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ABSTRACT

Synthesis conditions are keys to contiak and dispersion of Platinum (Pt) nanoparticle
(NP) structures that are the most important fadtoisproving the electrochemical activity and
durability of electrodes in low temperature fuellseln this study, five catalyst samples Pt
nanoparticles on carbon support (Pt NPs/C) have Isgathesized by the simple and facile
method at 36C or 60°C in pH = 6.5 or pH = 11 solution with or withouing ethylene glycol
(EG). The morphology, size, dispersion and actigitPt NPs/C were characterized by using X-
ray diffraction (XRD), Transmission electron miccopy (TEM) and Cyclic Voltammetry (CV)
in order to evaluate the effectiveness of this lsgsis process. We found that the size,
morphology and dispersion of Pt NPs/C were stroaffigcted by adjusting the temperature, pH
and the presence of ethylene glycol. Finally, thiouetermining electrochemically active
surface area of a typical catalytic sample, we vadte to conclude that the procedure have been
established to reach goals simple, inexpensivestilitcan improve the catalytic activity for
methanol oxidation reaction in direct methanol fcell (DMFC).

Keywords. Pt/C, Pt nanoparticles, Pt electrochemical activéase area, Pt/C catalyst, PtNPs/C.

1. INTRODUCTION

Platinumis one of the most active metal catalysts at roanpégature for electrochemical
reactions of fuel cells. Its activity is stronglgmendent on the shape, size and patrticles’ size
distribution which can be controlled through symsiBeconditions as the temperature, pH and
enhancer. In practical cases, highly dispersecflysts with large surface areas are extremely
important to increase the electrocatalytic actiyity2]. To achieve a catalytic surface area large
and high activity, it requires understanding thiatrenship between the catalytic activity and
their structure/composition, which are the basis fational design of highly efficient
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electrocatalysts for fuel cells and other electemoital processes. The conventional preparation
techniques based on wet impregnation and the claémgduction of metal precursors do not
provide satisfactory control of particle shape aim as well as the distribution of Pt particles
on carbon support [3]. Synthesis of highly dispdrspporting platinum with uniform
nanoparticle size still remains a challenge, esigdior high metal loading. The conventional
methods for the synthesis of Ptelectrocatalystraimly impregnation and colloid methods such
as sulfite complex route and the colloidal route, impregnation method usually produces NPs
with large average particle sizes and broad seteilnitions while the colloidal route produces
well-homogenized ultrafine Ptelectrocatalysts, haavethe complexity of the latter hinders its
utilization [4]. Many investigators have contribdtmany efforts to search alternative routes.

So far, there have been attempting to developraitie synthesis methods based on
microemulsions [5], sonochemistry [6] and microwas@diation [7, 8], all of which are in
principle more conducive to produce colloids andstdrs on the nanoscale, and with greater
uniformity.

In this study, a simple procedure for preparingnietal nanoparticles supported on carbon
is reported. The uniform platinum nanoparticlespgufed on carbon with Pt loading up to 40
wt% that is a standard amount in order to obtaghédi dispersion and smaller crystallites [9].
This study set the stage for further inspectionth whe desire to create the best possible Pt/C
catalyst. Through this work, we found that the e preparation is simple, fast but it is able
to control the particle size and distribution of girticles on the carbon support and could
enhance the activity of catalyst for fuel cell apations.

2. EXPERIMENTAL SECTION
2.1. Material used

Vulcan XC-72R carbon with particle size60 nm using as a support was purchased from
Fuel Cell Store (USA). All the chemicals were ofabical grade; D521 Nafion Dispersion -
Alcohol based 1100 EW at 5 wt%, Ethyl alcohol pure 99.5 %, Acros), Hydrogen
hexachloroplatinate (IV) hexahydrate, 99.9 %, @ratetal basis), 38 to 40 % Pif#CL.6H,0),
ethylene glycol (EG), acetone branded Acros (Behdjusodium borohydride (NaBj nitric
acid (HNQ) (65 % - 68 %) (China), Sulfuric acid (95.0 - 984) were used.

