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Firstly, manganese dioxides were electrodeposited graphite electrode by cyclic voltammetry (CV)
from an aqueous solution of 0.1 M J80, containing 5 mM MnSQ and then the palladium (Pd)
particles were prepared onto the resultant Ml a potentiostatic method. Scanning electron
microscopy (SEMpndenergy dispersive X-ray analysis (EDX) were usednaracterize the resultant
samples, and it is demonstrated that Pd coated ,Mi@nposites (denoted as Pd/Mi)iCare
successfully fabricated for the first time. Lastlye Pd/MnQ modified graphite electrode is employed
toward oxygen reduction reaction (ORR), revealimg the catalysis of Pd/Mn@omposites for ORR

is superior to that of the pure Mp@aterial. Also, the possible catalysis mechani$rRddMnQ; for
ORR is proposed based on our data. Presenting al moaterial of Pd/Mn@ and verifying its
electrocatalysis for ORR are the main contributiohthis preliminary work.

Keywords: Cyclic voltammetry (CV); Manganese oxides; Pallediparticles; Oxygen reduction
reaction (ORR).

1. INTRODUCTION

Recently platinum (Pt) nanoparticles [1-3] have rbeddely investigated due to its key
applications in fuel cell. However, the high loagliof Pt in electrodes is a critical obstacle limgtithe
wide commercialization of fuel cells [4, 5] sincei® scarce and expensive. Thus, non-platinum based
catalysts used in fuel cells were greatly explongtth an intention to find an ideal candidate for Pt
Among these candidates reported so far, palladiamictes, especially in alkaline media, were
recognized as the ideal non-platinum catalystsoforgen reduction reaction (ORR) [6], methanol
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oxidation reaction (MOR) [7], and ethanol oxidatiogaction (EOR) [8]. For example, Zhang [9]
synthesized carbon-supported Pd—Co alloy elecabsts, and found that the optimal heat-treatment
temperature in the synthesis of Pd-Co alloys wa® 30 Wong [10] reported the preparation of
palladium nanoplates array (PdNPA) directly grownaogold substrate, and addressed that PANPA
electrode showed extraordinary electrocatalytiovaigttowards MOR.

To immobilize Pd particles on a surface, also tetrtee commercialization demand, many
substrates were utilized to anchor Pd particles.ifistance, Takasu [11] prepared Pd particles anto
glassy carbon electrode, and then probed its casalgr the oxidation of formaldehyde. Abrantes][12
studied the electrochemical nucleation and growticgss of palladium particles on polyaniline by
chronoamperometry, topographic and phase-mode at@rgce microscopy (AFM). Stimming [13]
investigated the electrochemical reactivity of naslands of palladium on Au (111) towards hydrogen
reduction, in which some negative results wereinbth Howbeit, to the best of our knowledge, so far
there is no paper reporting the immobilization dfffarticles onto Mn@

Oxygen reduction reaction (ORR) is the employedhad¢ reaction in all kinds of fuel cells
including proton exchange membrane fuel cell (PEME@ect methanol fuel cell (DMFC) and direct
ethanol fuel cell (DEFC), therefore, developingatggts for ORR has become into an interesting
research field recently. In 1973, the phenomenan tilenganese oxides can catalysis ORR has been
reported by Zoltowski [14]. Recently, Mao [15] dt pointed out that—MnOOH exhibited the best
catalysis for ORR among the employed manganeseesxide., MpO3;, Mn;O, and MnrQOsg, by
investigating the catalysis of different kinds oAmganese oxides towards ORR. Also, we did some
works on the electrochemical preparation and agidinos of MnQ [16-19], and strongly supported
that MnQ has catalysis towards ORR. However, the exactyssgamechanism of manganese oxides
towards ORR still remains suspended owing to tbk ¢d direct proofs. Thus, improving the catalysis
performance of manganese oxides towards ORR armdie tasks for electrochemistry researchers,
e.g., very recently, Prof. Ohsaka [20] electrodépdsgold nanoparticles onto a manganese oxide-
modified glassy carbon electrode, generating arvVilh@»-modified glassy carbon electrode, from a
0.5 M NaSQ, solution containing 1.0 mM Na[Auglby liner sweep voltammetry (LSV) method
rather than a potentiostatic method. To our knogdedo far, no paper about the palladium particles
modified manganese oxides, i.e., Pd/Mn®as published.

