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Monometallic nickel and bimetallic platinum-nickehnoparticles were deposited oAl ,Os,
Vulcan XC72R and carbon aerogel (CA) supports lpyestritical carbon dioxide (scGD
deposition (SCD). Characterization of the samplas warried out by BET, TPD, XRD, TEM,
and EDXS. Nickel acetylacetonate (Ni(agaokas adsorbed on the supports from sgCO
solutions. The adsorbed Ni precursor was reducadckel nanoparticles by heat treatment
under hydrogen. The resulting nanoparticles hadwanage size of 6 nm. Bimetallic Pt-Ni
nanoparticles were synthesized by a two-step proegdgrmed sequential deposition. First, Pt
nanoparticles were deposited on the supports bgraiilsn of platinum cyclooctadiene
dimethyl Pt(cod)(me)from scCQ solution followed by reduction of the adsorbedcprsor

to Pt by heat treatment at 20C€ under flowing nitrogen. Subsequently, Ni(agasis
adsorbed on Pt/support from sc£@he adsorbed Ni precursor was then reduced tbyNi
heat treatment under hydrogen. Spherical nan@lbdyPt-Ni nanoparticles with uniform
sizes of ~3nm were obtained over Vulcan XC 72R, BidNi nanoparticles with uniform
sizes of ~1nm were successfully synthesized owtrocaaerogel. As for the alumina support,
supported Pt-Ni nanoparticles of ~3 nm in size webtained. The small composition
variations in EDXS measurements indicated a unifadistribution of the bimetallic
nanoparticles. The effect of the order of sequéerdeposition of Pt and Ni on both
morphology and activity of the synthesized matsnaére also investigated. It was found that
the formation of Ni nanoparticles occurs on thevinasly deposited Pt islands resulting in
bimetallic spherical nanoparticles having homogesethemical compositions with no phase
separation when Pt deposition is carried out fanstl this is followed by Ni deposition.
Interestingly, the size of the bimetallic nanopaes was found to be smaller than the size of
the monometallic Ni. However, pure Ni agglomeratese observed on TEM images when
Ni deposition is achieved first and this was folemhby Pt addition. Cyclic voltammograms of
the carbon supported catalysts were also determiBadetallic nanocatalysts showed a
higher activity than the monometallic nanocatalygtsmong the bimetallic nanocatalysts,
higher activity was obtained when Pt deposition easied out first.

INTRODUCTION

Supported monometallic Ni and bimetallic Pt-Ni ¢gdts are known to catalyze a wide
variety of reactions. For examplealumina supported Ni nanoparticles are used extelys

for reforming, y-alumina supported bimetallic PtNi nanoparticlese ased for reforming,
hydrogenation and hydroisomerization (see Figureatl carbon supported bimetallic PtNi
are promising candidates for oxidation and reductieactions in fuel cells. In addition to
reforming and hydrogenation applications of refiegr if acidity of the support is increased
with zeolite addition and Pt is replaced with othetals such as tungsten and molybdenum
for poisoning issues, then supported Ni catalysis lse used for hydrocracking of heavy
vacuum gas oil which is generally the most profgamit of a refinery [1-3].
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Figure 1. Hydrogenation and cracking activity of the hydraiag catalysts as a function of
metal type and support’s acidity [4].

The size, shape, size distribution, loading, andr@gnation sequence are important to tune
the activity and selectivity of the synthesizedabats and these parameters depend on the
preparation techniques. As compared to the tecksiguch as wet / dry impregnation, co-
precipitation, and sol-gel, SCD is a relatively neehnique for the preparation of supported
metal nanoparticles [5]. A SCF has properties mesliate between a liquid and a gas. It is
capable of dissolving solutes like a liquid and ibkh almost no surface tension with low
viscosity that enables the good penetration ofdissolved molecules into the small pores.
The liquid solvents usually are not favorable fog tvetting of very small pores which results
in low utilization of the support for metal depasit Another advantage of a SCF is the
sensitivity of its density to the changes in terapgme and pressure which makes it possible to
manipulate the solvent properties during procesg&Eng].

In addition to the metal pairs deposited and thaodiion techniques employed, the support
material also has a notable influence on the agti the catalysts [7-9]. Pore size, pore
volume, surface area, acidity and conductivity taeekey factors that determine the effect of
the support on the activity and selectivity of dagalyst.

