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Abstract Manganese oxide-modified graphene
nanosheet-supported silver nanocatalyst (Ag-MnO,/G)
was prepared via two-step chemical and electrochemical
deposition. Surface characterization of the prepared Ag-
MnO,/G catalyst was performed by X-ray photoelectron
spectroscopy, scanning electron microscopy, as well as X-
ray fluorescence techniques, and the electrocatalytic activ-
ity toward the oxygen reduction reaction (ORR) in alka-
line media was studied using cyclic voltammetry and the
rotating disk electrode (RDE) method. The onset potential
of the ORR of the prepared catalyst material shifted pos-
itive about 40 mV, and the half-wave potential 20 mV
compared to those of the bulk Ag electrode. After 1000
potential cycles between 0.05 and 1.1 V for accelerated
aging tests, high stability of the Ag-MnO,/G catalyst in
the ORR was observed with the half-wave potential of the
ORR shifting negatively only about 0.04 V. RDE studies
displayed unconditional improvement of electrochemical
activity and long-term durability for the Ag-MnO,/G
composite material.
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Introduction

Cutdown of the amount of platinum metal in catalyst content
and development of new catalytic materials for clean energy
applications is under extensive research attention. Establish-
ment of noncorrosive, platinum-free inexpensive
electrocatalyst for oxygen reduction reaction (ORR) is crucial
in modern fuel cell development [1, 2]. Intense research activ-
ity in last decade yielded considerable amount of high surface
area carbon-based composites [3—5]. Among the numerous
non-Pt catalyst candidates toward the ORR, such as other
precious metals and their alloys [6, 7], metal macrocycles [8,
9], N-containing high-area carbon [10—17], and different tran-
sition metal oxides, especially manganese oxides intercalated
to carbon-based composites demonstrated itself as promising
cathode materials for fuel cells [18-24]. Manganese oxide
(MnOy) is one of the most promising alternatives with consid-
erable catalytic activity toward the ORR with up-and-coming
advantages, such as wide natural abundance, low cost, and
environmental friendliness [25-28]. Surface morphology of
MnO,-based catalysts is an important influential factor to their
electrochemical properties [29]. Earlier results show that the
electrocatalytic activities of MnO, toward the ORR depend
strongly on the crystallographic structures, following an order
of 3-MnO,<A-MnO,<y-MnO,<x-MnO,~6-MnO, [30]. The
ORR activity at different manganese oxides follows trend:
Mn;0g<Mn;0,<Mn,0;<MnOOH [31, 32].

On the other hand, silver is also a promising catalyst for
ORR [33]. Being less expensive than Pt silver has shown
relatively high ORR activity and stability in alkaline electro-
lyte, and now, it is considered as feasible alternative to replace
platinum in cathode catalysts for fuel cells [34-37]. According
to earlier studies, Ag has been proven relatively stable in al-
kaline electrolytes at a wide range of temperatures [38—41].
Wu and coworkers obtained 23 times higher mass activity on
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the Ag—MnO,/C composite than on the Ag/C (46 vs 2 mA/
pg) [42]. Silver has shown high electrical conductivities, es-
pecially when supported on conductive supports, such as
graphene and carbon, yielding enhanced surface area of active
sites [43, 44]. Chatenet et al. studied electrochemical behavior
of carbon-supported silver catalysts in alkaline electrolytes
and compared its electrocatalytic activity with that of Pt/C.
Their study confirmed that the ORR mechanism on carbon-
supported Ag in alkaline media shows many similarities with
that on Pt/C [45]. Fazil et al. tested carbon nanotube (CNT)-
supported Ag catalysts in a fuel cell, and 40 wt.% Ag/CNT
showed high activity with peak power density of 26.1 mW/
cm” [46]. The influence of metal loading on Ag/C catalyst was
studied, and the optimum loading of silver was found to be
around 20 wt.%, while further increase in metal loading de-
creased the catalyst performance [47]. The predominance of
the 4-electron ORR pathway on Ag/C is widely recognized;
nevertheless, many reports conclude that small amount of hy-
drogen peroxide could still be produced as an intermediate
[35, 41, 48].