In this work, cyclic voltammetry (CV) was employedthe preparation of manganese oxides,
and then palladium particles were electrodeposietb the surface of the resultant Mn®y a
potentiostatic method, forming a Pd/Mn@m. SEM images and EDX spectra demonstrated ahat
Pd-modified MnQ was successfully prepared by our proposed metltasily, the obtained Pd/Mn©
coated graphite electrode was employed for ORRcartidg that the electrocatalysis performance of
Pd/MnQx-coated graphite electrode was superior to thathef MnQ-modified graphite electrode,
implying that it is possible to use this Pd/Mn€é@mposite material to modify the electrode usefui@t
cells. The possible mechanisms were investigateddsing electrochemical impedance spectroscopy
(EIS), and the catalysis of Pd/Mp@omposite towards ORR was also proposed.
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2. EXPERIMENTAL PART

2.1 Chemicals

The graphite electrode employed was procured framjiii Aida Co., Ltd (China). Manganese
sulfate, sodium sulfate and other reagents werairgda from Tianjin Chemical Reagent Co. Ltd
(China). All chemicals were used as received withfother purification and all aqueous solutions
were prepared using redistilled water.

2.2 Characterization

Scanning electron microscopy (SEM) was performeda éfitachi (S-570) micro-scope (Japan)
operated at 20kV. Electron dispersive X-ray analygiDX, PV-9900, USA) was analyzed by a WD-
8X software established by Wuhan University (Chir@yclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were conducted onle668B electrochemical workstation (Shanghai
Chenhua Apparatus, Chin&IS measurement was performed in the frequencyerérogn 1 to 10 Hz
with an amplitude of 5 mV.

2.3 Preparation of Pd/ Mn£&modified graphite electrode

The preparation of manganese oxides was carriedoaua CHI 660B electrochemical
workstation (Shanghai Chenhua Apparatus, China)hected to a personal computer. A three-
electrode configuration was used, in which a gr@pélectrode (diameter is 6 mm) was used as the
working electrode, a platinum foil (area is 1 %nas the counter electrode and saturated calomel
electrode (SCE) as the reference electrode.

The graphite electrode was polished with ultrafi€ paper, degreased with acetone and
cleaned with distilled water successively. And thiee graphite electrode was electrochemically
cleaned in a solution of 0.5 M,BQ,, i.e., potential scanning was applied to the gteptiectrode in
the potential range from -0.2V to 1.2 V versus S&& & scan rate of 100 mV,sduring which a wire
of platinum and a saturated calomel electrode (S@Eje utilized as the counter and reference
electrode, respectively. Prior to the further measient, the well-treated electrode was washed again
by redistilled water in an ultrasonic bath, ancdrat room temperature.

Manganese oxides were electrodeposited onto a itgaglactrode at room temperature from an
aqueous solution of 0.1 M NaO, containing 5 mM MnS®by CV, the potential sweep rate was 20
mVs?, the potential range was from 0.4 V to 1.5 V verSCE. After electrodeposition, the MO
modified graphite electrode (denoted as Mim@dified graphite electrode) was thoroughly rinksd
redistilled water and dried in air.

Electrodeposition of palladium particles onto then®4-modified graphite electrode was
performed by a potentiostatic method, i.e., thetedele potential of Mn@modified graphite was kept
to at -0.3 V vs SCE for 300 s in a 0.1 M,N@&) solution containing 5 mM MnS£and 5 mM PdGlI

Prior to ORR experiment, the electrolyte of 0.1 8O, was purged by nitrogen gas for 20
min, and then it was bubbled with oxygen gas foleast 20 min to form a oxygen-saturated 0.1 M
Na;SO, solution, as described in our previous work [21].
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Figure 1. CVs obtained on a graphite electrode in 0.1 M@ aqueous solution containing 5 mM
MnSQ, at 20 mV & for 15 cycles.

