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HIGHLIGHTS

o Pt flower-like structure was produced using amino alcohol via solvothermal method.

o Pt assisted DEA exhibit higher reducing rate compared to MEA.

o The synthesis times play a critical role in the development of Pt structures.

o Pt produced in the 5th hour (DEA) exhibit slow current decayed at longer times.

o Pt particles formed in the 7th hour (MEA) exhibit excellent catalytic activity and stability.
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We discussed the formation of platinum hierarchical micro/nanostructure by varying the synthesis time
using two amine derivatives, e.g. Monoethanolamine (MEA) and Diethanolamine (DEA) as the reducing
agent. This work shows that the amine derivatives play a crucial role in controlling the reducing rate as Pt
synthesised with DEA exhibited the fastest growth process whilst the synthesis time influences the
development of Pt anisotropic structures. With a shorter synthesis time of 5 h, both particles synthesised
using MEA and DEA exhibit small flower-like structures, while a larger network of flower-like micro-
structure was established at 9 h. The optimum condition for Pt assisted MEA and DEA is 7th hour for MEA
and 5th hour for DEA. The particles produced using DEA during the 5th hour of synthesis time had a large
electrochemical surface area (5.90 cm 2g~ 1), high catalytic activity and greater tolerance against CO
adsorption. For particles synthesised with MEA, at the 7th hour, the reaction produces bigger flower-like
particles comprised of collective triangular petals having 4.88 cm~2g~! electrochemical surface areas and

exhibit greater stability at a longer period.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Platinum (Pt) is a precious transition metal with great electrical
conductivity, catalytic property, is resistant to corrosion and
physically stable at high temperature. Therefore, it was widely
applied in industrial and environmental applications such as
biosensor [1], alloying agent in some metal products (e.g. medical
instruments, electrical contacts and thermocouple), as a catalyst in
fuel cell industries [2], and reducing pollutant emission from au-
tomobiles. However, its limited resource makes Pt very expensive.
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Therefore, the major challenges are to increase its catalytic
activity and reduce Pt consumption. One approach to solve these
problems is by synthesising specific micro/nanostructures as the
shape and size known to exhibit a remarkable influence on its
properties [3].

Pt hierarchical micro/nanostructures became a subject of in-
terest over the last few years. Its complex geometry offers advan-
tages of high surface area, synergistic interaction between
adsorbed molecules and excellent electro-catalytic performances.
Among the various hierarchical structures produced are hollow
nanostructures [4], nanowires [5,6], nanostars [7], Y junction
nanostructures [8] and nanoflowers [9]. Nonetheless, producing
these geometrical shapes remains a challenge because of their high
surface energy that tends to preserve its shape at the lowest surface
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energy. Several techniques were developed to produce these hier-
archical structures and chemical routes are the most preferable
technique due to easy handling, high yield, economical, and allow
for controlling variations of experimental parameters. Among the
recognised parameters varied in most experiments are the tem-
peratures, the nature of surfactants, precursor's concentration, type
of solvents and reducing agent.

Recently, amino based surfactant was extensively investigated
for its dual properties as surfactants and as a reducing agent. For
instance, Huang et al. [10] synthesised octapod polyhedral nano-
particles using methylamine to reduce PtCIZ~ to PtY. Its derivative,
which is amino alcohol, has a similar function. However, limited
studies were made to date. Concerning shape transformation, the
effect of synthesis time on the growth of Pt nano/microstructures
can be an important experimental condition that needs to be
examined. Knowledge on the growth development is critical in
order to understand the mechanism of the formation of a hierar-
chical structure and to further improve synthesis protocol. More
importantly, there is no study regarding the use of amino alcohol,
especially monoethanolamine (MEA) and diethanolamine (DEA) as
reducing agents were reported, in particular in regards towards
preparation of Pt hierarchical nano/microstructures. We believe
that MEA and DEA may have a strong influence on the synthesis
time in producing Pt nano/microstructures that is better or equiv-
alent to the one produced by other methods/reducing agents.
Therefore, we put an initiative to study the effect of MEA and DEA in
the synthesis with emphasis on the variation of synthesis time as
well as discussing its relationship particularly on structural,
morphological and catalytic properties of Pt.

