% Pt basis) with 54 mL of
a gdsDNA/rGO suspension followed by incubation at room
temperature for two days with vigorous stirring. To this mixture
a 50mL sodiumborohydride solution (5mg/mL)was added and
the reaction mixture was allowed to reduce at room temperature
for two days with continuous stirring. The resulting solution was
purified by dialysis through cellulosemembranes to remove free Pt
ions and sodium borohydride. For the synthesis of the 20 wt % Pt
nanoparticles/rGO (Pt/rGO), the sameprocedurewas followed,with
a GO dispersion instead of a gdsDNA/rGO suspension.

Physical and Chemical Characterization. The DNA sample was
prepared by dropping an extracted gdsDNA solution onto to a
Si surface. Atomic force microscopy (AFM) images were recorded
using an AFM, Bruker-N8 NEOS. Fourier transform infrared (FTIR)
spectra were recorded in KBr pellets using a Bruker FTIR. Measure-
ments of micro Raman spectra were carried out using a Senterra
Raman Scope system with a 532 nm wavelength incident laser
light and power 20 mW. The morphologies of the synthesized
materials were characterized using a field-emission SEM (FESEM,
JEOL, FEG-XL 30S) with an acceleration voltage of 5 kV. TEM and
HRTEM observations were carried out using a JEM-2200FS (Cs-
corrected STEM) electronmicroscopewith an accelerating voltage
of 200 kV. The HRXPS analysis was performed with an ESCALAB-
220I-XL (Thermo-Electron, VG Company) system.

Electrocatalytic Measurements. All electrocatalytic experiments
were performed using a glassy carbon RDE (Bio-Logic Science
Instruments) connected to a VSP-Modular 2 Channels Potentio-
stat/Galvanostat/EIS. A three-electrode-system consisting of a
modified GCE (3 mm in diameter) as the working electrode, Ag/
AgCl (3 M NaCl) as the reference electrode, and a Pt wire as the
counter electrode was used. All potentials were converted to
values with reference to RHE. In order to perform the RHE
conversion, the thermodynamic potential for the hydrogen
electrode was obtained using cyclic voltammetry. From cyclic
sweeps at a rate of 1 mV/s, the average of the two potentials at
which the current crosses zero was taken to be the thermo-
dynamic potential for the hydrogen electrode reaction. All
reagentswere of analytical grade andwere usedwithout further
purification. Deionized (DI) water was used to prepare all
solutions. The electrolyte was 0.1 M HClO4 aqueous diluted
from 70% HClO4 (Baker, ACS Reagent grade) using DI water. pH
curves were obtained by measuring the catalysts ORR mass
activity in O2-saturated solutions at various pH. The pH was
adjusted by adding the required amount of either HClO4 or
NaOH during the preparation of the solutions.

Further details for the sample synthesis, preparation, and
electrochemical measurements can be found in the SI.
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