3. RESULTS AND DISCUSSION

3.1 Preparation of Pd/Mn@modified graphite electrode

Typical cyclic voltammograms (CVs) obtained in a,8@, solution with 5 mM MnSQ@ are
presented in Fig. 1. It can be seen that both xiaton peak current and the reduction peak ctirren
are greatly enhanced with the potential scannirmgeayumber. As shown in Fig. 1, the oxidation peak
is more shaper than its corresponding reductioR,pesa, the oxidation peak and its reduction paisk
not symmetrical. For example, for the first cydlee oxidation peak current is about 2.34 mA and its
peak potential is located at around 1.15 V vs S@le its corresponding reduction peak potential is
about 0.72 V with a peak current of around 1.99 niAeoretically, for the one-electron involved
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reversible electrochemical reaction, the potemstgdaration, i.e., Ey( Eg=EpaEpc, in Which Bais the
anode peak potential and.Ehe cathode peak potential), should be 59 mV, thadratio of anodic
peak current () to the cathodic peak current,fl should be close to unit [22], therefore, it is
reasonable to conclude that the electrochemicadativin reaction of Mfi is a quasi-reversible
reaction rather than a reversible one. Based oprdndous report [23], As it is known, it is easyr f
Mn®* to disproportionation in water, forming Kfnhand MnQ, i.e., Mf" Mn*', and then,
2Mn**+2H,0  Mn?* +MnO,+4H", especially in the neutral or acidic solution, sha typical EC
process (i.e., an electrochemical reaction follovblgda chemical reaction) was displayed in the
electrochemical oxidation of Mh process as shown in Fig. 1. Thus, we can attribeebroad
reduction peak and the attenuated reduction peakriuto the disproportion of Mf that is to say,
Mn®*" was consumed by the following chemical reactideading to the formation of manganese
dioxides on the surface of the graphite electr@dé. [

5000

|/

E/V (vs. SCE)

Figure 2. CVs obtained on a graphite electrode in 0.1 M@ aqueous solution containing 5 mM
MnSQ, at various scan rates. As shown by the arrow,sttem rate are 50,100, 150, 200 mMVs
respectively.
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CVs of Mrf* at different scan rates are shown in Fig.2. It lsarseen that with the increase of
potential scan rate, the oxidation peak currend, e reduction peak current are greatly increased.
And a well-defined linear relationship between dxiation peak current and the square root of scan
rate was acquired (data was not shown here), stiggekat the electrochemical oxidation reaction of
Mn?* was dominated by a diffusion-controlled processoAit is can be seen that with the increase of
potential scan rate, the oxidation peak potented wositively shifted greatly, i.e., the electrauieal
oxidation of M* became more difficult as the potential scan rats mcreased, indicating that the
polarization potential of the working electrode wasreased probably due to the formation of MnO
on the surface of the graphite electrode. Thusprdatg to the oxidation peak potential, it can be
confirmed that manganese dioxides were formed erstinface of the graphite electrode.

10

I/mA

0 L | L | L | L | L | L | L | L

-50 0 50 100 150 200 250 300 350

Time/s

Figure 3. Curve of current against time when the electroatergial of working electrode was kept to
be -0.3 V vs. SCE for 300 s.

The potentiostatic plot, i.e., the curve of curragainst time, is presented in Fig. 3 clearly. It
should be noted that when an electrochemical remlues expected, the electrode potential of the
working electrode must be controlled to be a negapiotential value compared to the open circuit
potential (OCP). Here, in this preliminary workfeafmany attempts, -0.3 V was employed since the
OCP of the Mn@modified graphite electrode is close to 0 V vs S@@Editionally, it should be
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mentioned that the current exhibited in Fig. 3nis turrent existing between the working electrode o
MnO.-modified graphite electrode and the auxiliary &#tede. From Fig. 3, it can be seen that in the
duration time, the current decreased dramaticalheeially at the beginning part of I-t curve, ahdrt

a steady current plot was exhibited. Interestintiigre is a small current peak at 2.5 s with aemrr
value of about 3.0 mA, indicating that probablyrthes a nucleation formation process corresponding
to the reduction of Pd, i.e., Pd'+2e Pd [5]. More interestingly, for the steady part ofdttrve, the
current value gradually increased with the duratiore rather than attenuation. For example, ats00
the current is 1.02 mA, while at 200 s the curient.14 mA, implying that some substances with
higher conductivity were formed on the surfacelsd MnG-modified graphite electrode. Therefore,
Fig. 3 strongly verified that some substances vpeepared on the resultant Ma@hodified graphite
electrode, though there are many modes to exgiaimiicleation formation process [26].

3.2 Characterization of Pd/Mnzomposite materials

Fig. 4 is the images for the obtained samples. éwags the image of the pure Ma@ which
irregular particles were observed, similar to thgarted images of MnJ27]; image B is the image of
the Pd-coated MnOin which some black dots are exhibited on theam&fof MnQ. The inset of
image B is the magnified image B, in which maguifldack dots-like particles are clearly observed.
Fig. 4 demonstrates that some substances were doomé¢he surface of the resultant Mnéiter the
potentiostatic electrodeposition process as desdii Fig. 3.