2. Experimental procedure

Hexachloroplatinic acid (HyPtClg, 8 wt% in aqueous solution),
polyvinylpyrrolidone, (Molecular weight 40 000), Platinum black
and Nafion® 5 wt% were bought from Sigma Aldrich. N, N Dime-
thylformamide (DMF) from Merck and both monoethanolamine
(MEA) and diethanolamine (DEA) from R&M Chemicals. All of the
chemicals were used as received without further purification.

The experimental procedure of this work is motivated by the
growth process proposed by Huang et al. [10] with some modifi-
cation made by replacing methylamine solution with mono-
ethanolamine (MEA). MEA and DEA are the preferred chemicals
because they exhibit similar functions, but are less hazardous
compared to methylamine. In a typical synthesis, 0.50 ml HyPtClg
was added into 10 ml DMEF, followed by 0.17 ml MEA (2.8 mmol)
and 0.2 g PVP under vigorous mixing to produce a homogeneous
yellow solution. Next, the solution was transferred to Teflon-lined
stainless steel autoclave reactors and heated from room tempera-
ture to 160 °C for 5,7 and 9 h. Next, the solution was precipitated
with acetone and separated via centrifugation. The product was
collected by discarding the yellowish supernatant and washed
three times by precipitation/dissolution with acetone/ethanol sol-
vents to remove any by-product. The product was redispersed in
ethanol for characterisation. Finally, these protocols were repeated
by replacing MEA with DEA for comparison.

The morphologies of the synthesised Pt particles were analysed
using a field emission scanning electron microscope (NOVA
Nanosem 45) with an acceleration voltage of 5 kV. The structural
properties were characterised using X-ray diffractometer (Bruker
D8 Advance Diffractometer) operating at a wavelength of 1.54056 A
by CuKa radiation. The Fourier transform IR (FT- IR) spectroscopy
were characterised using FT-IR ATR Perkin Elmer. The electro-
chemical characterisation was performed using eDAQ (ER466) in-
tegrated potentiostat utilising a conventional three electrode
system with glassy carbon serves as the working electrode, Pt rod as

counter electrode and saturated calomel electrode (SCE) as the
reference electrode.

The working electrode was prepared by transferring 5 pL of the
colloidal Pt on the glassy carbon electrode (@ = 3.0 mm), which was
polished earlier with y-Al;03 (0.3 pm and 0.05 pm) and dried with
N, flow prior to use. Nafion® (0.05 wt%, 3 uL) solution was then
pipetted onto the Pt film and dried overnight in an ambient envi-
ronment before performing the electrochemical measurements.
The hydrogen adsorption/desorption analysis was studied using
cyclic voltammetry in 0.5 M HySO4 at —0.25 V and 1.3 V. The
electrooxidation of formic acid (HCOOH) was examined for 20 cy-
cles in 0.5 M H,SO4 + 0.25 M HCOOH at —0.25 V and 1.2 V. Both
measurements used a potential sweep rate of 50 mV/s. The chro-
noamperometry measurement was made at 0.67 V (versus SCE) in
0.5 M H,SO4 + 0.25 M HCOOH in 1000 s.

3. Results and discussion

Fig. 1 represents the FE-SEM micrographs of the synthesised Pt
particles at a different reaction time. At the 5th hour of synthesis
time, small particles with spiky features were observed for Pt
prepared with both MEA and DEA. Highly close-packed particles
were produced on particles synthesised with DEA, whilst a less-
packed particle was produced on MEA. At the 7th hour, both
samples prepared by MEA and DEA developed a combination of
flower-like particles along with coalescence of the particle. As the
synthesis time approached the 9th hour, the flower-like structures
of both samples were grown into a large flower network.