In this study, SCD was used to synthesize supportedometallic Ni and bimetallic Pt-Ni
nanoparticles. Commercially available supportg-afumina and Vulcan XC72R as well as
carbon aerogels prepared in our laboratory were asesupports. Bimetallic nanoparticles
were synthesized by the technique called sequatg@bsition. The effects of support, metal
loading, impregnation and reduction conditions lo@ particle size, particle size distribution
and activity were investigated.

Prepared catalysts were characterized by XRD, TaiM, EDX. The electrochemical activity
of the synthesized catalysts was determined byayoltammetry.

MATERIALSAND METHODS
Materials
Dimethyl (cyclooctadiene) platinum (Il) (PtM@OD) (99.9%) and Bis(2,4-

pentanedionato)nickel(ll) (Ni(acag)were purchased from Strem Chemicals. Vulcan XR 72
carbon black powder was obtained from Cabot Intevnal. Sphericaly-alumina particles



with a diameter of 1.6 mm were purchased from S@wiain NorPro, Inc. For the carbon
aerogel preparation, resorcinol (99%), formaldeh{@#%), and sodium carbonate (99.99%)
were bought from Aldrich and used without furtheripcation. All of the supports used in
this study were dried in the oven at 1%D for 4 hours before use in order to remove the
water. Carbon dioxide (99.998%) and nitrogen (999%Pwere purchased from Airgas.

Methods

The supercritical fluid deposition setup is shownFigure 2. The custom manufactured
stainless steel vessel with a 54 ml volume is qupdpwith two sapphire windows (1 in, id;
Sapphire Engineering, Inc.) and each sapphire windo sealed with 2 poly(ether ether
ketone) O-rings. In addition, a vent line, a ruptdisk assembly (Autoclave Engineers) and
T-type thermocouple assembly (Omega Engineering30RX7.5KGV) are included in the
system.

For each experiment, a known amount of supportplased in a bag made from filter paper
and inserted into the reaction vessel together thighorganometallic compound. The system
was heated with a circulating heater and aftertlaérequilibrium was reached, the system
was filled with CQ by a syringe pump. Deposition experiments werdopmed at 4400
psi/60°C and at 3500psi/?Q for Ni and Pt deposition, respectively. To enshed adsorption
equilibrium was reached, the system was let to atdlgese conditions for 48 hours. Then the
system was depressurized and adsorbed organometaifnpounds were converted to
metallic nanoparticles at atmospheric pressure ruhggrogen and nitrogen flow for Ni and
Pt, respectively. For the preparation of bimetatimtalysts, the sequential impregnation
method was used. The supported monometallic nancear were treated as a support
material for the deposition of second metal and shme procedure was followed. This
enabled us to study the effect of impregnation sege on the structure and activity of the
catalysts.
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Figure 2. Supercritical Carbon Dioxide Deposition Setup.



Support characterization was done by TPD and BERD Xneasurements were carried out by
using Cu ki source Huber G 670 Imaging Plate intarange of 5-85° with a step size of
0.01°. The morphology of the prepared catalysts aredyzed by TEM, and the chemical
compositions were found by EDXS measurements. Agtiests of the prepared catalysts
were done by CV measurements in 0.1 M H{O#@ctrolyte solution.

RESULTS

Characterization of the support materials were dopedBET and TPD measurements. CA
support was found to have a surface area of 74@, raverage pore diameter of 22 nm and
pore volume of 4.1 cig. The Vulcan XC72R was found to have a surfaea af 213 Mg,
pore diameter of 6.4 nm and pore volume of 0.48/gmAs for y-alumina support, the
surface area of 260 gy, pore diameter of 10 nm and pore volume of @B8/g were
determined. TPD result gf-alumina support is given in Figure 3 showing theoant of the

ammonia desorbed from the surface. The acidity-alumina support was found as 0.491
mmol ammonia / g catalyst.

Acidity:0.491 mmol ammonia / g catalyst
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Figure 3. TPD of ammonia results gfalumina.

The solubility of Ni(acag)was found to be low to obtain high Ni loadings][IDherefore a
few mL of methanol was introduced as an entraiBgcess amount of Ni(acacjvas used to
ensure that maximum Ni loadings on all of the sufsp@were obtained.