The presence of Ag" ions in MnO, structure has been dem-
onstrated to offer high activity in CO oxidation [49], and ex-
cellent performances in other catalytic processes due to the
large surface area and abundant lattice of Ag-MnO, compos-
ites [50-53]. Kostowskyj et al. prepared carbon nanotube-
supported silver-manganese oxide nanowires with very low
loading (1.82 mg nanowires/500 mg CNTs), and they had a
comparable activity to that of several bulk catalysts studied in
literature [51]. Although excellent catalytic properties were
found in different applications, the electrochemical properties
of Ag-MnO, composites have seldom been studied in detail.

This paper reports a systematic study on the electrochem-
ical properties of Ag-MnO,/graphene-based nanostructure as
low-cost catalysts for oxygen reduction reaction in alkaline
media. Ag-MnO,/graphene composites have been prepared
using MnSO,4 and KMnQ, as the precursors, and the catalytic
activity and stability of the prepared catalysts toward the ORR
in 0.1 M KOH solution have been studied and compared with
the bulk Ag and Pt electrodes in detail.

Experimetal
Preparation of Ag-MnO,/Graphene Electrocatalyst

The graphene nanoplatelets (Sgpr=750 m?/g, an oxygen con-
tent of <2 wt.%, and a carbon content of >98 wt.%) were
bought from Strem Chemicals, Inc. All the other chemicals
were of analytical reagent grade and used as received without
any further treatment. All the aqueous solutions and suspen-
sions used were prepared using Millipore ultrapure water
(18.2 MS2 cm).
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The manganese oxide nanoparticles were chemically de-
posited onto graphene surface as follows [54-57]: 0.12 g of
graphene was mixed with a 2 mL of an aqueous solution
containing 10 mM MnSO, (Aldrich). The suspension was
maintained at 80 °C for 20 min under stirring, in order to allow
impregnation of the graphene surface by manganese sulfate.

A 4-mL aqueous solution, containing 33 mmol of KMnO,
(Merck) preheated to 80 °C, was added to the suspension
during vigorous stirring. Suspension was stirred for 15 min
at 80 °C and then filtered and washed 3 times with water.
Product was dried at 100 °C for 4 h.

Corresponding mass ratios in the obtained MnO,/G mate-
rial were 60 mg of graphene to 40 mg of Mn (60 % graphene
and 40 % Mn). MnSOy is oxidized by the permanganate in the
presence of graphene according to the following chemical
reaction [54]:

2KM1’104 + 3MHSO4 + 2H20—>5Mn02 + 2H2804 + KzSO4 (1)

For preparation of catalyst ink 10 mg of MnO,/G was
suspended in 4 mL of 0.5 wt.% Nafion (Aldrich) solution in
ethanol by sonication for 15 min. Five microliters of this sus-
pension was transferred to the polished glassy carbon (GC)
electrode surface (4=0.196 cm?) by pipetting and dried for
5 min at 60 °C. Ag was electrodeposited onto the MnO,/G-
modified GC electrode surface from 1 mM AgNO; solution
containing 0.1 M KNOj3. The electrodeposition experiments
were carried out in a three-electrode cell with MnO,/G-mod-
ified GC as working electrode, Pt wire as counter electrode,
and saturated calomel electrode (SCE) as a reference elec-
trode. The potential of —0.5 V versus SCE was applied for
30s.

