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In this work synthesis of Pt/C catalysts by reduction of H,PtCly with sodium citrate has been investigated. The strong pH-
dependence of citrate as a reducing and stabilizing agent has been explored, and an optimum pH range for production of well
dispersed catalysts is proposed. To achieve stabilizing and reducing conditions, the presence of both citrate anions and protonated
citrates are required. This is achieved in an intermediate pH range between pKy, and pK,3 (4.76 and 6.4) of citric acid, where
both C4gHO3™ (denoted CA*") and C¢H;0j (denoted H,CA") are present. At pH 5.3-5.4 a catalyst with particles around 3 nm
was thus successfully prepared. At high pH (~12) the reduction of Pt is limited, whereas at low pH reduction is fast, but the
stabilizing ability of the citrate in solution is poor resulting in large cubic Pt particles. CO-stripping voltammetry indicate that
Pt(111) faces are the dominating crystal plane in the nanoparticles formed when citrate anions are used as stabilizing agent. This
effect is presumably caused by the distance between oxygen groups in citrate correlating well with the Pt—Pt distance on (111)

faces.

1 Introduction

PEM fuel cells have over the last decades proven to be the
chosen technology for conversion of chemical energy stored
as hydrogen into electrical energy for e.g. vehicle propulsion.
A major focus has been on increasing the lifetime of the PEM
cells while at the same time reducing the amount of active
materials, typically Pt or Pt- containing alloys. From early
PEM fuel cell electrodes consisting of PTFE-bonded platinum
black applied by hot-press to the ionomeric membrane, sub-
stantial reduction in noble metal loading (20—40 times) has
been achieved by the introduction of supported catalysts'.
Typical support materials are carbon blacks like Vulcan XC72
with noble metal loadings ranging from 20-60 wt. % in or-
der to achieve thin active electrode layers minimizing mass
transport limitations and ohmic resistance>3. Today’s state of
the art PEMFC typically have noble metal loadings of 0.05—
0.1 mgcm™24,

Supported catalysts can be prepared by various methods in-
cluding ion-exchange, homogenous deposition precipitation
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(HDP), impregnation and deposition of colloidal particles.>°
The former two methods are limited to low loading catalysts?.
High loadings are readily achieved by impregnation. How-
ever, it is challenging to achieve high loading and simultane-
ously maintain high dispersion of Pt.”.

Colloidal methods have proven able to achieve both load-
ing and dispersion. Here, the noble metal precursor is chem-
ically reduced in the presence of a protective agent. A
narrow particle size distribution is achieved by stabilization
of the nanoparticles by either steric hindrance or electro-
static charges. Common protecting ligands include NRY,
triphenylphosphine (PPhs), polyvinylpyrrolidone (PVP) and
polyvinyl alcohol (PVA). One drawback with such methods,
however, is the presence of the protective agents which can
reduce the catalytic function of the nanoparticles. Removal of
such agents can be done by washing in appropriate solvents or
by thermal decomposition in inert atmosphere>. Routes which
can omit additional stabilizers would be favourable, though.
Such methods include the polyol method, where reduction and
stabilization are achieved with ethylene glycol®-11.

Citric acid is well known for its dual functions as a reduc-
ing and stabilizing agent, and was used by Turkevich in the
preparation of Pt nanoparticles in 1986'2. Since then sev-
eral researchers have used citrate stabilized methods. Gou
et al.!>!% prepared Pt/C and PtRu/C electrocatalysts by re-
duction of chloroplatinic acid and ruthenium chloride with
sodium borohydrate. Citrate was used as stabilizing agent in
ammonium hydroxide solutions of pH 11-13. The ratio cit-
rate:noble metal was varied, and optimum ratios of 2:1 and 1:1
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were found for Pt/C and PtRu/C respectively >4, Xu et al. 1
prepared bimetallic PtRu/C catalysts by a similar approach
and found that the resulting particle size changed when the
stabilizing pH varied between 5 and 13. Ata pH of 7, homoge-
nous catalysts were achieved. A citrate-stabilized method with
different reducing agents (NaBH, and formaldehyde) and car-
bon support was studied by Jiang et al. 1. In the studies above,
the catalysts were prepared by methods in which citrate only
acted as stabilizer. Incomplete reduction of Pt, leaving Pt of
higher valences in the catalysts due to complex formation with
citrate anions, has been thought to make additional reducing
agents necessary. In studies by Henglein !”-!8 the formation of
carbonyls upon exposing colloids prepared by reduction and
stabilization with citrate to CO revealed that traces of unre-
duced Pt were present at the colloid surface. These results
were confirmed by EXAFS studies by Lin et al. '°.