The reaction mechanism can be proposed as below:

Monoethanolamine

PtCI2~ + NH,CH,CH,OH— PtCI2~ + NH,CH,CHO + 2H*
+20° 1)

PtCI3~ + NH,CH,CH,OH — Pt® + NH,CH,CHO + 2H* + 4C1™

(2)
Diethanolamine
PtCléf + NH(CH,CH,0H), —PtCl;~ + NH(CH2CHO)2+4H+
+2C1~
(3)

PtCI2~ + NH(CH,CH,OH), —Pt® + NH(CH,CHO),+4H" + 4Cl~
(4)

First, the reaction commences with a reduction of Pt (IV) to Pt
(11) via hydrogen from the alcohol group of MEA and DEA. Next, the
Pt (II) was subsequently reduced to Pt (0) from the nascent releases
of Hydrogen (H) and the remaining amino alcohol. Both of them are
amino derivative, (therefore, a weak reducing agent); thereby, only
capable of producing a slow reduction rate and slow nucleation
process. However, the reaction with DEA releases 4 mol of
hydrogen atoms, which is two times the amount of hydrogen
released by MEA. Therefore, a reaction with DEA likely increases the
reducing rate of Pt, thereby speeding up the nucleation and growth
process. These possibly explain highly close-packed distribution of
particles and rapid formation of flower-like structure on samples
synthesised with DEA. Next, the formation mechanism proceeds
with autocatalytic growth to form nuclei that further collide with Pt
ions, atoms or cluster to form a stable seed. In principle, the face
centred cubic Pt structures possess surface energies in a sequence
of y{111)<7Y{100} <Y{110}- Therefore, the seed has a tendency to form a
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Fig. 1. FE-SEM images of the synthesised Pt hierarchical micro/nanostructures at 5, 7 and 9 h respectively a—c) MEA and d—f) DEA. Inset Fig. 1a) is the image of the commercial Pt

black.

particle surface enclosed by a mix of {111} and {100} facets to
minimise its total surface energy [ 11]. Because the reduction rate is
slow and obeys the lowest energy principle, the anisotropic growth
along the closed packed <111> direction is more favoured and
produces various spiky structures. The shorter duration synthesis at
the 5th hour likely induced a high concentration of metal salts,
which produce instability in the overall particle surface charge.
Therefore, leading to particles' agglomeration [12] as observed in
Fig. 1a and 1d.

When the growth time reaches the 7th hour, the high super-
saturation state further develops the spike structure into a trian-
gular petal and produce flower-like pattern. The large distribution
of flower-like morphology is clearly observed in the sample syn-
thesised with DEA. This therefore supports the idea that DEA in-
creases the reducing rate, produced more seeds and accelerates the
formation of flower-like particles. In contrast, Pt synthesised with
MEA developed less flower-like structures, which suggested that
the nucleation rates of MEA are slower than DEA. For MEA, fully
grown flower-like structures are only attained after the 9th hour of
reaction. This duration is the time period needed to achieve a
metastable state for crystals to grow without the interruption of
nucleation. In contrast, Pt synthesised with DEA experiences a fast
nucleation and crystals growth. Therefore, the longer duration time
induced the flower to grow bigger. This formation, possibly driven
by dissolution of smaller crystals that incorporate into surface of
larger particle [13].

The X-ray diffraction pattern of the amine assisted growth Pt
particles at respective time is presented in Fig. 2. Based on JCPDS
data card 00-001-1194, all of the samples represent face centred
cubic structures. No other peak of impurities detected implies that
the synthesised Pt is a pure polycrystalline crystal. The broaden
hump displayed at 2@ = 24°corresponds to the glass slide used as
the substrates.

i
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Fig. 2. X-ray diffraction of the Pt particles synthesised with MEA and DEA at various
synthesis hour.

The X-ray diffraction pattern for Pt synthesised with MEA and
DEA are identical related to synthesis hour. It can be seen that the
XRD peaks show a significant increase in intensities in longer hours,
suggesting a high concentration of Pt atoms residing on the plane.
The narrow width and sharp reflection peaks at the 7th and 9th
hour, which indicate improvement of crystallinity for Pt syn-
thesised with MEA and DEA. At the 5th hour, the low diffraction
peaks imply a low degree of atomic concentration. Taking the
strongest line which is the (111) reflection peak, the average crys-
tallite size for the 5th hour is approximately 26 nm, the 7th hour is
~34 nm and the 9th hour is about 36 nm (calculated by Debye-
Scherrer formula [14]). The increment of crystallites' size shows
that the growth of crystallite size is time dependent. As the syn-
thesis time is extended, the probability of atoms adhering into the
surface of the crystal by gradient diffusion is higher, driven by the
differences between their concentration in the bulk suspension and
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near crystal surface. Therefore, resulting in an increase in particle
size [15].