Surface Characterization

For surface morphology studies, catalyst samples were pre-
pared by modification of GC electrode with MnO,/G powder
suspension in 2-propanol (10 mg in 4 mL) followed by sub-
sequent Ag electrodeposition. The appearance of electro-
chemically deposited Ag particles on MnO,/G was confirmed
by scanning electron microscopy (SEM). Energy-dispersive
X-ray spectroscopy (EDX) was used to quantitatively identify
distribution of silver and manganese oxide particles on
graphene support surface. X-ray photoelectron spectroscopy
(XPS) and X-ray fluorescence (XRF) techniques were applied
to gain more information about the catalyst surface composi-
tion. The XPS measurements were performed with a SCIENTA
SES-100 spectrometer using non-monochromatized Al Ko X-
ray source (1486.6 eV), a takeoff angle of 90°, and a source
power of 400 W. The pressure in the analysis chamber was less
than 10~ Torr. For collecting the survey spectra, the following
parameters were used: energy range 800-0 eV, pass energy
200 eV, and step size 0.5 eV. In specific regions, high-
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resolution scans were performed with the pass energy of
200 eV and the 0.1-eV steps. The nominal Mn,O5 and Ag film
thicknesses were measured by X-ray fluorescence spectrometer
Rigaku ZSX 400 and program ZSX Version 5.55.

Electrochemical Measurements

The potential was applied with an Autolab potentiostat/
galvanostat PGSTAT30 (EcoChemie B.V., The Netherlands),
and the electrochemical experiments were controlled with the
General Purpose Electrochemical System (GPES) software.
Cyclic voltammetry (CV) tests were performed in a three-
electrode glass cell, where reversible hydrogen electrode
(RHE) was used as a reference electrode and a Pt foil as a
counter electrode. The GC disk electrode coated with catalyst
ink served as working electrode. GC disks (GC-20SS, Tokai
Carbon) were pressed into a Teflon holder and were polished
to a mirror finish with 1- and 0.3-pum alumina slurries
(Buehler). After polishing, the electrodes were sonicated in
isopropanol and Milli-Q water for 5 min.

Supporting electrolyte comprised 0.1 M aqueous KOH
(p-a. quality, Merck) solution, which was saturated with Ar
(99.999 %, AGA) or O, gas (99.999 %, AGA). Rotating disk
electrode (RDE) measurements were carried out at various
electrode rotation rates (w) using RDE setup with CTV101
speed control unit and EDI101 rotator (Radiometer).

The RDE results of O, reduction were compared with those
obtained with the bulk Ag and Pt electrodes under the same
measurement conditions. The potential scan rate (v) used for
the oxygen reduction measurements was 10 mV/s, and for
stability testing 20 mV/s.

Results and Discussion
Surface Characterization of Ag-MnQ,/G Catalyst

SEM images of the unmodified graphene, MnO,/G support,
and Ag-MnO,/G catalyst deposited on GC are shown in
Fig. 1a, b, c, respectively. Aggregates of submicron graphene
nanoplatelets with a diameter of <2 um and a thickness of a
few nanometers are clearly seen in Fig. 1a. The surface mor-
phology of the MnO,/G support material is quite similar to
that for pure graphene nanosheets; however, after local mag-
nification, thin layer of metal oxide distributed all over the
graphene support can be distinguished. Figure 1c shows that
the Ag particles for the Ag-MnO,/G catalyst are the aggre-
gates of the nanoparticles, which are about 12 nm. Meanwhile,
the electrodeposited Ag nanoparticles are not distributed uni-
formly, and some uncovered MnO,/G support surface sites are
present. The EDX analysis revealed the atomic composition of
the catalyst material, and 4.6 wt.% of silver and 9.4 wt.% of
manganese were obtained.

In order to further investigate the valence states of Mn and
Ag on the surface of the prepared catalyst material, the XPS
experiments were performed on the Ag-MnO,/G, and the re-
sults are shown in Fig. 2. The binding energies (BE) of
Mn2p;,, and Mn2p,,, are 641.9 and 653.2 eV, respectively,
which shows that manganese consists of a mixture of Mn*"
and Mn*" (inset to Fig. 2). Although the average oxidation
states of manganese cannot be determined from analyses of
Mn2p binding energies [58], still, the XPS spectra of Ols has
three separate peaks at 528.8, 530.6, and 532.5 eV. These BE
values can be attributed to three different types of oxygen
bonding, where 528.8 eV corresponds to the binding energy
of oxygen bonded to manganese, 530.6 eV corresponds to
activated oxygen adsorbed on the surface of the catalyst, and
532.5 eV corresponds to adsorbed water and —OH groups
[59]. The Ag3d transition peaks were also evident at BE
values of 368 eV for Ag3ds, and 374 eV for Ag3d;), (inset
of Fig. 2), which are typical for Ag" and Ag?" clusters [59,
60].