Maximum nickel loading on—alumina was found to be 3%. All the loadings sfetiin this
study are weight percentages. The XRD spectrun3%eNi/y—alumina is given in Figure 4.
The detection of the corresponding Ni peaks is l@chuse of the low loading of the metal,
the nanosize of the metal particles, and the iaterice with polycrystalline alumina peaks.
However, deposition of Ni metal nanoparticles wasficmed by TEM images and EDXS
results. Small nanoparticles with a size of ~6nmen@bserved and the chemistry of these
particles was analyzed by EDX indicating pure Nioyarticles formation.
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Figure 4. Characterization results of the supported monometaltkel nanoparticles op-
alumina. (Top left and top right: TEM images; Topddie: Chemical Composition based on
EDX results; XRD spectra a: 3wt% Ni gralumina; XRD spectra b: pugealumina)

To synthesize bimetallic PtNiKalumina, firstly monometallic Rt/alumina was prepared with
a loading of 2.5wt% Pt. For similar reasons memtabove, XRD results of taAlumina
were found to be inconclusive. Secondlyyfilumina was treated as a support material and
Ni deposition with a loading of 1.5wt% was achiev@@EM images and EDXS results of
PtNi/ y-alumina nanocatalysts are given in Figure 5. Stpdmanoparticles of 1-3nm in size
were observed with a narrow particle size distrdoutlt is interesting to note that size of the
bimetallic Pt-Ni nanopatrticles is smaller than #iee of the monometallic Ni nanoparticles.
The patrticle size distribution and shape of thedtatic Pt-Ni nanoparticles are similar to the
shape and size of the monometallic Pt nanopartarigsalumina prepared by SCD [11]. This
supports the argument stating that Ni nanopartmleations occur with close contact to the
Pt islands; therefore, instead of phase separatmmetallic PtNi nanoparticles with
homogeneous chemical compositions were obtainegraBeeken et al studied Pt based
bimetallic nanostructures by SCD and found thaa&glomerate formations can be stabilized
if there are pre-existing Pt islands on the surfagephase separation still occurred [12]. The
findings of our study, on the other hand, states Bt and Ni further interact with each other
giving small composition variations in EDX measuests indicating no phase separation.

The characterization results suggest that prepgralimina supported bimetallic PtNi
nanocatalyst with uniformly distributed metal carttat nanosize is a good candidate to be a
reforming and hydrogenation catalyst for refinepgiations.
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Figure 5. PtNi/y-alumina nanocatalysts. TEM image(left) and EDX8cdra (right).

As for the characterization results of nanocatalystipported by Vulcan XC72R, XRD
spectrum of the naked support, Pt deposited supgadt PtNi deposited support are given in
Figure 6 together with the particle size analyssuits and corresponding TEM images.
Particle size was calculated using the width of(ttEl) peak at half maximum. Particle size
was observed to increase from 2.1 nm (8 wt% PB.8onm (8 wt% Pt + 2 wt% Ni) after Ni
deposition suggesting that Ni metal is not phagmrsged; instead Ni atoms grow on the
previously deposited Pt islands. Information okedifrom XRD analysis is volume averaged
but TEM information on the other hand is specifidiie area focused on the TEM specimen.
Therefore calculated particle size of 2.8 nm whiltlose to the observed value on TEM
images (~3 nm) indicates that SCD enables to hauew particle size distribution.

XRD particle size of 8%Pt: 2.1 nm
XRD particle size of 83%Pt+2%Ni: 2.8nm

a: 8%Pt+2%Ni
b: 8%Pt
c: Pure Vulcan
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Figure 6. XRD diffractograms of pure Vulcan XC 72R (c), 8 wR¥#/ulcan XC 72R (b),
(8wt %Pt+2 wt %Ni)/Vulcan XC 72R (a), particle sizalculated from (111) peak, and the
corresponding TEM image of (8 wt%Pt+2 wt% Ni)/VuicXC 72R (top right-scale base is
10nm).



As for the CA support, two types of bimetallic Pthanocatalysts were prepared to see the
effect of the impregnation sequence on the morgyland activity of the catalysts. The
prepared monometallic nanocatalysts were treatsd@sort material for the deposition of the
second type of metal. One of them was preparedt lojeposition first and this was followed
by Ni deposition. The second one was prepared bgeldosition first and this was followed
by Pt deposition.

Figure 7 shows TEM images of the first type of kiatiec PtNi. The particle sizes obtained
were close to ~1nm. The metal nanoparticles areligigged with the arrows and the circles.
No agglomerate formation was observed on TEM imad&small variation in EDX
measurements indicated that there was no phaseatiepaon the surface. Extremely small
particle sizes can be attributed to the high ab&lasurface area of the CA support. The
surface area of the CA support was measured asn74javhich prevents the metal particles
to come together and form bigger agglomerates.