In this study Pt/C electrocatalysts with a nominal Pt-loading
of 10 wt. % were prepared by a citrate method in which citrate
anions act both as reducing and stabilizing agent. The stabi-
lizing and reducing abilities of citrate at varying pH are dis-
cussed, and an optimum pH for synthesis of highly dispersed
catalysts is proposed.

2 [Experimental

Platinum colloids were prepared by reduction of chloropla-
tinic acid (H,PtCl,-6H,0, VWR) with tri-sodium citrate
(CcHsNa;0,-2H,0, sds). 37 ml MilliQ water and 2 ml of a
H,PtCl, - 6H,O prepared by dissolving 1 g of H,PtCl,-6H,0
in 50 ml water were heated to boiling in a three-necked round
bottle flask equipped with a reflux tube. The reaction mixture
was de-aerated by purging of Ar through a Pasteur pipette.
The third neck was used for collecting samples of the reaction
mixture. When the solution reached the boiling point, 11 ml
of a 1 % tri-sodium citrate solution was added. After mix-
ing, aliquots of the boiling reaction mixture were collected
every 5 minutes and quenched in an ice bath. These samples
were later used for preparation of samples for UV-vis mea-
surements. The pH of the solution was measured before and
after the reaction was quenched. (This synthesis will be re-
ferred to as “medium pH” or “intermediate pH” below.)

The synthesis was repeated at low and high pH by replacing
1 ml of water with 1 ml of 1 M HCI or 2 ml of water by 2 ml
1 M NaOH respectively. (The samples were denoted “Low
pH” and “High pH” respectively.) A list of experimental pa-
rameters can be found in Table 1.

Platinum reduction was studied by UV-vis spectrophotom-
etry using a Cary 5 UV-Vis-NIR spectrophotometer. UV-vis
samples were prepared by diluting 1 part of reaction mixture
with 7 parts of MilliQ water. As reference, a diluted solution
containing water and tri-sodium citrate of the same concentra-
tion as the colloids was used. This blank sample was subjected

to the same treatment as the colloids. UV-vis absorption spec-
tra were recorded between 500 and 190 nm with a scan rate of
150 nm/min.

Electrocatalysts with a nominal loading of 10 wt. % Pt were
prepared by addition of Vulcan XC-72 carbon (Cabot) during
different stages of the colloid formation and at medium and
low pH, giving catalysts with different particle size. After cat-
alyst synthesis, the catalyst was separated from the solution
by filtration (Millipore DVPP filter 0.65 pm) and washed thor-
oughly with MilliQ water, until neutral pH was achieved in the
washing water.

Transmission Electron Microscopy images were recorded
of both colloidal samples and catalysts by means of a JEOL
2010F electron microscope equipped with a field emission
gun. The Pt loading was determined by Energy Dispersive
Spectroscopy in a Hitachi S-3500N low vacuum SEM with an
Oxford EDS Detector. (The acceleration voltage was 15 kV,
and the working distance 10 mm.) XRD was carried out using
a D8-focus X-ray diffractometer with Cu Ko radiation.

