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Rationalization of the synthesis process of Pt/carbon xerogel electrocatalysts with
high Pt loading for the oxygen reduction reaction (ORR) for proton exchange
membrane fuel cells (PEMFCs) applications
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Abstract

Pt/carbon xerogel catalysts were synthesized by different methods. The strong electrostatic adsorption (SEA)
method, which consists in enhancing electrostatic interactions between the support and the precursor, was first modified
in order to avoid any Pt loss (charge enhanced dry impregnation, CEDI). In a second step, the synthesis was rationalized
to speed up the reduction (liquid phase reduction with sodium borohydride, NaBH,). The synthesis procedure was fur-
ther simplified in order to obtain one-step procedures, such as (i) reduction of highly loaded platinum solution by sodium
borohydride, (ii) formic acid reduction, and (iii) colloid synthesis. All the catalysts were analyzed by physicochemical
and electrochemical methods. They are compared to a reference commercial catalyst (Tanaka). The best performances
are obtained by the SEA, the CEDI and the formic acid reduced catalysts, the performance of which are superior to
those of the commercial reference. From these three methods, the only one-step method is the formic acid reduction.

In fact, the previous two techniques, as well as being multiple-step methods, are efficient only after a high temperature

reduction, which removes the poisoning chlorine ions adsorbed on the Pt particle surface.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are
promising and eco-friendly power generators. However,
they are not widely commercialized yet. This is especially
because of the high cost of the device, which is partly
due to one of its major component: the catalytic layer.
Indeed, common catalytic layers are constituted of Pt or
Pt-based nanoparticles supported on high surface area car-
bon (Pt/HSAC) [I]. These catalytic layers usually display
high Pt loading, which increases the fuel cell price as Pt is
an expensive metal with supply limitations [2 [3]. One of
the fuel cell researchers’ main objective is therefore to de-
crease the Pt loading of the catalytic layers while keeping
high performances.

To do so, the increase of the Pt dispersion on the sup-
port was studied in order to increase the number of ac-
tive sites available for reaction, i.e. the number of Pt
atoms at the surface of the particles. The number of ac-
tive sites increases when the Pt particle size decreases, i.e.
when the Pt specific surface area increases. Indeed, the
smaller the Pt particle size, the higher the Pt specific sur-
face area. However, too small Pt nanoparticles lead to
a decrease in activity of the surface Pt atoms for most
of the reactions performed in PEMFCs, such as the oxy-
gen reduction reaction (ORR). Indeed, these reactions are
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structure-sensitive [4]. So, the specific activity (i.e. cur-
rent per surface unit of Pt) for the ORR increases with the
particle size (up to several tens of nm). Therefore, the op-
timal Pt nanoparticles size, resulting in best mass activity
(i.e. current per mass unit of Pt) is around 3 — 4 nm [5, [6].

Over the years, many Pt nanoparticles syntheses have
been developed. Among them, the strong electrostatic ad-
sorption (SEA) method [7HII] was developed especially
on nanostructured carbon such as carbon xerogels (CXs).
The main interest of such supports lies in their better elec-
trode architecture control and enhanced mass transport
properties [8HII]. The SEA technique consists in max-
imizing the electrostatic interactions between the metal
precursor and the support by adjusting the pH of the
carbon/water/Pt precursor slurry to the adequate value.
This value depends on the surface chemistry of the sup-
port and on the nature of the Pt precursor. Due to the
presence of various oxygenated surface groups, the carbon
support protonates/deprotonates at low/high pH value.
This enhances the adsorption of anions/cations, respec-
tively. For example, in a previous study, Lambert et al. [9]
demonstrated that, for the impregnation of CXs by hex-
achloroplatinic acid (CPA, H,PtCl;) aqueous solutions
(1000 ppmpy), the highest Pt uptake occurs at a final pH
around 2.5, which yields a Pt loading ca. 8-10 wt.%. In
order to achieve high Pt mass fraction without sacrificing
the dispersion, the SEA procedure can be performed sev-
eral times consecutively with fresh Pt precursor solution
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[10] or with the same (recycled) Pt precursor solution [I1].

However, the size of the Pt particles synthesized by the
SEA technique is ca. 2 nm [I1], which is below the opti-
mal value for PEMFC catalysts [5, [6]. Another drawback
of this method is the complexity of the procedure to ob-us
tain catalysts with high Pt loading. Indeed, in order to
synthesize highly loaded Pt/CX catalysts ( > 20 wt.%),
the CX undergoes several synthesis steps, i.e. adsorption
of Pt ions, filtration, drying, and reduction under hydro-
gen, which must be repeated several times since one singlei
cycle leads to 8 wt.% in Pt. All these steps are time-
consuming. As an example, three days at least are required
to synthesize 20 wt.% Pt/CX wvia SEA (1 day for each
impregnation-reduction cycle). This implies that some
adaptations/modifications must be performed on the syn-is
thesis procedure in order to obtain easy-to-make Pt/CX
catalysts with high performances.

The purpose of the first synthesis modification per-
formed in our previous studies so far was to avoid Pt loss.
To do so, the Charge Enhanced Dry Impregnation (CEDI)us0
method was used [12]. It combines the advantages of (i)
the SEA method, as the pH of the Pt precursor solution is
fixed at an optimal value in order to maximize the inter-
actions between the metallic ions and the support, which
leads to a high metal dispersion, and (ii) the Dry Impreg-iss
nation (DI) method, as the volume of the precursor solu-
tion strictly corresponds to that necessary to fill the pores
of the support. This strategy avoids Pt loss during the
synthesis. Cao et al. [12] synthesized Pt/CX catalysts
with 10 wt.% Pt loading in one impregnation-reduction
cycle with CPA as precursor.

Another modification of the synthesis was investigated
in previous works: one-step deposition methods. These
allow to deposit large Pt quantity on CX in one single
impregnation-reduction step. One-step syntheses lead to
highly loaded Pt/CX catalysts synthesized within a few
hours, whatever the final loading.

One of these one-step syntheses, developed by Alegre145
et al. [13], uses sodium borohydride (SB) as a reductant.
It consists in the impregnation of the CX support, followed
by reduction with SB, in liquid phase. 20 wt.% Pt catalyst
on CX were prepared by this technique [I3].

Another one-step synthesis, also developed by Alegre™
et al. [I3], uses formic acid (FA, HCOOH) as reductant,
in liquid phase. The aim of the FA reduction is to control
the reduction speed which is not possible with SB reduc-
tion. Indeed, SB-reduced catalysts usually display large
Pt particle size distribution (PSD) due to the high reduc-""
tion speed induced by SB [13, [I4]. In the above-mentioned
study, Alegre et al. synthesized 20 wt.% Pt on CX catalyst
via FA reduction.

Another one-step method, the synthesis of Pt/C cata-
lysts using a Pt colloid, was developed by Pasqualeti et al.””
[15]. The method consists in the synthesis of a Pt colloid
suspension followed by the addition of a carbon support
onto which adsorption of the Pt particles occurs. The aim
of the colloid synthesis is to control the Pt particle size

while reducing Pt ions with SB, by using tri-sodium cit-
rate (tSC, Na,C H;0,) as a surfactant. Pasqualeti et al.
synthesized 20 wt.% Pt on carbon black (Vulcan XC-72R)
catalysts [15].