Characterization results of the second type of taitie PtNi is given in Figure 8. The Ni
metal loading of 3.5 wt% was obtained on CA supjpod this was followed by 3.6wt% Pt
deposition. Interestingly, according to the TEM amDX results, bimetallic PtNi
nanoparticles of ~1-3 nm in size were observed thmge with bigger and pure Ni
nanoparticles of ~10-20 nm in size. No such bigiglas on the corresponding TEM images
of monometallic 3.5wt% Ni/CA was observed (~5nmhefiefore, these bigger particles of
pure Ni with a size of ~10-20 nm can possibly belaxed by the heat supplied to the
catalyst after the adsorption of Pt precursor ttaiobPt nanoparticles. The pre-existing Ni
metals gained the mobility and formed bigger plesicThis order in sequential impregnation
resulted in bimetallic PtNi nanocatalyst with atqudifferent morphology. Therefore, it is
suggested that pre-existing Pt islands stabilibedNi growth but when Ni deposition was
achieved first, the phase separation and aggloméranation couldn’t be inhibited.



Figure 7. High magnification TEM images of PtNi/CA with theatal loadings of 2.2wt% Pt
and 1wt %Ni.
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Figure 8. TEM images and the corresponding EDX results Ni/R¥A with the metal
loadings of 3.5wt% Ni and 3.6wt %Pt.

The electrochemical activity was determined by CA& for the activity tests, cyclic
voltammograms of HOR and ORR for both of the carbopported catalysts were collected.
Figures 9 and 10 display the cyclic voltammografnsaobon supported monometallic Pt and
PtNi nanocatalysts. It is clearly seen that Ni #&ddiimproves the ORR activity. These
improvements can be explained by the modificatigtiser in the electronic structure or in the
geometric structure of the Pt. Alternatively, nickddition may weaken the bonds between Pt
and undesired adsorbates.
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Figure 9. Comparison of the hydrodynamic voltammograms aditpre scans of pure CA,
(4%Pt)/CA, and (4%Pt + 2%Ni)/CA forLQeduction in @ saturated 0.1 M HCI©
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Figure 10. Comparison of the hydrodynamic voltammograms ofitp@e scans of
(8%Pt)/Vulcan XC 72R, and (8%Pt+2%Ni)/Vulcan XC 78R O, reduction in @ saturated
0.1 M HCIQ,.



CONCLUSIONSAND FUTURE WORK

Supported monometallic Ni and bimetallic PtNi naamtatysts with different deposition
sequences were preparedysalumina, Vulcan XC72R and CA by SCD. It was fouhdt Ni
nanoparticle formation does not occur away from gheviously deposited Pt islands which
would results in a phase separation. Instead, ®PNametals interacts with each other to form
spherical bimetallic nanoparticles having homogesethemical compositions. However, Ni
agglomerates were observed when Ni deposition whewed prior to Pt deposition. This
suggests that pre-existing Pt inhibits the Ni preeggaration and agglomerate formation.

Activity tests were also performed. Higher actedtiwere observed for bimetallic PtNi as
compared to the monometallic Pt. As for the eff@ictmpregnation sequence, two types of
bimetallic PtNi nanocatalysts were prepared. On@ Wi deposition and followed by the Pt
addition and the other one with Pt deposition fast followed by Ni incorporation. It was

found that the latter exhibits a higher electrocivaractivity.

As for the future work, different types of Ni presars to increase the metal loading will be

used. In addition, altering carbonyl precursorcdople nickel not only with platinum but
also with tungsten will be studied.
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NOMENCLATURE

CA: Carbon Aerogel

scCQ: Supercritical Carbon Dioxide

SCD: Supercritical Carbon Dioxide Deposition
BET: Brunauer Emmett Teller

TPD: Temperature Programmed Desorption
XRD: X-ray Diffraction

TEM: Transmisson Electron Microscopy
EDXS: Energy Dispersive X-ray Spectroscopy

Ni(acac): Nickel Acetyl Acetonate
Pt(cod)(me): Platinum Cyclooctadiene DiMethyl

CV: Cyclic Voltammetry
SCF: Supercritical Fluid
ORR: Oxygen Reduction Reaction

rpm: Revolution per minute
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