Complimentary XRF measurements revealed that the nom-
inal Mn, 05 layer thickness was 9—-10 nm, and the thickness of
Ag was 5 nm. The Mn/O mass thickness ratios for Ag-MnO,/
G samples were 2.32, when theoretical mass thickness Mn/O
ratio for Mn,0O5 is 2.29.

Cyclic Voltammetry

For the electrochemical characterization of the catalysts, the
cyclic voltammetry (CV) curves for the Ag-MnO,/G and
MnO,/G modified GC, bulk Ag, and bulk Pt electrodes were
recorded with a scan rate of 0.05 V/s in the potential range
between 0.05 and 1.4 V in Ar-saturated 0.1 M KOH solution
and presented in Fig. 3. For all Ag-containing catalysts, the
cathodic silver surface oxide reduction peaks in the potential
range between 1.0 and 1.2 V were evident. These cathodic
peaks are assigned to the transformation of silver oxides to
metallic silver that exist for Ag-MnO,/G and Ag/G-modified
GC and bulk Ag electrodes. This peak for Ag-MnO,/G cata-
lyst is relatively weak, which is attributed to the smaller
amount of Ag electrodeposited on the MnO,. A pair of redox
peaks observed at approximately 1.0 and 0.55 V, respectively,
are associated with the formation of MnOOH from MnO,
[61]. For MnO,/G-modified GC electrode, another reduction
peak was well defined at approximately 0.7 V. It was previ-
ously stated that first, the reduction of O, to HO, takes place
at approximately 0.7 V and the electrochemical transition of
HO, to OH takes place at more negative potentials [62].

Rotating Disk Electrode Studies of O, Reduction
RDE measurements were performed to determine the predom-

inant pathway of oxygen electroreduction. For the RDE ex-
periments, the pure Faradic current under O, was obtained by
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Fig. 1 SEM images of a pure graphene nanosheets, b MnO,/G, and ¢ Ag-MnO,/G-modified GC electrodes

subtraction from the background current obtained under argon
in the same voltammetry sweep condition. ORR polarization
data recorded with the Ag-MnO,/G composite catalyst in
0.1 M KOH at an RDE are shown in Fig. 4a.

RDE results were analyzed using the Koutecky—Levich
(K-L) equation [63]:

11 1 1

_:_+_:_ b - 2/3 (2)
JoJk Ja nFkCh 0.62nFDYP v 1/6Ch, !/
2 2

where j is the measured current density, j and j4 are the kinetic
and diffusion-limited current densities, respectively, & is the
electrochemical rate constant for O, reduction, Dy, is the dif-
fusion coefficient of oxygen (1.9x10” cm?/s) [64], C’(’)2 is its
concentration in the bulk (1.2x10°° mol/cm®) [64], and v is
the kinematic viscosity of the solution (0.01 cm?/s") [65].
The K-L plots of O, reduction on Ag-MnO,/G composite
are shown in Fig. 4b. The K-L lines are parallel, and the
extrapolated lines yield intercepts other than zero indicating
that the process of oxygen reduction is under the mixed kinet-
ic—diffusion control in the range of potentials studied. The
number of electrons transferred per O, molecule (n) was
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Fig. 2 XPS spectra for Ag-MnO,/G-modified GC electrodes (insets
show the core-level spectra in the Mn2p and Ag3d regions)
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calculated from the slope of the KL lines shown in the inset
of Fig. 4b.