All these syntheses were reproduced for this work.
Some of them were modified in order to change the load-
ing: (i) the CEDI method was repeated up to four times
to increase the Pt loading of the catalysts; (ii) the FA re-
duction synthesis and the colloid synthesis were modified
in order to produce 10, 30, and 40 wt.% Pt/CX catalysts
in addition to the 20 wt.% Pt/CX catalyst.

Finally, another method based on SEA was performed.
Contrary to SEA and CEDI synthesis (the other two
method based on SEA), in which reduction step was per-
formed under gaseous hydrogen, this method uses SB re-
duction in liquid phase. The purpose of this liquid-phase
reduction is to fasten the synthesis of highly loaded Pt/CX
catalysts obtained by multiple impregnation-reduction
methods. These SB-reduced catalysts were compared to
SB-reduced catalysts synthesized via the one-step synthe-
sis in order to study the differences between one-step depo-
sition and multiple impregnation-reduction steps methods.

This work will focus on these syntheses with the aim of
simplifying at best the synthesis process while optimizing
the catalyst performances.

2. Experimental

2.1. Reagents

The solid reagents used in this work were resor-
cinol CqHzO, (Merck, for synthesis), sodium carbon-
ate Na,CO; (Acros Organics, 99.5% extrapure, anhy-
drous), dihydrogen hexachloroplatinate (IV) hexahydrate
H,PtCl; - 6H,O (Alfa Aesar, 99.9% metal basis, crys-
talline), sodium hydroxide NaOH (Acros Organics, extra-
pure, pellets), sodium borohydride NaBH, (Merck, fine
granular for synthesis), and tri-sodium citrate dihydrate
Na,CeH,;0, - 2H,0 (Merck, EMSURE® for analysis).

The liquid reagents used in this work were formalde-
hyde solution CH,O (Sigma Aldrich, ACS reagent 37 wt.%
in water, contains 10-15% methanol as stabilizer), hy-
drochloric acid HC1 (Acros Organics, for analysis min. 35
wt.% solution in water), nitric acid HNO, (Merck, 65%
for analysis), ultrapure water H,O (18 M{2 cm), formic
acid HCOOH, (Merck, 99% for synthesis), sulfuric acid
H,S0, (Merck, 96 wt.% Suprapur® for electrochemical
measurements or Merck, 98% EMSURE®), for analysis
for cleaning solution), hydrogen peroxide H,O, (Merck,
30% Perhydrol®, EMSURE®, stabilized for higher stor-
age temperature, for analysis), and Liquion™ solution (Ton
Power, LQ-1105, 1100EW, 5 wt.%).

The gaseous reagents used in this work were nitrogen
N, (Air Liquide, 1), hydrogen H, (Air Liquide, x1), car-
bon monoxide CO (Air Liquide, N47), argon Ar (Air Lig-
uide, «1), and oxygen O, (Air Liquide, «1).
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2.2. Syntheses

Carbon zerogel support. CX used in this work was pre-??
pared by drying and pyrolysis of a resorcinol-formaldehyde
gel [16]. This synthesis is described elsewhere [I1]. Briefly,
the gel was obtained by polycondensation of resorcinol
with formaldehyde in water. The resorcinol/formaldehyde
molar ratio, R/F, was set at 0.5, the resorcinol/sodium car-
bonate molar ratio, R/C, was chosen equal to 1000 and the
dilution ratio, D, i.e. the solvent/(resorcinol and formalde-
hyde) molar ratio, was fixed at 5.7. These values led to
a CX with a meso-macropore size distribution centered at
80 nm and a BET specific surface area of 567 m? gp; ~*.
After gelling and aging in an oven at 358 K, the obtained
gel was dried under vacuum at 423 K, then ground with a
planetary mill (PULVERISETTE 6, classical line, Fritsch)
at 400 rpm during 70 min in order to obtain particles with
a diameter of a few micrometers according to a procedure
developed in another work [17]. After grinding, the gel™
was pyrolyzed at 1073 K under nitrogen flow. The result-
ing CX particles exhibit a mean size of 7 pm.
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Strong  electrostatic  adsorption (SEA). The SEA
method [8] was already studied and applied on CX*©
[OHI1]. The synthesis procedure is as follows [I1]: (i) the
pH of 0.567 L of 1.75 gp; L~! hexachloroplatinic acid
(CPA, H,PtCl, - 6H,0) aqueous solution (8.97 mmol L)
was adjusted to 2.5 with 0.5 mol L=' HCl and NaOH
solutions; (i) 1 g of CX was added to the solution, i.e.*®
the amount of CX corresponding to a surface loading
of 1000 m? L~1; (iii) the suspension was stirred for 1
h; (iv) filtered; (v) dried at 393 K in an oven under air
overnight; (vi) reduced under 0.04 mmol s~* H, flow at
473 K for 1 h. In order to synthesize several catalysts?®
with various Pt loadings, the Pt deposition was repeated
from one to five times on the same support with the same
impregnation solution, the pH of which is readjusted
to the optimal value at each impregnation [1I]. After
the last impregnation, each catalyst underwent its last?®
reduction step at 723 K during 5 h in order to remove the
chlorine anions bound to the Pt particles. Indeed, high
reduction temperature is necessary to completely clean

the Pt particle surface from residual chlorine anions [18].
260

Charge enhanced dry impregnation (CEDI). The CEDI
procedure is the following [I2]: (i) 0.23 g of CPA were
dissolved in 3 mL of deionized water; (ii) the initial pH
was fixed at 1.8 with HNO,; (iii) the precursor solution
was added to 1 g of CX by 50 uL steps; (iv) the obtainedas
paste was softly, manually stirred to homogenize it at best;
(v) the mixture was dried at room temperature during
48 h; (vi) the sample was reduced under 0.04 mmol s~!
H, flow at 523 K for 1 h. As the CEDI method yields
10 wt.% Pt/CX, this procedure was repeated from one to
four times in order to increase the amount of Pt deposited?
on the support. After their last impregnation, half of each
catalyst was reduced as before (523 K for 1 h) but the other
half underwent the last reduction step at 723 K during 5

h in order to study the effect of the temperature reduction
on the CEDI synthesis.

Sodium borohydride reduction (SB). The SB synthesis
proceeds as follows: (i) 1 g of CX was mixed in 200 mL of
CPA solution with high concentration (4.8 gpy L™1); (ii)
the pH of the suspension was fixed at 2.5 with 0.5 mol L~!
NaOH solution; (iii) the suspension was stirred during
30 min; (iv) filtered; (v) the impregnated support was then
suspended in ultrapure water with pH fixed at the opti-
mal value for impregnation with CPA, i.e. 2.5; (vi) 0.25 g
of sodium borohydride (SB) was added to the suspension
in order to reduce the Pt ions into metallic Pt; (vii) after
5 min, the suspension was filtered; (viii) the catalyst was
rinsed 5 times by 125 mL of ultrapure water, then (ix)
dried in an oven under air at 333 K overnight. In order
to reach higher Pt loading, the deposition was repeated
up to eight times by recycling the CPA solution. In this
work, only the catalysts which underwent 2, 4, 6, and 8 Pt
depositions were studied. Half of each catalyst was char-
acterized without any post-treatment while the other half
underwent another reduction step under 0.04 mmol s~*
H, flow at 723 K for 5 h in order to clean the particles
surface [I8] and to compare with previous catalysts.