2.2. Preparation of pre-treated Vulcan XC-72R

GCentrifugation, wash

ol many times
impuriti es. »(_ pretreated carbon

drying at 105°C, 10h

Figure 1. Preparation procedure of pre-treated Vulcan XC:72R

Vulcan XC-72R carbon powder was treated to cleandbntaminant in the commercial
carbon. For example, 0.5 g carbon was dispersedround bottom flask with 500 mL of the
5 % HNGQO; solution, the mixture was refluxed for 16 hoursl@b °C. Treated carbons were
centrifuged with 4500 rpm for several times witltled minutes for washing with de-ionized
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(DI) water and acetone (15 mL,® or Acetone for each centrifuge tubes), then daietl05 °C
in an oven for 10 hours (Fig. 1) [10].

2.3. Preparation of Pt/C catalysts

Pt/C catalysts particles were synthesized by theviong route: Pt particles were dispersed
on the carbon supports by the following processnisptreated carbon was dispersed into the
solvent (DI water with and without using EG), 3:3@ H,PtCk.6H,O with concentration 0.05
M into the mixed precursor. The pH of this mixtwvas adjusted to 6.5 and 11 by drop wise
addition of NaOH 0.1N solution. The mixture wagrsil for 5 min and ultrasonicated for 15
minutes at room temperature. Then an excess ambuaduction agent 6.84 mL NaBl9.05 M
was added and the mixture was stirred by using gnet&c bar under atmospheric pressure at
room temperature or 60 °C for 2 hours (Fig. 2).

Finally, the synthesized catalyst particles Pt/&ewvashed by DI water, centrifuged and
dried for 12 hours at 100 °C [11]. All samples sttewn in the Table 1.

-
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Figure 2. The preparation of 40 wt% Pt/C with different caimhs
(pH, temperature, using with and without EG).

2.4. XRD, TEM and CV Analysis

The samples were characterized by using X-rayatifion (XRD), Transmission electron
microscopy (TEM), Cyclic voltammetry (CV) in ordery assess catalytic activity of Pt particles
through the effects of ethylene glycol, pH and terapure on the morphology, size and
dispersion of platinum nanoparticles catalyst ataa support for fuel cells.

X-ray powder diffraction (XRD) patterns were recstdby using a Cu &radiation source
on a D8 Advance Bruker powder diffractometer (Unsity of Technology-VNU HCM City).
Transmission electron microscope (TEM) was takedtiM-1400 JEOL, Japan), (University of
Technology-VNU HCM City). Cyclic Voltammetry (CV) a&s recorded by AutoLab machine
system at Applied Physical Chemistry Laboratoryiversity of Science, VNU-HCM, Vietnam.
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3. RESULTS AND DISCUSSION

The samples of 40 wt% Pt/C catalysts were prepargdvarious conditions (Table)1The
effect of parameters such as EG, temperature dsagvpH on the size, distribution of Pt NPs on
carbon were studied. The samples were synthesigédawd without using EG, carried out at
room temperature (3tC) and 6(°C. The influence of pH value was also studied atafd 11.

Table 1. The samples of 40 wt% Pt/C catalysts were prepargédvarious conditions.

Ethylene Temperature pH Catalysts
glycol (EG) (°C)
- 30 11 Pt/C-30_11
EG 30 11 Pt/C-EG-30_11
EG 30 6.5 Pt/C-EG-30_6.5
EG 60 11 Pt/C-EG-60_11
- 60 11 Pt/C-60_11

3.1. X-ray powder diffraction (XRD)

The 40 wt% Pt/C samples are synthesized with the presence of EG and without EG at the
room temperature and 60 [JC in pH = 6.5 and 11 solutions. X-ray diffractiohtbese samples
were shown in the Fig. 3. They indicated thatla broad diffraction peaks of the XRD patterns
at » = 39.6, 47.4, 67.1°, corresponding to the refiexi (111), (200), (220), respectively,
which are consistent with the face centered cufic) (structure of platinum (Pt), can be
assigned to (JCPDS Card 04-0802), thus demongjrtti presence of crystalline Pt [12]. In
addition, a broad peak ab 2 25° was observed but not clearly due to the (@02ye of the
hexagonal structure of the carbon support (Vulc&i72R) is amorphous carbon with small
regions of graphitic properties [13].