The catalysts were characterized electrochemically using
thin-film electrodes applied to the 5 mm glassy carbon disk
of a rotating ring-disk electrode (Pine Instrument Company).
Prior to electrode preparation, the disk was polished to a mir-
ror finish with 0.05 wum alumina solution (Buehler). Elec-
trodes were prepared by a procedure described by Schmidt
et al.2% and Paulus et al.2!, in which 20 ul of a slurry with
known catalyst content was pipetted on to a rotating disk elec-
trode. The composition of the ink used in this study was 1 mg
catalyst per 1 ml of a 20 % isopropanol in water solution. The
electrode was placed under argon during drying. When the
electrode was completely dry, 20 ul of a Nafion solution (Alfa
Aesar 5 % w/w) diluted 1:100 with water, was applied to the
electrode. After evaporation of the solvent, a Nafion film of
approximately 0.1 um was formed, binding the catalyst to the
glassy carbon surface.

Electrochemical characterization was performed in 0.5 M
sulphuric acid (Merck, p.a.) in a three electrode setup with a
reversible hydrogen reference electrode. A Pt wire, contained
in a glass tube separated from the working electrolyte by a
glass frit acted as counter electrode. The electrode was cycled
between 50 mV and 1.4 V at a scan rate of 100 mV/s. The
electrolyte was saturated with oxygen. The fifteenth cycle was
recorded.

CO-stripping voltammetry was performed between 50 and
1100 mV vs. RHE at a sweep rate of 100 mV s~ ! after adsorb-
ing CO at 220 mV. Before adsorption of CO the electrode was
cycled at 100 mV /s between 50 and 1100 mV vs. RHE in a
deaerated 0.5 M H,SO, electrolyte until a stable voltammo-
gram was recorded. Prior to CO-stripping, excess CO was
removed from the electrolyte by flushing with Ar for 30 min.
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Table 1 Experimental parameters. pH was measured using a pH electrode (Radiometer PHM210) which was calibrated with buffers of pH
7.000 and 4.005 (Radiometer analytical) on a daily basis. The concentrations of H,PtClg solutions were 0.0386 M in all solutions. All
citrate-containing solutions contained 1 wt. % CcHsNa; 0O, -2 H,O0.

Sample Chemicals PHstart pHena  Reaction time
/minutes
Low pH 2 ml H,PtCl solution 2.26 2.28 80
11 ml CgHsNa;O; -2 H, O solution
36 ml H,O
Iml 1 M HCI
Medium pH 2 ml H,PtClg solution 5.53 5.28 80
11 ml CgHsNa3;O5 -2 H, O solution
37 ml H,0
High pH 2 ml H,PtCl solution 12.29  12.19 80
11 ml CgHsNa3;O5 -2 H,O solution
35ml H,O
2ml 1 M NaOH
PtC-L 100 mg XC-72 2.54 2,2 80

2 ml H,PtClg solution
11 ml CgHsNa;O; -2 H,O solution
36 ml H,0
Iml 1 M HCI
PtC-N 100 mg XC-72 552 523 80
2 ml H,PtClg solution
11 ml CgHsNa;O; -2 H,O solution
37ml H,0

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |3



3 Results

Fig. 1 shows UV-vis absorption spectra recorded at different
times during reduction of PtCl%‘ at intermediate pH. Before
the reaction started, a clearly discernible peak at 260 nm cor-
responding to Pt'Y as the complex PtClg‘ was observed. This
peak diminished with time, and had completely disappeared
after 25 min when the reduction was complete.

A plot showing concentration of PtCl%‘ vs. time for the
reduction reaction at different pH is given in Fig. 2. Con-
centrations were calculated from the height of the absorption
peak at 260 nm in the UV-Vis absorption spectra. The absorp-
tion measured in the last aliquot (after 80 min of reaction) was
taken as a PtCI2~ concentration of zero. In the case of reduc-
tion at high pH the Pt absorption peak did not disappear during
the experiment. The absorption curve recorded at low pH at
the end of the reaction was used as a reference to convert the
absorption data to concentration. During the course of reac-
tion a shift in colour from pale yellow to dark brown/black was
observed at low and intermediate pH. At high pH, no colour
change occurred.
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Fig. 1 UV-vis absorption data from colloid synthesis at intermediate
pH. The peak at 260 nm disappearing with time is related to
absorption by PtCl%’. The initial concentration of PtCl%’ was
0.001544 M which was further diluted adding seven parts of MilliQ
water to one part of the PtCl%‘ solution.