SB reduction synthesis was also performed via a one-
step method in order to further fasten the synthesis pro-
cedure by removing the multiple impregnation-reduction
steps. The one-step SB reduction procedure to synthesize
20 wt.% Pt catalyst is as follows: (i) 0.3 g of CX were
dispersed in 200 mL of ultrapure water; (ii) 130 mL of
3 mmol L~ CPA solution was added to the suspension;
(iii) the pH of the mixture was fixed at 5.0 with 0.5 mol L™*
NaOH solution; (iv) 130 mL of 25 mmol L~! SB solution
was slowly added in order to reduce the Pt precursor into
metallic Pt; (v) after 1 h stirring, the suspension was fil-
tered; (vi) the catalyst was rinsed 5 times with 125 mL of
ultrapure water; (vii) dried at 333 K in an oven under air
overnight. This procedure differs from that of Alegre et
al. [13] in the following 5 points: (i) as they were not ex-
plicitly mentioned, the mass and volume of reagents were
chosen equal to 0.3 g of CX, 200 mL of ultrapure water,
130 mL of 3 mmol L~! CPA aqueous solution, and 130 mL
of 25 mmol L™ SB aqueous solution; (ii) the addition of
CPA into the suspension was not preformed under sonica-
tion; (iii) the temperature was not maintained at 291 K
but performed at room temperature; (iv) a stirring step of
1 h was performed after the addition of SB, and (v) the
washing step after the filtration, not detailed in [I3], was
performed as explained above. The differences are mainly
due to the lack of information in the original article and
to the simplification of the method.

Formic acid reduction. The FA method allows to synthe-
size Pt/CX catalysts of various Pt loading in one single
Pt deposition step. For the 20 wt.% Pt/CX, the synthesis
procedure is as follows: (i) 0.3 g of CX were dispersed in
200 mL of 2 mol L~ FA solution; (ii) the suspension was
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heated to 353 K in an oil bath; (iii) 100 mL of 4 mmol L~}
CPA solution was added by 10 mL steps; (iv) after 1 h
stirring, the suspension was filtered; (v) the catalyst was
then washed 5 times with 125 mL of ultrapure water, then
(vi) dried at 333 K in an oven under air overnight. The
differences between the procedure from Alegre et al. [13]
and the procedure just described are the following: (i) as
they were not explicitly mentioned, the mass and volume
of reagents were chosen equal to 0.3 g of CX, 200 mL of
2 mol L~! FA solution, 100 mL of 4 mmol L~! CPA aque-
ous solution, and stepwise addition of 10 mL volumes; (ii) a
stirring step of 1 h was added after the addition of the CPA
solution, and (iii) the washing step after the filtration, not
detailed in [13], was performed as explained above. Again,
the differences are mainly due to the lack of information
in the original article, which does not describe all steps in
details.

Colloid synthesis. The Pt colloid method allows to synthe-
size Pt/CX catalyst of various Pt loading in one single Pt
deposition step. For the 20 wt.% Pt/CX, the synthesis pro-
cedure is as follows: (i) 50 mL of 14 mmol L~! tri-sodium
citrate (tSC) were added to 1.6 L of 0.2 mmol L~! CPA
solution; (ii) after 5 min stirring, 60 mL of ultrapure water
containing 60 mg of SB and 200 mg of tSC were added to
the solution; (iii) 90 min after the SB addition, 0.25 g of
CX were added to the colloid suspension; (iv) after 48 h
stirring, the suspension was filtered; (v) the catalyst was
then rinsed 5 times with 150 mL of ultrapure water, then
(vi) dried in an oven under air at 333 K overnight. This
synthesis procedure differs from that of Pasqualeti et al.
[15] in the following 6 points: (i) since the quantity of
CPA was not mentioned in [I5], it was chosen equal to
0.32 mmol; (ii) contrary to the procedure in the [15], tSC
was added after CPA; (iii) waiting steps after tSC addi-
tion (5 min) and SB addition (90 min) were added; (iv)so
the quantity of carbon to add was not mentioned, so it was
chosen equal to 0.25 g: (v) the carbon suspension was not
sonicated; (vi) the drying step was performed as described
above instead of kiln-drying at 343 K for 24 h. These dif-
ferences are mainly due to the replacement of carbon blacksss
(Vulcan XC-72R) by CX, to the missing information in the
article, and to some simplifications of the method.

List of samples. The samples are named following their
synthesis method - SEA (Strong Electrostatic Adsorp-,,
tion), CEDI (Charge Enhanced Dry Impregnation), SB
(Sodium Borohydride reduction), FA (Formic Acid reduc-
tion), Col (tri-Sodium Citrate Pt Colloid) - followed by, in
the case of multiple impregnations method (SEA,CEDI,
and SB), the number of impregnation steps they under-
went after a slash (/) or, in the case of single deposition
step method (SB, FA, and Col), the targeted Pt weight
percentage after a hyphen (-). If the catalyst was reduced
under H, flow at 723 K during 5 h after the synthesis,
the suffix 723 is added after the method name. For exam-
ple, SB/6 is the Pt/CX catalyst reduced by SB which un-_

345

0

4

Table 1: List of samples synthesized via multiple impregnation

methods.
Catalyst Synthesis Nimpr Tred,f tred,t
method

K h
SEA/1 SEA 1 723 5
SEA/2 SEA 2 723 5
SEA/3 SEA 3 723 5
SEA /4 SEA 4 723 5
SEA/5 SEA 5 723 5
CEDI/1 CEDI 1 523 1
CEDI/2 CEDI 2 523 1
CEDI/3 CEDI 3 523 1
CEDI/4 CEDI 4 523 1

" CEDI723/1  CEDI 1 1 723 5
CEDI723/2 CEDI 2 723 5
CEDI723/3 CEDI 3 723 5
CEDI723/4 CEDI 4 723 5
SB/2 SB reduction 2 —a —a
SB/4 SB reduction 4 —a —a
SB/6 SB reduction 6 - —
SB/8 SB reduction 8 - -

~ SB723/2 SBreduction 2 723 5
SB723/4 SB reduction 4 723 5
SB723/6 SB reduction 6 723 5
SB723/8 SB reduction 8 723 5

Nimpr: Number of impregnation-reduction cycles underwent by the
catalyst; Treqf: temperature of the final reduction step under H,;
tred,r: duration of the final reduction step under H,.

Notes: @ Not reduced under H,.

derwent six impregnation-reduction cycles, SB723/6 is the
sample reduced by SB which underwent six impregnation-
reduction cycles and, after the synthesis, was reduced at
723 K under H,, flow for 5 h. SB-20 is the sample reduced
by SB which target Pt loading is equal to 20 wt.% (sin-
gle impregnation). All the sample labels are listed in Ta~
ble [1] for catalysts synthesized via multiple impregnation
methods (SEA, CEDI, and SB) and in Table [2] for cat-
alysts synthesized via one-step deposition methods (SB,
FA, and Col). One commercial catalyst (Pt/HSAC Tanaka
37 wt.%, provided by Paxitech) is used as reference and
labeled Ref.

2.3. Physicochemical characterization

The metal weight percentages of the catalysts were
measured by Inductively Coupled Plasma—Atomic Emis-
sion Spectrometry (ICP-AES) using an ICAP 6500
THERMO device. The solutions for the analyses were
prepared as follows: an aliquot of the catalyst sample was
weighed and digested by 10 mL of H,SO, and 5 mL of
HNO,. This solution was heated at 573 K until clear. Af-
ter the complete dissolution of the CX support and evap-
oration of the solution, 3 mL of HCI and 1 mL of HNO,
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Table 2: List of samples synthesized via one-step deposition meth-
ods.