Pi(111)
200 4

PL(200)

150 Pt(220)
PYCB0_11

100 4 PUC-EG-60_11

Intensity (a.u.)

PY/C-EG-30_6.5
504

M e PUC-EG-30_11

eonsaboealin, T PY/C-30_11

20 2 4 s & 70 80
2Theta (degree)

Figure 3. X-ray diffraction (XRD) patterns of 40 wt% Pt/Ctabysts.

Table 2, the Pt/C sample with the presence of Egsvell wider peak than the remaining
samples in the preparation process, suggestingttparticles size of sample using EG, pH = 11
at room temperature (30 °C) is smallest(3.84 nestithated from the Scherrer formula at Pt
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(111) peak).The largest active surface area ofsPbliserved for sample Pt/C-EG-30_11
compared to other samples due to the small padizéeof Pt as well as the higly dispersed Pt on
the carbon support (73%ge) [14].

Scherrer equation:

KA 0.94
— [ =
Lcosf Bcosd

B(26)= *

where, L = average crystal size (angstrom or nnyg;tBe full width half maximum of the peak;
K = the Scherrer constant; depends on the how itithvws determined, the shape of the crystal,
and the size distributior; = the wavelength of the radiation used to colibetdata.

We used the Pt (111) plane to determine the avecagsallite size. The FWHM s
calculated from the (111) peak by using Originlaiftgare. The value of K is 0.9 due to
structure’s Ptis face-centered cubic and the wagtheused to b, = 1.54 Al1.

Surface areas of crystalline Pt were also calcdifitem the crystalline size using the
following equation:

_ 6000
od

where,d is the average crystallite size (nrB)is the average surface ared (@it) andp is the
density of Pt (21.4 g cfi). The sizes and surface areas are summarizedia 2a

S (**)

Table 2. The average crystalline size and surface area egtimated from (*) and (**).

Catalysts Lxro (NM) Scro (M?gey)

Pt/C-30_11 7.14 39.3
Pt/C-EG-30_11 3.84 73
Pt/C-EG-30_6.5 7.72 36.3
Pt/C-EG-60_11 5.85 48

Pt/C-60_11 9.16 30.6

3.2. Transmission electron microscope (TEM)

TEM picture and histogram of particle size disttibn (Fig. 4 were consistent with
calculating the crystallite size of Pt nanoparsctatalyst from the samples’s XRD result. The
TEM size dgy was determined using the following equation:

n
Z n;d;

ke
1
Arpp =+ )

where, n is the total number of measured particiés,the number of particles with a size d
The size and surface areadsy were estimated from TEM are shown in Table 3.

The Pt/C-EG-30_11 catalyst prepared using Na&sithe reducing agent in EG solution at
pH = 11 has demonstrated that its particles sizaniallest, the largest size belongs to Pt/C-
60 _11 catalyst and patrticles size decreased iffiotteaving sequence: Pt/C-60_11 > Pt/C-EG-
30_6.5 > Pt/C-30_11 >Pt/C-EG-60_11 > Pt/C-EG-30_ (Thaple 3). The presence of ethylene
glycol (EG) supported Pt nanoparticles not only ehaarrow size, but they also distribute
uniformly on carbon support (Fig. &), (e), (g)). This has been reported that tlaetien with
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the attendance of EG and NaBif a solution will form a complex reducing solutjcand EG
has performed roles as both a reducing agent fogdeiction and a stabilizing for the reduced Pt
nanoparticles [15].

Histogram of particle size distribution for the
PriC-30_11 catalyst.
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Figure 4. TEM pictures and histograms of particle size distion for patterns of 40 wt% Pt/C catalysts
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However, when the temperature increases from rcampérature to 60 °C, there is a
significant difference in the crystallinity and tparticles size of Pt on carbon. The Pt-EG-60_11
shows high crystallinity and large particle sizenpared to Pt-EG-30_11 (4.96 nm compare to
4.23 nm) with the presence of EG or Pt-60_11 (&53 compare to Pt-30_11 (5.96 nm) without
EG. This observation is then confirmed by calcaltihe average particle size from histogram
of particle size distribution (Fig. 4), and the eage size of Pt particles was shown in Tahle
The influence of temperature could be explainedfdi®ws: at a lower temperature, the
formation of crystal nuclei proceeds more rapidigrt the growth of it [16]. Therefore smaller
Pt particles were obtained at 30 °C compared sodbiained at 60 °C.