Fig. 3 shows TEM images of the colloids prepared at low
and intermediate pH. Since Pt reduction was limited at high
pH, TEM was not attempted for this experiment. (A TEM
sample prepared with this solution would in practice be an
impregnation of the TEM grid with a solution containing a Pt
salt, and not be representative of any particles formed at re-
action conditions.) At low pH the particles are around 10 nm
of size and have a well-defined cubic shape. At intermediate
pH a “worm”- like shape with a diameter of around 2 nm was
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Fig. 2 Effect of pH on reduction of H,PtClg The rate of reduction
increases as pH during synthesis is lowered.

observed. We believe that this shape is an artifact originating
from the drying of the TEM samples, however. During sam-
ple preparation, the TEM grid is wetted by colloid solution.
As water evaporates the Pt particles agglomerate forming the
shapes in Fig. 3(b).

Fig. 4 shows catalysts prepared at intermediate pH with car-
bon addition before (Fig. 4(a)) and after (Fig. 4(b)) colloid for-
mation. As seen from the figure, carbon needs to be added at
the beginning of the reduction to give a well dispersed cata-
lyst. Adding carbon after colloid formation yields a catalyst
with a high degree of agglomeration.

TEM images of catalysts prepared at low and intermediate
pH are given in Fig. 5. Virtually no Pt was deposited when
catalyst preparation was attempted at high pH, and data are
hence not included. Large Pt particles and the same cubic
shape as was seen in the STEM images of the colloids (Fig. 3)
are seen for the catalyst prepared at low pH. (Average particle
size, based on TEM images is presented along with other data
below.)

Fig. 6(a) and 6(c) display cyclic voltammograms of the
catalysts prepared at low and intermediate pH respectively.
The voltammograms were recorded in oxygen—saturated elec-
trolyte during oxygen reduction experiments. (The oxygen in
the electrolyte explains the negative offset in the voltammo-
grams originating from reduction of oxygen.) The electro-
chemical surface area (ESA) of the catalysts was calculated
from the hydrogen desorption charge between 50 and 400 mV
after subtracting the double layer charge. ESA for the cat-
alyst prepared at low and intermediate pH was found to be
4m? g~ ! Pt and 93 m? g~ ! Pt respectively, resulting in parti-
cle sizes of 67 and 3 nm assuming spherical monodisperse par-
ticles. The uncertainty in the calculations for the low—pH cata-
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(b)

Fig. 3 STEM images of colloids prepared at low (a) and
intermediate (b) pH during colloid formation.

lyst is high as the electrochemical response is small compared
to the double—layer charging and oxygen reduction currents.

Fig. 6(b) and 6(d) show CO-stripping voltammograms for
the two catalysts. For both catalysts, two stripping peaks ap-
pear at 0.79 and 0.89 V. The dominant peak for the catalyst
prepared at low pH is the low potential peak, and for the cat-
alyst prepared at intermediate pH the higher potential peak
dominates completely. The differences indicate that changes
in synthesis parameters induce different surfaces on the Pt par-
ticles.

Based on the hydrogen desorption and CO-stripping charge,

29 runl

(b)

Fig. 4 TEM images of catalysts prepared by adding carbon before
(a) and after (b) colloid formation. Catalyst and colloid synthesis
was performed at medium pH.