Catalyst Synthesis method Ptiarget 375
wt. %
SB-20 SB reduction 20
FA-10 FA reduction 10
FA-20 FA reduction 20
FA-30 FA reduction 30 -
FA-40 FA reduction 40
Col-10 tSC Pt colloid 10
Col-20 tSC Pt colloid 20
Col-30 tSC Pt colloid 30
Col-40 tSC Pt colloid 40
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Ptiarger: Pt loading targeted by the one-step deposition synthesis.

were added. The obtained solution was heated a few min-
utes at 393 K and transferred into a 50 mL calibrated ﬂask7390
which was finally filled by deionized water.

The particles were observed by Transmission Electron
Microscopy (TEM) with a Jeol 2010 transmission electron
microscope (200 kV, LaB filament). An aliquot of the
catalyst sample was suspended in 20 mL of ethanol. Af—395
ter 15 min of sonication in an ultrasonic bath, a drop of
the suspension was deposited on a polymer-covered copper
grid.

Image analysis was applied to the TEM micrographs
(on 200 particles at least) in order to calculate the average
diameter of particles, drgm, the standard deviation, o, the
surface-weighed average diameter of particles, ds, and the
volume-weighed average diameter of particles, d:

Enldf’
s — Snd2 (1)
B 405
Enldf
v EnldB (2)

where n; is the number of particles with diameter d; [19].
ds and d, can be compared to the CO equivalent par-,,
ticle diameter obtained from CO stripping, dco, and to
the average crystallite size obtained from X-ray diffraction
(XRD), dxrp, respectively (see below). Indeed, CO strip-
ping (see section is a surface-sensitive technique, as it
is a surface measurement method, while XRD is a volume-,,,
sensitive technique as large crystallites impact more XRD
diffractograms.

The catalysts powders were analyzed by X-Ray Diffrac-
tion with a Siemens D5000 goniometer using the Cugk line
(Ni filter). Average crystallites sizes, dxrp, were calcu-,,
lated from the diffraction peak width by Scherrer’s equa-
tion [19]:

o Q
cos

where k is a dimensionless shape factor and equals 0.89 inas

the case of spherical Pt nanoparticles, A is the X-ray wave-

dxmrp =

length (Cuky: 1.5456 nm), S is the Full Width at Half the
Maximum intensity (FWHM), and 6 is the Bragg angle.
Obviously, the smaller and broader the diffraction peaks,
the more imprecise the measurements of FHWM and the
calculations of dxgrp. As XRD is a volume-sensitive anal-
ysis, dxrp corresponds to an average volume diameter of
particles (if they are monocrystalline) and can be com-
pared to d, [19].

2.4. Electrochemical characterization

Material. All the glassware was cleaned by immersion in
a H,50,:H, 0, solution overnight and thoroughly rinsed
with ultrapure water (Millipore, 18 M2 cm). The elec-
trolytic solutions were prepared from ultrapure water and
H,SO, (98% Suprapur, Merck).

Catalytic layer preparation. To measure the electrochem-
ical properties of the catalysts, inks were first prepared.
The ink composition was chosen to keep the amount of car-
bon constant, regardless of the metal loading [20], 21]. For
each sample, the amount of catalyst containing 19.8 mg
of CX was crushed in a mortar then mixed with 755 mg
of ultrapure water and 466 mg of 5 wt.% Nafion® solu-
tion. In order to blend it homogeneously, the mixture was
then processed in an ultrasonic bath for 15 min. Once the
ink was homogeneous, 10 puL of ink were deposited on a
glassy carbon (GC) disk (5 mm in diameter) and sintered
at 343 K during 20 min to evaporate the solvents and
stick the catalyst onto the GC disk. The catalytic layer
deposited on the GC disk composes the working electrode
for all electrochemical measurements. In the case of CX-
supported catalysts, this procedure yields active layers of
identical thickness onto the GC disk (i.e. resulting in iden-
tical mass-transport limitation within the layer [20] 21]).

Electrolyte and wetting procedure. During all measure-
ments, the working electrode was immersed in an elec-
trolyte constituted of 1 M H,SO, aqueous solution. H,SO,,
solution was used in order to mimic the PEMFC environ-
ment. The use of liquid electrolyte should ensure full wet-
ting of the metallic particles [21]. In order to ensure that
all the pores, i.e. both the extragranular and the meso-
porous intergranular porosities, were fully filled, a drop of
electrolyte was deposited onto the catalytic layer. Then,
the electrode was put under vacuum in order to outgas
the layer by bubbling air through the drop. Once no air
bubbles were visible, the electrode and the drop were put
back under atmospheric pressure so that the electrolyte
filled the empty porosity of the layer. This wetting pro-
cedure ensures that the catalyst wetting is complete and
that the Pt utilization factor is close to 100%. Indeed,
previous works [10, [IT], 21] performed on similar systems
showed good consistency between the Pt specific surface
area measured after using this wetting procedure and the
surface calculated from TEM micrographs. Finally, the
electrochemical measurements were usually steady, which
also hints at good wetting of the layer.
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Pretreatment of catalysts. Prior to any measurement,
the electrolyte was deaerated by Ar bubbling. Then,uo
sixteen voltammetry cycles were performed between
0.05 V vs. NHE and 1.23 V vs. NHE at a scanning speed
of 0.05 V s~'. Moreover, after each measurement, three
voltammetry cycles with the same scanning speed and po-
tential boundaries were recorded in order to monitor theas
three-electrode setup.

CO stripping voltammetry. The Pt specific surface area
was measured by CO stripping voltammetry [22H24]. The
procedure was initiated by the application of a steady po-
tential of 0.1 V vs. NHE to the working electrode, while
gaseous CO was bubbled in the electrolyte solution for 6
min. After an Ar purge of 39 min in order to remove the
CO dissolved in the electrolyte (still at 0.1 V vs. NHE), the
CO chemisorbed at the surface of the particles was elec-
trooxidized into CO,, by increasing the electrode potential
from 0.05 to 1.23 V vs. NHE at 20 mV s~!. The potential
was then cycled between 0.05 and 1.23 V vs. NHE at thess
same scan speed for two more cycles. This results in three
recorded cycles, i.e. the first cycle in which the peaks from
the CO electrooxidation occur and two other cycles which
are cyclic voltammetry cycles performed at 20 mV s™!,
as all the adsorbed CO was electrooxidized during thesso
first cycle. As the third cycle represents the background
of the CO stripping measurement, it is subtracted from
the first in order to isolate the CO electrooxidation peak.
The Pt specific surface area, Sco (m? gp;~!) was calcu-
lated from the CO oxidation peak current, assuming that4s
the electrooxidation of a full monolayer of CO,, requires
420 x 1072 C mp; 2 [25]. The CO equivalent particle di-
ameter, dco, was calculated from CO stripping results by
[22H24]:

450

6 x 1073
ppt Sco S

where pp; is the density of Pt (21.4 x 10% kg m™3) . As
CO stripping voltammetry is a surface-sensitive method,
dco corresponds to a surface weighed average diameter

and can be compared to ds.
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Activity for the oxygen reduction reaction. The activity of
the catalysts for the Oxygen Reduction Reaction (ORR)
was measured on a Rotating Disk Electrode (RDE). After
saturation of the electrolyte by oxygen bubbling during 15
min, the electrode potential was set at 0.4 V vs. NHE, then
increased at 2 mV s™! to 1.09 V vs. NHE and finally de-
creased back to 0.4 V vs. NHE at the same scan rate, while
measuring the reduction current. This measurement was
repeated at various rotation speeds of the electrode (400,
900, 1600, and 2500 rpm). For each rotation speed of the
electrode, the kinetic current was calculated by correcting,
the measured current for the effect of the external mass
transfer limitations in the solution using the Koutecky-
Levich equation [26]:

= — (5)
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where 7y is the kinetic current, i.e. the current without any
mass transfer limitations, ¢ is the experimental current,
and 41, is the cathodic limit current, which depends on
the rotation speed of the electrode. The values of this
averaged kinetic current at 0.9 V vs. RHE were divided by
the electroactive surface of the catalysts in order to obtain
the specific activity of the catalysts at 0.9 V vs. RHE,
SA (in A mp;~2), or divided by the mass of Pt deposited
on the electrode in order to obtain the mass activity at
0.9 V vs. RHE, MA (in A gp;™1).