Besides, the P/C-EG-30_6.5 catalyst has been esiadd in pH = 6.5 solution, compare
to Pt/C-EG-30_11 catalyst (the same synthesis tiondij unlike pH), the size of Pt particles in
Pt/C-EG-30_6.5 catalyst is larger than the sizePofparticles in Pt/C-EG-30_11 catalyst.
Bonnemann et al. reported that Pt nanoparticlestat®slized via electrosteric repulsion between
the anionic surface of the Pt nanoparticle andsthbilizer [17]. In the acidic solution, a large
number of H ions interact with negatively charged Pt partialesulting in the destruction of
electrosteric repulsion and leading to the grovitRtmanoparticles. In the basic solution, almost
no species would directly interact with negativeharged Pt nanoparticles, which implied that
the electrosteric stabilization is unbroken [17]. ¥8 similar feature has also been observed in
the synthesis of Pt-based metal nanoparticles & @s a reducing agent [19, 20]. In our case,
the size of Pt nanoparticles of Pt/C-EG-30_6.5 dangabout 7.72 nm (Table 2) (estimated
from the Scherrer formula at Pt (111) peak) or §168(Table 3 (from histogram of particle
size distribution (Fig. 4). The differences in Rrtrles between Pt/C-EG-30_6.5 and Pt/C-EG-
30_11 can also be explained by the effect of edstdric repulsion. Under high pH conditions,
only minor interaction occurred betweef idns and stabilizer anions, yet the stabilizesrsity
interacted with the reduced Pt nanoparticles. These the growth of Pt particles was
significantly restrainted, leading to the formatiofiPt nanoparticles with smaller size in the
Pt/C-EG-30_11 than in the Pt/C-EG-30_6.5 catalyst.

Table 3. The average particle size and surface area wamsatst from (***) and (**).

Catalysts Grem (NM) Srem (M7/gey)
Pt/C-30_11 5.96 47
Pt/C-EG-30_11 4.23 66.3
Pt/C-EG-30_6.5 6.08 46
Pt/C-EG-60_11 4.96 56.5
Pt/C-60_11 6.58 42.6

From TEM pictures, estimating the average surfaea @f Pt nanoparticles on carbon
support can also be carried out (Table 3), thesgtres corresponding to the XRD data that has
been shown previously. The distribution and diffee in the size of the catalyst particles
strongly influenced the activity of the Pt/C cattty With the smallest size (4.23 nm),
elsctrochemical active surface area of Pt in tH€-B(G-30_11 catalyst sample is largest (66.3
m°/gey).

3.3. Cyclic Voltammetry (CV) results
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Figure 5. Cyclic voltammograms (CVs)for patterns of 40 wt#(Pcatalysts were recorded in a
N,-saturated 0.5 mol/L 80O, solution (50 mV/s, 25 °C).

The catalyst ink consist of 2.5 mg of Pt/C 40 wi4) ml ethanol (gHsOH) and 10 ul
nafion 5 % solution were ultrasonicated in 30 m@sta homogeneous solution ink was
obtained. A small volume (15 pl/3 pipetting times)this solution was pipetted onto a 6 mm
diameter electrode containing a 3.2 mm diametessglaarbon (GC) electrode and allowed to
dry at room temperature for 30 min (10 min/pipegftionce). The platinum loading on GC
surface is 0.01 mg (about 0.125 mgQnA three-electrodes cell was used in which thenoer
electrode was platinum, the reference electrodeAgaagCl and working electrode was GC. In
the CV measurements, the potential values wereertaty automatically to normal hydrogen
electrode (NHE) [21]. The CV curves were conducteda N-saturated 0.5 mol/L $$0,
solution, the potential range from -0.2 to 1.0 thwécan rate 50 mV/s at room temperature and
measured by the Autolab PGSTAT302N potentiostatagaistat, Metrohm Autolab brand.