A B

042401 3,0V 1.9mm x10.0k SE(U) 4242000 0955 5.00um

Figure 4. SEM images of the obtained samples. Image A: Mit@age B: Pd-coated MnOThe inset
is the magnified image B.
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Figure 5. EDX spectra for the obtained samples. Line A: MriDe B: Pd-coated Mn©

Fig. 5 is the EDX spectra for the obtained sample® A is the spectrum corresponding to the
pure MnQ, consistent with the former report very well [28fter electrodeposition, the peak
corresponding to Pd element is exhibited. Moreoegcept for Pd element, no other elements were
found, suggesting that only Pd particles are formethe surface of MnO

Fig. 4 and Fig. 5 strongly indicate that Pd paescwere formed on the surface of MnO
though our prepared Pd particles are larger thasetiheported previously [6]. Our work indicates tha
potentiostatic method is a feasible technique Inidate Pd particles, as is reported for the firse so
far. Evidently, there are many factors affect thsuitant samples, such as the applied potential, th
duration time, the electrolyte solution employedd 8o on. Further investigations are in progress.
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Figure 6. CVs of ORR on a graphite electrode in an oxygenraéed 0.1M NgSOs solution. Dotted
line: obtained on a graphite electrode; dashed tmea MnQ-coated graphite electrode; solid line:
obtained on a Pd/Mn@coated graphite electrode. Scan rate: 20 fhV s

3.3 Catalysis of Pd/Mng&xowards oxygen reduction reaction (ORR)

As stated above, ORR is the only one reaction hagiben the cathode of fuel cells, though
many kinds of fuel cells were developed, e.g., PEMBMFC, and DEFC. Therefore, exploring the
catalyst for ORR is a main task for electrochemjistisearchers. Pd-based catalyst for ORR has been
well reported [29, 30]. Fig. 6 is the CVs obtainedan oxygen-saturated 0.1 M 0, aqueous
solution, in which the dotted line was recordedabgraphite electrode, while the dashed line was
plotted based on the Mn&@oated graphite electrode, and the solid line prasured on the Pd/Mn©
modified graphite electrode. Obviously, a reductmeak was exhibited on the Pd/Mn@odified
graphite electrode though it was small. Moreoveshbwed that the reduction peak potential of ORR
on the MnQ-coated electrode greatly positively shifted. Reatance, on the Mn&coated electrode,
the reduction peak potential is about -0.5 V, wlule the Pd/Mn@coated electrode, the reduction
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peak potential shifted to be around -0.2 V (as shbwthe arrows in Fig. 6). To confirm the origih o
the reduction peak in Fig. 6, CVs in various soln$i were shown in Fig. 7. In Fig. 7, the dottee lin
was obtained in the nitrogen-saturated 0.1 M3@a aqueous solution, in which no reduction peak
was observed. The solid line was obtained in argemysaturated 0.1 M NaO, aqueous solution,
where an evident reduction peak was exhibited, deitcis rational to confirm that the reduction
reaction occurring at about -0.2 V should be théuotion of oxygen molecules rather than the
reduction of MnQ or other substances. Due to the disporporatiosuperoxide anion, i.e.,Q the
reduction product of oxygen molecule, no oxidafi@ak of superoxide anior,Qvas exhibited, rather
different from the redox behavior of oxygen mole&suin room temperature ionic liquids (RTILs) [21].
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Figure 7. CVs of ORR on a Pd/Mnf&oated graphite electrode in 0.1MJS&, solution. Dotted line:
obtained in a nitrogen-saturated solution; solieeliobtained in an oxygen-saturated solution. Scan
rate: 20 mV 8.

Fig. 8 is CVs of ORR obtained on a Pd/Mn€dated graphite electrode in an oxygen-saturated
0.1 M NaSQOy aqueous solution at different scan rates. Evigietite oxygen reduction peak current
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gradually increased with increasing potential se#as, very similar to the reported CVs of ORR on
carbon nanofibers (CNF) [31]. A linear relationsbigtween the reduction peak current and the square
root of scan rate was also obtained (data washwtrs here), suggesting that the reduction readtfon
oxygen molecules is a diffusion-controlled procesiso supporting that the reduction reaction at
around -0.2 V was the reduction of oxygen moleculéerefore, above figures strongly demonstrated
that ORR could proceed on this developed Pd/Mogated graphite electrode, indicating that it is
possible to apply the developed Pd/Mn®@aterial in the fuel cells.