3. Results

Physicochemical characterization

The physicochemical properties of the catalysts synthe-
sized via multiple impregnation-reduction cycles are sum-
marized in Table |3} those of the catalysts synthesized via
one-step deposition methods are summarized in Table
In each case, the results are compared to those of the ref-
erence catalyst, Ref.

Figure [1] shows the TEM micrographs of the catalysts
with the lowest and the highest loading for each synthe-
sis technique (SEA, CEDI, multiple SB reduction, one-
step SB reduction, i.e. SB-20, and the other one-step
techniques i.e. FA and Col) and the TEM micrograph
of the Ref catalyst. Pt particle size distribution (PSD)
histograms of all the catalysts are shown in Figure 2]

X-ray diffractograms of the series of catalysts are pre-
sented in Figure[3] The Ref diffractogram, which is present
in every XRD figure, is used for comparison. Almost every
diffractogram displays two diffraction peaks: one at an an-
gle of 39.7° and another at an angle of 46.2°, corresponding
to Pt (1 11) and Pt (2 0 0) facets, respectively.

FElectrochemical characterization

The Pt specific surface area, Sco, and the CO equiv-
alent particle diameter of Pt particles, dco, were calcu-
lated from the CO stripping voltammograms (Figure [)).
Results are in each case compared to those obtained with
the reference catalyst, Ref. The values of these parame-
ters are gathered in Table [5| The catalytic activity of the
catalysts were compared using the specific activity, SA,
and the mass activity, MA, measured at 0.9 V vs. NHE

(Table [5).

Strong Electrostatic Adsorption

The results obtained by SEA are in agreement with
previous works [I0, [IT]. To sum up, the SEA method al-
lows obtaining well-distributed Pt over the CX support
with high weight percentages up to 25.3 wt.% (SEA/5,
Table |3) and average particle size, dtgm, around 2.2 nm.
Nevertheless, the amount of Pt deposited decreases with
the number of steps. The catalysts also display dco
around 2.9 nm, which has to be compared to ds (2.6 nm),
and dxgrp around 2.5 nm which can be compared to d
(2.8 nm). All the values of average particle sizes for



Table 3: Properties determined by physicochemical analyses of catalysts synthesized via multiple impregnation-reduction cycles.

Pticp dTEM g ds dy dxRD
Catalyst wt.% nm nm nm nm nm
+ 0.1 + 0.5

SEA/1 8.4 2.3 0.7 27 29 2.6
SEA/2 14.7 2.2 0.7 27 3.0 2.3
SEA/3 19.0 2.1 0.6 25 27 2.5
SEA/4 222 2.2 0.7 26 28 2.4
SEA/5 253 2.1 0.7 26 28 2.6
CEDI/1 7.7 1.6 04 18 19 @
CEDI/2 14.0 2.6 21 64 82 4.6
CEDI/3 19.7 2.9 26 76 9.2 4.6

CEDI723/1 7.8 1.3 04 16 1.7 ~
CEDI723/2 13.9 1.9 1.5 52 72 6.4
CEDI723/3 19.9 2.4 1.9 62 82 7.3
CEDI723/4 24.6 2.6 1.9 56 6.9 7.3
SB/2 104 3.0 1.3 42 53 3.7
SB/4 15.6 2.8 1.8 51 6.1 4.1
SB/6 194 3.0 1.5 45 5.3 4.4

SB723/2 11.0 3.8 25 73 92 11.0
SB723/4 16.1 4.8 43 159 241 128
SB723/6  20.3 3.8 49 284 471 220
SB723/8 23.9 4.3 43 139 183 220

Ref 37.0 3.1 0.8 34 36 2.4°

Pticp: Pt weight percentage of the catalyst measured by ICP-AES; drgn: average diameter of the particles estimated from TEM micro-
graphs; o: standard deviation associated with drgn; ds: surface-weighed average diameter of particles estimated from TEM micrographs
and calculated by Eq. ; d,: volume-weighed average diameter of particles estimated from TEM micrographs and calculated by Eq. ;
dxgrp: average size of crystallites calculated from X-ray diffraction peaks via Eq. .

Notes: @ No Pt peak is visible; ? Large error (£ 1) due to low intensity of diffraction peaks.

Table 4: Properties determined by physicochemical analyses of catalysts synthesized via one-step deposition methods.

Pttargct Pticp dTEM g ds dy dxRD
Catalyst wt.%  wt.% nm  nm nm  nm  pm
+0.1 + 0.5
SB-20 20 17.5 41 33 129 197 4.1
FA-10 10 10.2 28 1.0 38 52 26
FA-20 20 16.5 36 1.0 42 46 29
FA-30 30 22.7 36 15 58 97 29
FA-40 40 37.0 36 12 50 81 29
Col-10 10 5.2 28 19 48 73 3.7
Col-20 20 15.6 29 1.7 60 88 27
Col-30 30 15.4 3.0 13 44 57 26
Col-40 40 25.2 37 1.7 54 64 3.1
Ref b 37.0 31 0.8 34 36 24

Ptiarger: Pt loading targeted by the one-step deposition synthesis; Ptjcp: Pt weight percentage of the catalyst measured by ICP-AES;
drrMm: average diameter of the particles estimated from TEM micrographs; o: standard deviation associated with drgpnp; ds: surface-weighed
average diameter of particles estimated from TEM micrographs and calculated by Eq. ; d,: volume-weighed average diameter of particles
estimated from TEM micrographs and calculated by Eq. ; dxrp: average size of crystallites calculated from X-ray diffraction peaks via

Eq. .

Notes: ® Large error ( 1) due to low intensity of diffraction peaks; ® Not pertinent (commercial catalyst).
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Figure 1: TEM micrographs of the catalysts with the lowest and the highest loading for each synthesis and the commercial catalyst: SEA/1

(a), SEA/5 (b), CEDI/1 (c), CEDI/4 (d), CEDI723/1 (e), CEDI723/4 (f), SB/2 (g), SB/8 (h), SB723/2 (i), SB723/8 (j), SB-20 (k), FA-10
(1), FA-40 (m), Col-10 (n), Col-40 (o), and Ref (p).
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Figure 2: Pt particle size distribution histograms of all the catalysts obtained by image analysis: SEA/1 to SEA/5 (a); CEDI/1 to CEDI/4
(b); CEDIT23/1 to CEDI723/4 (c); SB/2 to SB/8 (d); SB723/2 to SB723/8 (e); SB-20 (f); FA-10 to FA-40 (g); Col-10 to Col-40 (h); and of
the reference catalyst, Ref (i). The last category of the histograms represents the fraction of Pt particles with diameter higher than 8 nm.
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Figure 4: CO electrooxidation voltammograms of all the catalysts in 1 M H,SO, at a sweep rate of 20 mV s~ I at room temperature: SEA/1
to SEA/5 (a); CEDI/1 to CEDI/4 (b); CEDI723/1 to CEDI723/4 (c); SB/2 to SB/8 (d); SB723/2 to SB723/8 (e); SB-20 (f); FA-10 to FA-40
(g); Col-10 to Col-40 (h). The voltammogram of the Ref sample (dotted line) is reported in each case for comparison.
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Table 5: Properties determined by electrochemical analyses of all
the catalysts.