ESA was calculated subtracting the background from the first
sweep in the case of Hypp and second scan for CO-stripping.
The hydrogen UPD charge was integrated between 50 and
420 mV for both catalysts, whereas the CO-stripping charge
was integrated from 600 mV or 720 mV for PtC-L and PtC-N
respectively. The upper vertex potential was used as the upper
integration limit. ESA for the different calculations are given
in Table 2 along with loading and estimates of particle size.
The XRD data for catalysts prepared at low and interme-
diate pH are, given in Fig. 7, and were refined using Bruker
AXS Topas v2.1 refinement software. The background was
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Table 2 Loading and electrochemical surface area of the catalysts calculated by a) hydrogen desorption charge from Fig. 6; b) hydrogen
desorption charge from CO-stripping voltammograms in Fig. 6; ¢) CO-stripping charge from voltammograms in Fig. 6. The corresponding
particle diameter d are included along with estimates of particle diameter from TEM and XRD.

Catalyst Loading | ESA /m?g ! Pt Particle size, d /nm

Iwt. % a b a b c TEM XRD
PtC-N 13 932 104.1 3.0 27 3.1 2.3 4.6
PtC-L 11 4.2 15.8 66.8 17.7 155 181 24.7

20nm|
|

(®)
Fig. 5 TEM images of catalysts prepared at low (a) and medium pH
(b).

modeled using a Chebyshev polynomial and whole-powder
pattern fitting was used for analysis of the powder structural

parameters. The resulting average crystallite size are reported
in Table 2. In the figure, broader peaks are observed in the
case of PtC-N compared to PtC-L, in line with the difference
in particle size for the two catalysts. For PtC-L a substantially
larger size is estimated from the TEM images than from the
diffractograms, though.

The electrochemical measurements clearly display the dif-
ference in active surface area between the catalysts. For PtC-L
the electrochemical response from Pt is small compared to the
carbon background. The small area makes the active surface
area calculations inaccurate. This is apparent in Table 2 where
the calculated surface areas and corresponding particle sizes
show considerable variation. The discrepancy between the
average size from TEM images and the electrochemical sur-
face area of PtC-L can be explained by difference in measur-
ing technique. Electrochemically, all active area is measured,
whereas for TEM, a 2D projection of particles and agglomer-
ates forms the basis for calculation. For PtC-N all measure-
ments are relatively consistent, although modelling of XRD-
spectra for catalysts with particle sizes approaching 3 nm can
be questioned.

The difference in size estimated from the TEM images and
the diffractograms for sample PtC-L, Table 2, is presumably
due to the agglomeration in the catalyst synthesized at this
pH. XRD measures crystallite size, whereas TEM would give
particle size. Indications of agglomeration in sample PtC-L
were in fact observed in a number of the TEM images (not
shown) for this sample.

4 Discussion

The combined effect of pH on concentration of reducing and
stabilizing species can be explained by the degree of proto-
nation of citrate anions. Hence, the reduction of PtCl%‘ by
citrate is strongly dependent on pH. As seen from Fig. 2, the
reduction rate increases with decreasing pH, indicating that
protonated citrate species are needed for the reduction to take
place. At high pH (~12) complete reduction was not achieved
during the experiments. Lin et al.'® and Pron’kin et al.?? pro-
posed the overall reactions for citrate reduction of Pt in Eq. (1)

6| Journal Name, 2010, [vol]1—10

This journal is © The Royal Society of Chemistry [year]



and (2) respectively *.

PtCI2~ + H,CA~ +H,0 — P +CO, +H" +CI= (1)

9PtCIZ +2H,CA™ +10H,0 —
9Pt" +12CO, +38H" +54Cl1~ )

In Fig. 8 a log(c) - pH plot of the triprotic citric acid with
pK, values of 3.13, 4.76 and 6.4 is displayed>*?*. In the case
of high pH, protonated citrates are almost absent, hence little
or no reduction is expected. As pH is lowered protonation oc-
curs and the concentration of the lower-valent citrate anions
increase. At the intermediate pH (5.3-5.5) in these exper-
iments HCA?™ and H,CA™ are the two dominating species,
and an increased rate of reduction is observed. A further de-
crease of the pH (2.2-2.5) results in a further increase in re-
action rate although the concentration of the assumed reduc-
ing agent, H,CA™, according to Fig. 8, is approximately un-
changed. This result suggests that the participation of H;CA
in the reduction cannot be excluded, although not being in-
cluded in Equations (1) and (2).