1/ A

-500

] ] ] ] ] | ] ]
-0.5 0
E/V (vs. SCE)

Figure 8. CVs of ORR on a Pd/Mn&xoated graphite electrode in an oxygen-saturated/lONaSQ,
solution at different scan rates. As shown by tineve, scan rates are: 20, 50, 80, 100, 150 MV s

Electrochemical impedance spectroscopy (EIS) isdelwused method to describe the metal
oxide coated on an electrode surface [32]. Figie8gnts typical Nyquist plots obtained at O V versu
SCE over the frequency range from 1Hz to#i9. It can be seen that the plot correspondingute p
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MnO, was composed of a semicircle at high and interatedrequencies and a perpendicular line at
the low frequencies regions, consistent with treviously reported results very well [33].
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Figure 9. Nyquist plots obtained in an oxygen-saturated\d.Mla,SO,, line a: obtained for the Mn®
modified graphite electrode; lie for a Pd/Mn@-modified graphite electrode.

Generally, there should be a line perpendiculathéoreal part of resistance (Z’) for the pure
capacitance element, and the semicircle, exhibiteNyquist plots as shown in the high frequency
regions of Fig.9, is usually interpreted as a c#pace element in parallel with a resistance
element[34]. it was widely accepted that the sewiiwith a larger diameter corresponds to a higher
charge transfer resistance.fR35], thus one can see that for the Pd/MmOmposite material, the
semicircle displayed in the high frequencies rediename smaller when compared to the pure MnO
indicating that the charge transfer resistancelaasred by the modification of Pd particles. Ttsata
say, the charge transfer rate was acceleratedebydiparticles on the surface of Mn®™oreover, for
the Pd/MnQ@ composite material, the line appearing at the fowegjuencies region is a 45° line rather
than a 90° line, implying that the diffusion praeem the Pd/Mn@composite material was greatly
strengthened when compared to the case on theMn@eg since the 45° line corresponds to a Warburg
diffusion process [35]. We must admit that dueh® tomplexity of manganese oxides, Nyquist plot
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can only reflect the whole change of working eled&, unable to provide the interpretation
quantitatively.

As for the catalysis of Pd for ORR, there are sav@ropositions published so far. For
example, Yang [29] has addressed that there age thfferent reactions occurring, i.e., 4eduction,
2€ reduction and the reduction of intermediate ;H®hen oxygen molecules were reduced on a Pd
surface. Lin [6] pointed that oxygen molecule tetaform a complex Pd(O,) -~ on the surface of
palladium nanoparticles and negatively charged emygtoms could interact with protons to form
H.O,. He also proposed that the complex of B may be the intermediates in the process of
oxygen reduction. Meanwhile, Hu [36] reported ahhygsensitive hydrogen peroxide amperometric
sensor based on Ma@anoparticles, in which MnQs reduced to lower states by®4, i.e., MNQ +
H>0O, MnO(Oer}zO3) + H,0.

Thus, based on above mechanisms [6, 36], we tlunkthe Pd/Mn®@ composite materials,
probably, ORR proceeds via the following modifieaths.

O,+Pd +e Pd(Q) - (1) (Electrochemical reaction )
Oz T+ I-F HzOz (2)
Pd +HO, Pd(HO,) (3)

Pd(HOz)+ MnO,  Pd + MnO(orMa0Os) + HO  (4) (Chemical reaction )

That is to say, on this novel material of Pd/Mp@n EC process happened, in which Pd
particles were used as substrate on which elearoal reactions occurred, and Mn@as employed
as an oxidative reagent to oxidize the intermediateluced in the process of oxygen reduction. Since
the process of ORR is very complicated, there amynfactors affecting its mechanism [37, 38], such
as the electrolyte, the substrate, etc. More warksrequired to show a satisfied interpretatiorthen
catalysis of Pd/Mn@towards ORR. Further works are also in progresaimab.

4. CONCLUSIONS

In this work, palladium particles-decorated mangangioxide-modified graphite electrode was
generated by a combination of CV and potentiostatéthods, which was verified by the obtained
SEM images and EDX spectra. The obtained cyclidamminograms (CVs) indicated that the
developed composite material of Pd/Mn@as higher electrocatalytic activity towards ORRew
compared to the pure MaQOnaterials. The possible mechanism of Pd/Mm@vards ORR was also
proposed based on our date and previously publigioekis.
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