500

Sco dco SA MA
Catalyst m? gp; ! nm Amp,™2 Agp !
+ 10% +10% £ 10% + 10%
SEA/1 92 3.0 0.114 10.5
SEA /2 93 3.0 0.093 8.6
SEA/3 94 2.9 0.102 9.6
SEA/4 96 2.9 0.093 8.9
SEA/5 96 2.9 0.105 10.1
CEDI/1 50 5.5 0.072 3.6
CEDI/2 38 7.2 0.147 5.6
CEDI/3 34 8.0 0.177 6.0 sw
CEDI/4 31 8.8 0.183 5.7
" CEDI723/1 247 11 0030 74
CEDI723/2 193 1.4 0.056 10.8
CEDI723/3 145 1.9 0.065 9.4
CEDI723/4 130 2.1 0.083 10.0
SB/2 171 1.6 0.044 7.5
SB/4 133 2.1 0.050 6.7
SB/G 115 2.4 0.047 5.4
SB/8 92 3.0 0.097 8.9
~ SB723/2 209 1.3 0042 = 88
SB723/4 167 1.6 0.044 8.4
SB723/6 152 1.8 0.059 9.0
SB723/8 129 2.1 0.051 6.6
SB-20 73 3.8 0.121 8.8
FA-10 131 2.1 0.086 11.3
FA-20 113 2.4 0.103 11.6
FA-30 92 3.0 0.109 10.0
FA-40 59 4.7 0.138 8.1
Col-10 137 2.0 0.069 9.5 -
Col-20 99 2.8 0.064 6.3
Col-30 111 2.5 0.065 7.2
Col-40 61 4.5 0.099 6.0
Ref 91 3.0 0.091 8.2

535
Sco: Pt specific surface area calculated from CO stripping mea-
surements normalized by the mass of Pt on the electrode; dgo: CO
equivalent particle diameter of the Pt particles calculated by Eq. ;
SA: ORR specific activity measured at 0.9 V vs. NHE; MA: ORR
mass activity measured at 0.9 V vs. NHE.
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SEA-synthesized catalysts are close to each other and the
standard deviation calculated by image analysis is very
low, equal to 0.6-0.7 nm. In fact, the PSD of the SEA-
synthesized catalysts are the same for the five catalysts
(Figure 2h). Moreover, the Pt specific surface area is con-
stant (92 to 96 m? gp; !, Table [5)) as well as the specific
and the mass activity (SA from 0.09 to 0.11 A mp;~2 and
MA ranging from 8.6 to 10.5 A gp;~!). These results indi-
cate that the Pt deposited at each impregnation-reduction
step only forms new particles with the same size and the
same activity as the previously deposited particles. It must
be noted that the SEA catalysts were reduced under H,
at high temperature (723 K), ensuring the removal of Cl
ions from the Pt particle surface.

Charge Enhanced Dry Impregnation

The first Pt deposition using the CEDI method al-
lows to synthesize small, well-dispersed Pt particles (drrm
equal to 1.6 nm with a standard deviation of 0.4 nm,
see the PSD in Figure 2b) and a Pt loading of 7.7 wt.%
(CEDI/1, Table [3). These particles are too small to in-
duce X-ray diffraction peaks, as no peak is visible on the
X-ray diffractogram (Figure ) The observed diffrac-
togram corresponds to the background due to the CX sup-
port (very broad diffraction peak around 40°). However,
the small Pt particles can be seen on the TEM micrograph
(Figure . Concerning the electrochemical properties,
the CO stripping voltammogram displays a small, broad
peak around 1.0 V vs. NHE (Figure ), representative of
small particles. The Sco of CEDI/1 is low (50 m? gpy 1)
as well as the MA (3.6 A gp; 1) and with SA4 slightly lower
than that of the reference catalyst (0.072 A mp; 2 com-
pared to 0.091 A mp; =2, Table [5). The low Sco value,
with regard to the size of particles (ca. 1-2 nm, which
should correspond to a surface of at least 100 m? gp; 1)
is certainly due to Cl anions poisoning the surface, as ex-
plained in the paragraphs below. This also explains the
low MA value. These results are consistent with those
obtained by Cao et al. [12].

The second to fourth Pt deposition steps increase the
loading up to 24.8 wt.% (after four impregnation-reduction
cycles). However, the Pt PSD does not remain the same
(Figure [2b), as drewm increases from 1.6 nm (CEDI/1)
to 3.2 nm (CEDI/4) (Table [3). Moreover, the standard
deviation increases from 0.4 to 2.6 nm. These results in-
dicate that, during impregnation, all the Pt ions do not
adsorb on the CX support to form new particles (same
mechanism as for the SEA synthesis). Indeed, particles of
different sizes can be seen on the TEM micrograph (Fig-
ure . This may be due to the fact that the CX surface
chemistry is modified during the impregnation-reduction
cycles. Indeed, the Pt uptake may be lowered by the mod-
ification of the CX surface chemistry. This decrease in Pt
uptake with the succession of impregnation-reduction cy-
cles has already been observed in the case of the multiple
SEA method [I1I]. As the excess Pt ions are not with-
drawn by filtration (like in SEA synthesis), Pt ions stay
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in the solution filling the CX pores. Therefore, during the
drying step, they may adsorb on the available CX surfacesos
or agglomerate with other Pt ions, the latter producing
larger nanoparticles.

X-ray diffractograms (Figure [3p), show sharp diffrac-
tion peaks, which results in relatively large dxrp values
(4.6 nm for the three multi-impregnated samples, CEDI/2 610
CEDI/3 and CEDI/4). However, deep analysis of the
diffractograms show that they are composed of one sharp
peak due to large crystallites and one broad peak due to
the presence of smaller crystallites. This hints at the het-
erogeneity of the particle size. Regarding the electrochem-es
ical properties, the CO stripping voltammograms are com-
posed of two very small peaks, one small, broad peak at
high potential (from 0.9 to 1.1 V vs. NHE) due to parti-
cles with low diameters (lower than 3 nm), and one small,
sharp peak at lower potential (0.85 V ws. NHE) due tos
particles with diameters higher than 3 nm [22]. Conse-
quently, Sco remains low (ca. 30 m? gp;~!) leading to
high dco of ca. 8 nm (Table [5)) which does not match the
ds values (from 6.1 to 7.6 nm). The specific activities, SA,
of CEDI/2, CEDI/3, and CEDI/4 are the highest, up to ass
value of 0.183 A mp; 2 for CEDI/4. Notwithstanding the
high SA values, the mass activities, MA, of these catalysts
are the lowest with a value around 6 A gp;~".