The catalytic activity and diffusion current density values
for the Ag-MnO,/G composite are much higher than that of
Ag/G and MnOx/G composites due to the intrinsic synergy of
silver and manganese oxide. The ORR limiting current densi-
ty at 1900 rpm on Ag-MnO,/G catalyst was approximately
5.51 mA/cm?, which is similar to that of bulk Ag and higher
than Ag/G and MnO,/G composites (4.45 and 4.47 mA/cm?,
respectively), but slightly lower than that of the bulk Pt elec-
trode (6.15 mA/cm?). The onset potential for Ag-MnO,/G was
approximately 0.9 V, which is very close to that for bulk Pt
(0.95 V). Two distinct Tafel slopes in two potential regions
(0.9>E>0.8 V and 0.8>E£>0.7 V) were found for all catalyst
under study (Table 1). For Ag-MnO,/G catalyst material, the
slope values were —0.057 and —0.122 V per decade at low and
high overpotentials, respectively, which indicates that the
ORR mechanism is similar to that on platinum. Wu et al.
presented similar results for Ag—MnO,/C composites, the
Tafel slope values were about —55 and —120 mV/dec at low
and high overpotentials, respectively [42]. The comparable
Tafel behavior for the electrodes studied was also obtained
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£
o
< 4f ]
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= —-—-MnOx/G ¥
----- bulk Ag : 1
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Fig. 3 CV curves of Ag-MnOx/G, MnO,/G-modified GC, and bulk Pt
and Ag electrodes in Ar-saturated 0.1 M KOH, v=50 mV/s
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Fig. 4 a ORR polarization
curves for Ag-MnO,/G catalyst in
O,-saturated 0.1 M KOH at
different electrode rotation rates,
b Koutecky—Levich plots of O,
reduction in 0.1 M KOH at
different potentials (inset the
dependence of n on potential).
Data derived from Fig. 4a, ¢ RDE
voltammogram comparison for
GC, graphene, MnO,/G, Ag/G,
bulk Ag, Ag-MnOx/G, bulk Pt in
O,-saturated 0.1 M KOH, rotation
speed: 1900 rpm, v=10 mV/s. d
The corresponding Tafel plots of
O, reduction in 0.1 M KOH
(derived from c¢)
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by Tang et al. indicating that the ORR mechanism is the same,
where the one-electron transfer is the rate-determining step at
low overpotentials and the two-electron transfer reaction is the
rate-determining step at the higher overpotentials [52].

The as-prepared Ag-MnO,/G composite exhibits an onset
potential of ~0.9 V and an overall 4-electron transfer involved
in the ORR, indicating its potential application as the cathode
catalyst for alkaline membrane fuel cells. The superior ORR
activity of Ag-MnO,/G catalyst could be explained by the
introduction of Ag nanoparticles which may promote the ad-
sorption of oxygen due to induced defects by forming Ag—O
—Mn bonds [59]. On the basis of the onset potential values, the
intrinsic ORR activity of the Ag-MnO,/G composite appears
to be higher than that of the Ag catalyst.

Degradation Test of Ag-MnO,/G Catalyst
Long-term stability of the prepared catalyst is very important

for its application in fuel cells. A repetitive potential cycling
was applied to investigate the stability of the Ag-MnO,/G

composite toward the ORR. Figure 5 shows the ORR polari-
zation curves before and after 1000 potential scans. Proximity
of these RDE voltammetry curves indicates a high stability of
the catalyst studied. The half-wave potential (£;/,) value de-
creased from 0.72 to 0.68 V vs RHE after the long-term cy-
cling under harsh electrochemical conditions. Ag-MnO,/G
composite revealed itself as a stable electrocatalyst for ORR.
Inset of Fig. 5 represents a pattern of CV curves during 1000
potential cycles. After each 100 cycles, the area under the CV
peak changes fractionally but insignificantly. As indicated by
the CVs, the Ag-MnO,/G catalyst showed no loss in silver
oxide reduction current and maintained significant durability
during repeat potential cycling. High durability of Ag-MnO,/
G catalyst was explained by ability to minimize the formation
of hydrogen peroxide. Low HO, production may be due to
unique morphological and electronic structures of this com-
posite material. On the one hand, the electron transfer from
carbon to MnOy is evident, the resulting positively charged
surfaces on the adjacent C atoms would establish favorable
sites for the side-on O, adsorption and facilitate the direct