The stabilizing effect of tridendate oxoanion stabilizers, like
citrate (CGHSO%’), are believed to be caused by the good
match between the ligand O—O and surface M—M distances.
The citrate anion with O—O distances between 2.8-3.1 A
matches well with the interatomic distance of Pt of 2.77 A,
c. f. Fig. 4 of Ref.?>. As seen from the TEMs for both
the colloids and catalysts prepared at intermediate and low pH
(Figures 3 and 5) the particle size increases considerably as
pH, and consequently the concentration of CA", is decreased.
Based on these results, an optimum pH region for the forma-
tion of small Pt particles with narrow particle size distributions
would lie in an intermediate pH range between pKy; and pKa3
(4.76 and 6.4) where both CA% and H,CA™ are present.

The differences seen in TEM pictures of the colloid (Fig. 3
(b)) compared to the catalyst (Fig. 5(b)) prepared under similar
conditions are believed to be caused by TEM sample prepara-
tion. In Fig. 3 (b), extended Pt domains are seen. These are
not found in the catalyst. Similar structures have also been re-
ported by others?6. These authors pointed out that Pt agglom-
eration occurred during sample preparation of Pt on glassy
carbon (GC) electrodes by wet chemical deposition due to su-
persaturation of the GC surface by H,PtClg precursor. In our
case, a colloidal Pt solution was dropped onto a carbon coated
TEM grid. The colloidal solution is likely to contain Pt of
higher valences in the form of PtClé‘ or in citrate complexes.
Guo et al.'? and Henglein'” have observed Pt of higher va-
lence state when using the citrate stabilized synthesis methods.

+ Note that the equations are not correctly balanced. In Eq. (2) the number of
protons on the right side should be 34 to keep mass and charge balance.

Guo prepared Pt/C electrocatalysts by reduction of chloropla-
tinic acid with sodium borohydrate with citric acid as stabi-
lizing agent in ammonium hydroxide solution at CA:Pt ratios
of 1:1, 2:1, 3:1, 4:1. XPS measurements revealed relatively
higher amount of Pt in metallic state for the latter three ra-
tios. Henglein observed Pt of higher valence when colloids
formed by reduction of chloroplatinic acid with sodium cit-
rate were subjected to CO by bubbling resulting in the for-
mation of carbonyl complexes of the form[Pt3(CO)6]ﬁ’ with
n=1to ~10. The complexes were not formed if the col-
loid had been subjected to hydrogen bubbling before CO bub-
bling. The agglomeration in our case can thus be explained by
the presence of higher valence Pt, either on the surface of the
colloidal particles or in solution. When water is evaporated
during TEM sample preparation, supersaturation is obtained,
leading to agglomeration as was also described by Maillard
et al.?¢ for electrode preparation by wet chemical deposition
from H,PtCl, precursors. The same kind of agglomeration
would not be that pronounced in TEM images of colloids pre-
pared at low pH (Fig. 3 (a)) as the particles are considerably
larger.

For electrocatalyst preparation, we expect the presence of
higher valence Pt in the catalyst to have few practical implica-
tions, as reduction and oxidation of platinum takes place when
the potential of a catalyst coated electrode is cycled.

Adding carbon at the beginning of the synthesis is neces-
sary for achieving well dispersed catalysts with the current
synthesis method. As seen from Fig. 4, agglomeration occurs
when carbon is added after colloid formation. When carbon
is present from the beginning, ion exchange with Pt can take
place before the reduction starts, forming favourable nucle-
ation centers on the carbon surface. This is not achieved when
the colloid is already formed.