These catalysts underwent a 5 h reduction at 723 K un-
der H,, becoming the CEDI723 catalysts. The high tem-ss
perature reduction does not affect the PSD much, even
though the curves are slightly narrower (Figure ), as
drgm, 0, dg, and d, of CEDI723 catalysts are slightly
lower than those of CEDI catalysts (Table[3). This result
could be due to the sampling of the TEM micrographsss
(Figure [1d and and Figure [Id| and [If). However, the
average crystallite size, dxrp increases from 4.6 nm to
6.4 nm for CEDI723/2 or to 7.3 nm for CEDI723/3 and
CEDI723/4 as the X-ray diffraction peaks gets sharper
(Figure [Bt). Nonetheless, the high temperature reduction
has more significant impact on the electrochemical proper-suo
ties. Indeed, the CO stripping voltammograms (Figure )
exhibit one large peak at 0.95 V vs. NHE for CEDI723/1,
one large peak at 0.9 V vs. NHE with a shouldering around
0.85 V vs. NHE for CEDI723/2 and CEDI723/3, and one
large peak at 1 V ws. NHE with a shouldering aroundss
0.85 V vs. NHE for CEDI723/4. The CO stripping peak of
CEDIT723/1 is representative of Pt particles with diameter
lower than 3 nm [22], which is consistent with the TEM
micrograph (Figure . Moreover, Sco of CEDI723/1 is
huge (247 m? gp; 1) leading to very small dco (1.1 nm).eso
The large CO stripping peaks of the other three CEDI723
catalysts are due to Pt particles with diameters lower than
3 nm, while the shoulderings are due to Pt particles with
diameters higher than 3 nm [22]. These larger Pt parti-
cle sizes induce Sco values lower than that of CEDI723/1ess
(from 130 to 190 m? gp;~* instead of 250 m? gpy~1). Sur-
face areas are still very high, leading to small dco values
(1.4 - 2.1 nm).

When comparing dco and dg of the CEDI and the
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CEDI723 catalysts, one can see that dco is always higher
than dg for the CEDI catalysts and always lower than dg
for the CEDI723 catalysts. The only difference between
these two series of catalysts is the last reduction step,
which is performed at higher temperature and for longer
time (723 K for 5 h) in the case of the CEDI723 catalysts.
For the CEDI catalysts, the cause of the difference between
dco and dy is the presence of Cl ions poisoning the surface.
Indeed, as Cl ions can only be removed with high tem-
perature reduction treatment [I0], the small nanoparticles
are still poisoned by Cl ions. These small and poisoned
nanoparticles are not detected by CO stripping measure-
ments, leading to a decrease in the Pt electroactive surface,
i.e to an increase in dco. For the CEDI723 catalysts, the
cause of the difference between dco and dg is the pres-
ence of large nanoparticles detected by TEM. Indeed, large
nanoparticles heavily impact on dg values as the presence
of a few large nanoparticles greatly increases ds values.
Concerning the electrochemical activities, the SA values
of the CEDI catalysts are high because most of the small
particles, with low activity surface atoms, are covered with
Cl ions, as shown by the low Sco values. Indeed, Cl ions
are more strongly bonded on small Pt particles than at the
surface of larger ones [I8]. On the contrary, upon reduc-
tion under H, at high temperature (CEDI723 catalysts),
the Cl ions are removed from the small particles; this leads
to higher Sco values, and lower SA, since the Pt surface
atoms of small particles are much less active. These re-
sults prove that the high temperature reduction impacts
the catalysts properties by two major effects: on the one
hand, the high temperature increases the crystallite size by
sintering the least stable Pt particles; on the other hand,
the high temperature reduction cleans the Pt surface from
the strongly-adsorbed chlorine ions, allowing to measure
the actual Pt specific surface area [I8].

Sodium borohydride reduction

When reducing Pt ions with SB, the impregnation-
reduction cycle must be repeated eight times in order to
reach a Pt loading of 23.9 wt.%. Despite the higher num-
ber of impregnation-reduction steps, the SB reduction syn-
thesis is faster than other multiple impregnation-reduction
steps methods. Indeed, as both impregnation and reduc-
tion occur in liquid phase, the drying step between each
cycle becomes superfluous. In that way, one impregnation-
reduction cycle requires only 1.5 h.

The lower deposited Pt amount per round may be due
to a desorption of Pt ions when suspending the CX in ul-
trapure water after the impregnation step. This step is
however needed in order to proceed with the SB reduction
in liquid phase. Even if the pH was fixed at the optimal
pH, some ions can desorb to yield an equilibrium between
the adsorbed and the desorbed Pt ions. These desorbed
ions could be reduced to form Pt particles without any
bonds to the CX surface. Part of them could be washed
away during rinsing, decreasing the amount of deposited
Pt. The other part could deposit on the CX surface. As
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the size of these reduced-when-desorbed particles was not
controlled, the average particle size, drgwm, is higher than
that of the previous catalysts (around 3 nm, Table [3]), and
the PSD wider (Figure 2|), as o values are high. Largero
Pt particles are clearly visible on the TEM micrographs
(Figures [lg| and particles from 1 nm up to more than
10 nm). Moreover, some aggregates can be seen. This
discrepancy in Pt particle size makes difficult the compar-
ison between the different measurement methods (TEM,zs
XRD, CO stripping). X-ray diffraction peaks are sharp
(Figure [3d), which results in a relatively high dxgp of
ca. 4 nm for the four SB catalysts. The CO stripping
voltammograms (Figure ) show two peaks for the four
SB catalysts: one broad peak around 1 V vs. NHE, repre-rs
sentative of particles with diameter lower than 3 nm, and
one sharp peak around 0.85 V vs. NHE, representative of
particles larger than 3 nm [22]. The fact that the small,
chlorine-poisoned Pt particles can be detected by CO strip-
ping measurements without any high temperature reduc-ss
tions may be due to the reductive strength of SB, which
can remove a large part of the chlorine ions covering the
Pt surface. Moreover, a shouldering appears starting from
the sixth Pt deposition (SB/6) at around 0.75 V vs. NHE,
representative of Pt particles aggregates [23]. Sco exhibitszo
high values ranging from 92 to 171 m? gp. !, leading to
small dco values ranging from 1.6 to 3.0 nm. It seems
that the wide PSDs stem from two reduction mechanisms:
(i) some Pt ions are reduced after adsorption on the CX
support, leading to small particles, and (ii) some otherwus
Pt ions are reduced in liquid phase and then deposited
on the CX surface, leading to larger particles [I4]. The
phenomenon seems to worsen with the number of Pt de-
position steps (see the physicochemical properties of SB/8
in Table |3[ and the PSD in Figure 1). The SB reductionsse
at room temperature is probably too quick to control the
Pt particle size. Concerning the activites, the SA of these
catalysts are low (around 0.050 A mp;~2) except for SB/8
(0.097 A mp;~—2) but, despite the high Sco values, MA
values remain relatively low (from 5.4 to 8.9 A gp;™!). s
The SB catalysts were also reduced at 723 K during
5 h, becoming the SB723 series. After that treatment,
the Pt particle size increases and previously-formed aggre-
gates sinter to form very large particles of several tens of
nm (Table Figures and ) Figure displays thee
sharpest X-ray diffraction peaks of this study, and so the
SB723 catalysts exhibit the higher dxgrp with values up
to 22 nm. This indicates that the high temperature reduc-
tion induces Pt particles sintering. In the CO stripping
voltammograms (Figure [d), two oxidation peaks are visi-res
ble: one broad peak around 0.9 V vs. NHE representative
of particles with diameter lower than 3 nm and one sharp
peak around 0.85 V ws. NHE representative of particles
with diameter higher than 3 nm. The areas under these
peaks are higher than those of SB catalysts, especially
for the peaks representative of small particles, most cer-mo
tainly because of the particle surface cleaning from Cl ions
which occurs during the high temperature reduction. The