FTIR characterisation is employed to identify the organic
chemical compound remains on the particles and suggest a
possible interaction of the species involved.

The FTIR spectra of the synthesised Pt particles compared to its
pure chemical are shown in Fig. 3. Both of the synthesised samples
assisted MEA and DEA show a similar IR profile with their pure
chemical. Both of the synthesised Pt exhibits a broad peak at
3322 cm~ ! (DEA) and 3330 cm~! (MEA) corresponds to a hydroxyl
group (O—H) of hydrocarbon solvent in which the Pt was dispersed.
The absorption bands at 2973 cm~! (DEA), 2978 cm™~! (MEA), and
1381 cm™! correspond to the stretching vibration modes and C—H
bend of the methylene groups (—CH,—) respectively [16]. Peaks at
1646 cm~! (MEA), 1665 cm~' (DEA), 1066 cm~! (DEA) and
1089 cm~! (MEA) are due to the N—H bend absorption and C—N
bend of the amine group respectively. The existence of these peaks
indicates that the amine was indeed attached to Pt surface. How-
ever, there are no significant peaks corresponding to N—H stretch
(~3310—2990 cm™!) [15] suggesting that the hydrophilic head
(N—H3) was not fully binding to the Pt particles. The strong and
intense peak at 1043 cm™! is assigned to the stretching vibration of
C—0 whilst the peak at 880 cm~! (DEA) and 884 cm~! (MEA) are
attributed to O—H bend vibration modes of the alcohol group.
There are no absorption peaks of (C=0) of N-vinylpyrrolidone
suggesting that PVP is not attached to Pt facets and was removed in
the washing process.

It is known that the geometrical shape exerts a strong influence
on the catalytic activity of Pt. In particular, the electrochemical
surface area (ECSA) represents the intrinsic catalytic activity of the
catalyst, which can be estimated based on the following formula
[17]:

ECSA = (%)

Where Qy is the average of the integrated charge from the vol-
tammogram of the adsorbed/desorption hydrogen on the CV curve

(5)
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(mC). 0.21 mC/cm? is the charge needed to reduce a monolayer of
hydrogen adsorption and L (g/cm?) is the Pt loading on the elec-
trode. From the experiment, the measured ECSA are listed in
Table 1.

The increment of ECSA value for a sample produced at a longer
synthesis hour suggests that size and shape have a strong influence
on the catalytic activity of the Pt. The sample that was prepared for
5 h exhibited the smallest ECSA value, probably due to an effect of
low active area deriving from the agglomeration of particles.
Whereas the increment of ECSA value for Pt prepared for the 7th
and 9th hour was probably instigated by their multidimensional
structure that were comprised of rich {111}, {100} and {110} specific
facets or plane. In contrast to MEA, Pt synthesised with DEA
exhibiting a decreasing value of ECSA at a longer duration hour
indicative that an excess and large flower network induces hin-
drance by suppressing the surface area and its active site. It is in-
terest to see that Pt prepared with DEA for the 5th hour had the
highest ECSA value suggesting that the combination of closely
packed and spiky structure produced large surface active sites.
However, the ECSA value of the as-prepared Pt particles is much
lower compared to Pt black (32.22 x 1072 m?/g, calculated by a
similar method) is possibly due to the presence of the adsorbed
organic amine species which hinder its active site. The catalytic
properties of the synthesised particles associated with their ge-
ometry can be further confirmed by cyclic voltammetry
measurements.

The electrochemical response of the synthesised Pt particles was
compared to commercial Pt black using acidic media 0.5 M H,SO4.
The characteristic of the CV curve from all samples is almost
identical to the peak shape of Pt black, an indication of a

Table 1
Calculated ECSA of the synthesised Pt particles.