Table 1 Kinetic parameters for

oxygen reduction on Ag-MnO,/ Electrode Tafel slope (V/dec) *Region 1 Tafel slope (V/dec) *Region 11 E\n (V)

G, MnO,/G modified GC, bulk

Pt, and Ag electrodes in 0.1 KOH Ag-MnO/G —0.057 —0.122 0.72
MnO,/G —0.096 —0.104 0.67
Bulk Pt —0.055 —0.104 0.77
Bulk Ag —0.085 —0.113 0.70

*Region I (0.9>E£>0.8 V), region II (0.8>£>0.7 V)
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Fig.5 Comparison of RDE polarization curves of oxygen reduction for a
Ag-MnOx/G-modified GC electrode before and after 1000 scans in O,-
saturated 0.1 M KOH, v=10 mV/s, and rotation speed: 1900 rpm. Inset
shows long-term CVs of Ag-MnOx/G-modified GC electrode in Ar-
saturated 0.1 M KOH. v=50 mV/s

reduction of oxygen to OH ™ via a four-electron process [66].
On the other hand, highly dispersed Ag and MnOy nanoparti-
cles with close proximity to each other (approximately <2—
3 nm) can provide an ensemble effect acting as a bifunctional
catalyst, where these different particles complement each oth-
er by catalyzing different oxygen reduction reaction steps (4-
and 2-electron reductions), according to previous results for
metal-metal oxide composites for ORR [67]. In this way, the
HO,  intermediate generated on the Mn;O, surfaces can eas-
ily diffuse to the neighboring Ag surfaces or the Ag—MnOy
interface, where it can undergo prompt disproportionation into
OH™ and O, for further oxygen reduction with this hybrid
catalyst [68]. Among the formation of H,O,, another reason
of activity lost for Ag-MnO,/C catalysts can be related to the
formation of manganese carbonates, and their sizes signifi-
cantly increase to a few nanometer. In addition, their disper-
sion over the carbon surface is no longer homogeneous. More-
over, the carbon-supported Ag-MnO, nanoparticles are
attacked by the alkaline solution. Manganite (Mn'") is soluble
in alkaline solution, whereas carbon and silver should be sig-
nificantly more stable; however, some corrosion of even
graphitized carbon might occur in alkaline electrolyte [69].
Dissolution of Mn"" (which confers good ORR activity) im-
plicates the decrease of overall electrocatalyst activity [70].

Conclusion

Silver nanoparticles supported on MnOx/graphene compos-
ites were prepared using a simple electrodeposition technique.
According to physical characterization, Ag nanoparticles with
diameter of 4 nm were uniformly deposited over 9—-10-nm
thick MnOy layer on graphene. The synthesized Ag-MnO,/
G nanocomposites demonstrated a higher ORR activity than
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bulk Ag electrode. The reduction of oxygen on the prepared
composite catalyst proceeds via a four-electron pathway in
alkaline media, avoiding the formation of hydrogen peroxide.
The RDE results show that the oxygen reduction onset poten-
tial of the Ag-MnO,/G catalyst shifts positively by 100 and
120 mV compared with that of Ag/graphene and MnO,/
graphene composites, respectively. The electrocatalytic activ-
ity of the Ag-MnO,/graphene composite improved compared
with that of bulk Ag. The RDE results indicate that the Ag-
MnO,/graphene composite is a promising cathode catalyst for
alkaline membrane fuel cells. Electrodeposited silver nanopar-
ticles significantly improve the electrocatalytic activity of
MnO,/graphene nanocomposite by enhancing the conductiv-
ity and increasing abundant active sites for the ORR process.
The Ag-MnO,/G catalyst showed also a remarkable stability
in alkaline media. All these findings demonstrate that the Ag-
MnO,/graphene composite would be a promising candidate
for non-Pt cathode catalysts in alkaline fuel cells.
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