At low pH, the size of synthesized particles is very sensi-
tive to small changes in pH. Comparing the TEM of the sup-
ported catalyst prepared at low pH (Fig. 5(a)) and the colloid
formed at low pH (Fig. 3 (a)), considerable difference in parti-
cle size is observed. Atlow pH, the concentration of C;H;07~
is nearly negligible, but it changes to a power of 3 with re-
spect to pH. Hence, even very small differences in pH will
have large impact on the concentration of stabilizer and can
greatly effect the resulting particle size. The carbon and inter-
actions with the precursor could also affect the final particle
size. When synthesis is performed at low pH, little control
with particle size is expected.

The electrochemical measurements displays features in line
with the Pt crystal structure which is expected for catalysts
prepared by a citrate stabilized synthesis. Platinum has a
face-centered cubic structure (FCC). For Pt particles a cubo-
octahedral structure with eight octahedral (111) crystal faces
and six cubic (100) crystal faces is preferred, as a minimum
surface energy is obtained>’?8. The TEM images of the col-
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loid and catalyst prepared at low pH (Figures 3 (a) and 5(a))
show cubic particles. In the presence of citrate stabilizer it
is reasonable to assume that the (111) crystal phase of Pt is
energetically preferred, as the Pt-Pt distance matches the O-
O distance in citrate as discussed above. For (100) the Pt-
Pt distances of 3.92 and 2.77 A are found, whereas for (111)
the Pt-Pt distance is 2.77 A. Hence, catalysts prepared at a
pH where the concentration of CA®~ is high should be domi-
nated by (111) faces as this crystal plane is stabilized by cit-
rate. In the voltammograms of Fig. 6 the main CO-stripping
peak recorded on PtC-N is located at 0.89 V. A small shoul-
der is located at 0.79 V. For PtC-L, the main stripping peak is
found at the lower potential (0.79 V) with a second peak at the
higher potential. Work on single crystal surfaces of Pt(100)
and Pt(111) has shown peak separations in this order of magni-
tude between the different faces, and with CO-stripping from
Pt(111) taking place at the highest potential>*—32. Qualita-
tively these results indicate that nanoparticles formed at inter-
mediate pH in this work have faces predominantly of Pt(111),
very much in line with what is expected from citrate stabiliza-
tion. The effect of edges and steps, which should constitute
a relatively large fraction of surface atoms for small nanopar-
ticles, may, however, also contribute to shifts in the stripping
potential >3 as well as do the presence of agglomerates 333, the
assessment of which both are beyond the scope of the present
work.

5 Conclusion

The strong pH—dependence of citrate as a reducing and sta-
bilizing agent has been explored, and an optimum pH range
for the production of well dispersed catalysts is proposed. To
achieve stabilizing and reducing conditions, both citrate an-
ions and protonated citrates are needed. This is achieved in
an intermediate pH range between pKy, and pK,3 (4.76 and
6.4) of citric acid, where both CA3 and H,CA™ are present.
At pH 5.3-5.4 a catalyst with particles around 3 nm was thus
successfully prepared. At high pH (~12) the reduction of Pt
is limited, whereas at low pH reduction is fast, but the stabi-
lizing ability of the citrate in solution is poor resulting in large
Pt particles.

CO-stripping voltammograms show that Pt(111) faces are
the dominating crystal plane in the nanoparticles formed when
citrate anions are used as stabilizing agent. This effect is pre-
sumably caused by the distance between oxygen groups in cit-
rate correlating well with the Pt—Pt distance on (111) faces.
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Fig. 6 Cyclic voltammograms of catalysts prepared by reduction
with sodium citrate at low (a) and intermediate (c) pH. CO-stripping
voltammograms (solid line) of catalysts prepared by reduction with
sodium citrate at low (b) and intermediate (d) pH. For the two latter
the consecutive CV is included (dashed line).
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