Synthesis time ECSA MEA ((x1072) m?/g) ECSA DEA ((x10~2) m?/g)

5H 054 5.90
7H 488 0.55
9H 443 0.79
120
(b) —Pure DEA
— Ptassisted DEA
1004
!
NoHbend
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)
NH stretch il
0 C-Hbend |
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Fig. 3. FTIR spectra of the synthesised Pt particles a) assisted MEA and pure MEA; b) assisted DEA and pure DEA.
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polycrystalline surface nature [18]. The charges associated with
hydrogen adsorption/desorption (—0.25 — 0.1 V) [19] and the
oxidation/reduction of the Pt (0.1—1.25 V) were observed in all the
samples. In detail, the peak between 0.1 V and 0.8 V corresponds to
the double layer charge of the oxygenated species on the surface of
carbon electrode [20].

At potentials greater than 0.8 V, the CV curve profile represents
the process of Pt (II) oxides formation. In the backward potential
scan, Pt was reduced from Pt (II) oxides to Pt (0). The corresponding
oxygen reduction peaks for PtO were observed at 0.5 V.

The multiple peak observed in hydrogen adsorption/desorption
region shows that there are multiple exposed crystallographic
planes, while, the slightly shifted peak position with respect to Pt
black was probably due to the surface effect of a different orien-
tation [21]. The decreased peak intensities were directed from in-
hibition of some active site due to an existence of amine organic
species, agglomeration of particles and dense collection of flowers.
However, among the synthesised samples, Pt prepared with DEA at
5 h (Fig. 4b) exhibited a well-defined oxygen reduction peak which
infers high reduction activity of the synthesised Pt.

Cyclic voltammogram of formic acid electrooxidation of the
synthesised Pt are shown in Fig. 5. In the forward — going scan, two
anodic peaks were observed for all of the samples. The first peak at
~0.3 V is associated with oxidation of HCOOH to COZ,Ig (dehydro-
genation pathway) and the second peak at ~ 0.7 V corresponds to
oxidation of the CO to COy, (Ii%). The adsorbed CO was constituted
from the non-faradaic dissociation of formic acid [22] and was
considered a “poison” to Pt, because it inhibits the catalytic active
sites and reduces the catalyst performance. In the reverse - going
scan, one peak stretching from 0.5 V to 0.1 V is observed mainly
associating with oxidation of formic acid on Pt surface free from
oxygenated species (Ip). During this reverse sweep scan, most of the
adsorbed CO were oxidised and removed from the Pt surface, which
makes the oxidation of formic acid obeying direct dehydrogenation
pathway.

The level of Pt surface poisoning by CO can be estimated using
the I¢ /1M ratio while the degree of tolerance against CO poisoning
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can be estimated using Ig/Ib [22] ratio which is summarised in
Table 2. Based on Table 2, the I4/I!" ratio for both Pt synthesised
with MEA and DEA decreased at longer synthesis hours indicating a
poor catalytic activity toward formic acid oxidation. The ratio
reduction is probably due to the large flower network that induces
CO accumulation and promotes the Pt to catalyse via indirect
oxidation pathway. In contrast, the small flower-like structures
(5 h) presumably suppress CO adsorption, therefore producing
excellent catalytic activity and promoting direct oxidation.

The ratio Ig /I, of MEA samples are on a decreasing trend
whereas DEA samples are increasing under a prolonged synthesis
hour. The decreasing ratio of MEA at the longer hour suggests a low
degree of tolerance against the poisoning CO adsorption and low
efficiency in oxidizing formic acid to CO». It is worth to note that a
Ig /1, ratio equal to 1 depicts high catalytic activity for formic acid
oxidation in the forward and backward potential scan which is an
ideal characteristic for fuel cell fabrication [22]. However, Ig /Ip)1is
a sign of poor catalytic behaviour because only a partial reduction of
Pt—O takes place [23], and may be due to a restriction of active sites
to reduce Pt (II) oxide to Pt. Comparing to commercial catalyst
(19/1M= 0.23 and I3/I, = 0.32), the catalytic activity of the syn-
thesised Pt (MEA and DEA) at the 5th hour is higher than the
commercial Pt, an indicative that the structures produced is more
receptive towards formic acid electrooxidation and has greater
tolerance against CO adsorption despite of having a low value of
ECSA. The better catalytic activity of the present Pt is probably
contributed by the recovered active sites of the adsorbate organic
amine species, thus increase its electro-catalytic reaction.