Figure 5 is CV curves of Pt/C catalysts inS&), 0.5M solution. From the CV curves, it
was easy to calculate the charge of the electroicaémrocesses which occur on the catalyst
particles by integrating. As a result, the eledternical surface area (ESA) showing the activity
of the catalysts was estimated by the followingrfola [22,23]:

Qs %x JiE)dE

SEsa—g = =
Esa-H [Pt] X Qmﬂno!ﬂyar [Pt] x2,1

where, $sa+is electrochemically active surface area/¢m), Q. is the charge for hydrogen
desorption (C or A.s)[ i(E)dE is integral of part hydrogen desorption (A.V), &1Qmonolayer

(C.cm?) (the charge related to the adsorption or desmptif a hydrogen monolayer on a
polycrystalline Pt surface), v is scan rate (mY and [Pt] represents the platinum loading in the
electrode (g). The resultant ESA values are ligtéhble 4.

479



Hoang Anh Huy, Tran Van Man, Huynh Thien Tai, Van Thi Thanh Ho

Table 4. The average particle size and surface areas ctdulam the Pt crystalline sizeys), Pt
particles size (fzv) and electrochemically active surface areafS):

Catalysts Ssan (M7/gpy)
Pt/C-30_11 21.9
Pt/C-EG-30_11 95.2
Pt/C-EG-30_6.5 31.3
Pt/C-EG-60_11 314
Pt/C-60_11 15.4

On the CV curves (Fig. 5), there are the electrotibal peaks corresponding to the
different electrochemical reactions on the samptesface. In the potential range about-0.15 —
0.15 V, the peaks express the adsorption/desorptiocesses of hydrogen on Pt crystal. The
mechanism of these processes may take place bgtages. In the forward scan, the potential
range from 0.15 to 0.58 V corresponds to the chafgthe double layer by the oxygenated
groups on the carbon support surface. At the paleh65 V, the oxidation process of Pt metal
happens to form Pt oxides. Corresponding with phecess, there is a reduction peak at 0.51 V
of reduction process of Pt—O in the reverse scdn 2%]. Among the peaks of the catalyst
samples, those without EG or pH = 6.5 (acidic soh)tare smaller than samples with EG and
pH = 11 (basic solution). This means that the #@gtiof these samples is relatively low. The
activity of the catalyst synthesized with EG, pHXat the room temperature (Pt/C-EG-30_11)is
the highest. The calculated ESA values of the ygsttatamples are shown in table 4. The
difference in ESA value may be due to the diffeesimcthe size of Pt particles. With the biggest
size of particles, the ESA value of thePt/C-60 Hingle is the smallest (15.4 %)
corresponding to desorption peak lowest. Possedhimgmallest size, the ESA value of the
Pt/C-EG-30_11 sample is highest (95.2gx). These results provide an extremely significant
information about the relationship between the sizé activity of the Pt nanoparticles catalyst
on carbon support: The catalysts with smaller giartsize will give a higher activity due to
larger surface area. This trend also correspontifstiré results of TEM and XRD analysis.

4. CONCLUSIONS

Through the influence of the synthesis conditiomdeamperature, pH and ethylene glycol
on size and dispersion of platinum nanoparticléalgst on carbon support were studied in this
work, we found that the electrochemical surfaca dESA) was strongly influenced by the size
and the size distribution of the Pt nanoparticlatalyst. As desired, the particle size and the
distribution of Pt on carbon support can be coldgtbkthrough adjusting synthesis conditions
such as the temperature, EG enhancer and pH pa&marée results of this study showed the
presence of EG with the function as a weak reduagent and the stabilizer could enhance the
distribution and make smaller Pt size comparedh¢osample without using EG. In addition, the
effect of temperature on the Pt/C preparation viadied at room temperature and 60 °C, we
also found that when the temperature increases fmom temperature to 60 °C, there is a
significant difference about the crystallinity atiok particles size of Pt on carbon. Finally, the
effect of pH parameter on Pt/C electrocatalystdattid that the basic solution is better than
acidic solution for synthesizing this catalyst. Theeults of this work showed the way to control
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size and distribution of Pt catalyst on carbon supfhat can be used to enhance the activity of
Pt/C catalyst with high loading for fuel cell apgaltions.
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Of Science Ho Chi Minh City, Ho Chi Minh City Unikaty of Natural Resources and Environment.
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