The catalytic stability of the prepared Pt was analysed by chro-
noamperometry measurements in Fig. 6. As shown, the current
density rapidly declined within the first few minutes, probably due
to the formation of double layer capacitance and adsorption of CO
on the Pt surface until it reaches equilibrium of surface coverage
[20].

All of the samples exhibited a high initial current except for the
sample prepared with DEA at the 7th hour and 9th hour, which
supported the low efficiency in catalytic performance. The current
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Fig. 4. Cyclic voltammogram curves of the synthesised Pt in 0.5 M H,SO4 solution a) MEA and b) DEA at different synthesis time.



186 M.D. Johan Ooi, A. Abdul Aziz / Materials Chemistry and Physics 167 (2015) 181—187

50
(a) | —5HMEA ;
—THMEA i
40 — 9H MEA fl
--== Pt black i

Current density (mA/cm?)

T T
0.2 0.0 0.2 04 0.6 08 10 1.2
E vs SCE (V)

704(b) | —>5HDEA
— THDEA .
801 | —O9HDEA| g i

------ Pt black

Currentdensity (mA/cm?)

T TT T T L

T
0.2 00 0.2 04 06 08 1.0 12
Evs SCE (V)

Fig. 5. Cyclic voltammogram of formic acid electrooxidation in 0.5 M H,SO4 solutions at potential scan rate of 50 mV/s. Pt synthesised assisted a) MEA and b) DEA at different

synthesis time.

Table 2
Current density and ratio of the electrooxidation of formic acid of the synthesised Pt at variation hours (h).
MEA DEA
h 14 (mA/cm?) Iind (mA/cm?) I, (mA/cm?) Ig/ll",”d lg/lb 14 (mA/cm?) Iind (mAjcm?) I, (mA/cm?) ’5/1;‘,"d Ig/lb
5 0.98 3.35 2.25 029 0.44 18.21 43.85 44.55 0.42 0.41
7 3.78 14.77 16.58 0.26 0.23 2.16 5.85 0.76 0.37 2.84
9 1.97 12.93 9.29 0.15 0.21 1.93 468 1.46 0.41 1.32
0.15 . . . -
synthesised using DEA at the 5th hour tends to dissipate current,
5_;: ggﬁ while bigger flower-like particles of 7th and 9th hour MEA able to
"% o0 oh DEA limit current dissipation thereby maintaining the high current at a
S < ——5h MEA longer period.
£ 010 z ——7h MEA
< £ 0051 ——9h MEA .
E H —— Ptblack 4. Conclusion
>
§ 1 Platinum hierarchical flower-like morphology was synthesised
g 0.05 - » “ e ) ) 1 using amino alcohol as reducing agent. The amino derivatives (MEA
2 \ and DEA) influence the Pt growth because they control the reducing
5] rate in which particles synthesised with DEA induce a high
reduction rate compared to MEA. The synthesis times play a vital
oo role in the development of Pt anisotropic structures. It is worth to
mention that both MEA and DEA exhibit significant results whereby
: : . ; the 7th hour is the optimum condition for MEA and 5th hour for
0 200 400 600 800 1000 DEA. Both produce different geometry and catalytic properties. A
Time (s) small flower-like structure is formed during 5th hour using DEA,

Fig. 6. Chronoamperometry diagrams of the synthesised Pt in 0.5 M H,SO4 containing
0.25 M HCOOH measured at 0.67 V in 1000 s. Inset figure shows a different time scale
(0—100 s) to facilitate comparison.

density of all the samples at a longer time is much higher than Pt
black. Comparing three samples having the highest current (5 h
DEA, 7 h MEA and 9 h MEA), 5th hour DEA current density profile
decays with respect to time, which later exhibited a steady current
with respect to time. It is shown that small flower-like structures

which exhibited excellent catalytic activity, but experienced
decaying of current at longer times. Contrariwise, the flower-like
structures formed during the 7th hour using MEA, possess cata-
lytic activity comparable to the commercial Pt black and exhibit
greater stability at a longer period.
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