14

third oxidation peak, appearing at around 0.75 V vs. NHE
and attributed to aggregates, can no longer be seen. It
seems that the aggregates sinter in large monocrystalline
particles during the high temperature reduction. There-
fore, as the contribution of large particles is integrated in
the second oxidation peak around 0.85 V ws. NHE, the
third peak tends to decrease or disappear. The Sgo of
the SB723 catalysts are high with values ranging from
129 to 209 m? gp; ! for SB723/8 and SB723/2 respec-
tively. So, dco is low, around 2 nm. Regarding cat-
alytic activities, SB723 catalysts display low SA ca. 0.04—
0.05 A mp;~2 and high MA ca. 8 A gp;~'. These results
seem to indicate that the SB723 catalysts are mainly con-
stituted of very small, clean particles (2 nm and lower,
without Cl at the surface). They also contain some large
particles which seem to have low impact on the proper-
ties. The further cleaning of the Pt particle surface sug-
gests that, even if the SB reduction partly cleans the Pt
surface, it is not as effective as reduction under H, at high
temperature.

Results obtained for the SB-20 catalyst are similar to
those obtained for other SB-reduced catalysts. The Pt
loading is close to the target of 20 wt.% (17.5 wt.%, Ta-
ble but the Pt PSD is wider (drgm equal to 4.1 nm,
o equal to 3.3 nm, see Figure ) The presence of small
(around 2 nm) and huge (several tens of nm) nanoparti-
cles can also be seen on TEM micrograph (Figure. The
X-ray diffractogram (Figure [3f) is similar to those of SB
catalysts and the value of dxgp is in the same range (equal
to 4.1 nm), indicating that the large particles detected by
TEM measurements may be aggregates as no large crys-
tallites are detected. In the CO stripping voltammogram,
no oxidation peak representative of small particles (lower
than 3.3 nm), at high potential around 1 V ws. NHE, is
visible. Again, this is probably due to the Cl poison-
ing. However, the curve exhibits two other peaks: one
at 0.85 V vs. NHE, representative of particles with diame-
ter higher than 3.3 nm, and the other at 0.75 V vs. NHE,
representative of aggregates. SB-20 displays a small Sco
value (73 m? gp, 1) and a high dco value (3.8 nm). How-
ever, SA and MA of SB-20 catalyst are higher than in the
case of Ref (0.121 A mp;~2 and 8.8 A gp; !, respectively,
Table [5). These electrochemical measurements show that
the Pt surface is not clean: Cl species that may be removed
via high temperature reduction, are much probably still
present on the Pt surface like in the case of previous cat-
alysts (CEDI and SB series). The pertinence of the high
temperature reduction will be debated in the Discussion
section.

Formic acid reduction

Concerning the Pt loading values, measured by ICP-
AES (Table , the targeted loadings are almost reached
in each case, except for sample FA-30, which displays a
lower Pt loading (22.7 wt.% instead of 30 wt.%). This dif-
ference, probably a mishap as FA-40 did not suffer from
the same problem, may be due to the detachment of some
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Pt particles with low interactions with the CX support
during the filtration and/or the washing. drgm is equalswo
to 2.8 nm for FA-10 and to 3.6 nm for the other three
FA catalysts. All FA catalysts display low o, dg, and dy,
as the PSDs are narrow (Figure [2g). Moreover, in Fig-
ure [I]] and it can be seen that all the Pt particles
are well distributed without any large particles or aggre-ss
gates. In Figure[3g, the X-ray diffractograms exhibit broad
Pt diffraction peaks, representative of small Pt particles.
Furthermore, dxgrp is constant for the four FA catalysts
(2.6 nm for FA-10 and 2.9 nm for the others). In the
CO stripping voltammograms (Figure ), the four FA cat-
alysts display a CO oxidation peak at 0.85 V vs. NHE. This
peak is representative of particles with diameters higherswo
than 3.3 nm [22]. Only the FA-40 catalyst exhibits a shoul-
dering at 0.75 V vs. NHE, indicating that some aggregates
are present (not visible in Figure . Both the peak
area and the peak height increase with the Pt loading.
Sco is high for FA-10 (131 m? gpy ') and decreases toss
59 m? gp;~! when increasing the loading up to 37 wt.%
(FA-40). In parallel, dco increases from 2.1 nm (FA-10)
to 4.7 nm (FA-40). The values of SA are high and increase
with the Pt loading from 0.086 to 0.138 A mp; 2. The val-
ues of MA are high but they decrease with the Pt loading,sso
from 11.3 to 8.1 A gp; .

Colloid synthesis

In Table |4} it can be seen that the targeted Pt loading
is not reached, whatever the sample. The highest loadingsss
value equals 25.2 wt.% (Col-40). The reasons are proba-
bly that all the Pt particles in the colloid suspension did
not deposit on the CX support during the mixing and that
some Pt particles could be washed off. Concerning the Pt
particle size, the values of drgy are quite low and increasesso
with the targeted Pt loading, from 2.8 to 3.7 nm. The Pt
PSDs are relatively wide (Figure )7 which leads to large
values of o, dg, and d,. This may be due to the presence
in solution of both tSC, which is a weak reductant, and
SB, a strongly active reductant. Indeed, as Pt is easilysss
reducible, it can be reduced by both reductants, leading
to more dispersed PSD, i.e. to small and large Pt parti-
cles. However, no large particles or aggregates are visible.
X-ray diffraction corroborates the small particle size as de-
tected peaks are broad. dxgrp values calculated from thesesn
peaks are low (ca. 3 nm), except for Col-10 (3.7 nm). How-
ever, this is certainly due to the accuracy, as the diffraction
peaks are very small. The four CO stripping voltammo-
grams exhibit a CO oxidation peak at 0.85 V vs. NHE
(Figure [dh). The peak area and height increase with thess
Pt loading. This peak is representative of particles with
diameter higher than 3.3 nm. Sco is high (values between
99 and 137 m? gp; ! for Col-20 and Col-10 respectively)
and dco is low (between 2 and 3 nm), except Col-40 (Sco
equal to 61 m? gpy !, dco equal to 4.5 nm). The valuessso
of SA are low, around 0.065 A mp;~2, except for Col-40
(0.099 A mp;~2). Furthermore, the values of MA are low,
ca. 6.5 A gp !, except for Col-10 which displays a MA
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value equal to 9.5 A gp;~!. This high MA value is due
to the high Sco value of Col-10 (137 m? gpy~!). Col-10,
Col-20, and Col-30 catalysts display Pt particles around
the same size, as shown by TEM results, CO stripping re-
sults, and identical SA values. However, Col-40 catalyst
displays larger Pt particles than other Col catalysts, as
proved by TEM results, CO stripping results, and higher
SA.

4. Discussion

The electrochemical properties of the catalysts synthe-
sized in this work were compared to those of a reference,
the commercial catalyst Tanaka containing 37 wt.% of Pt,
labeled hereafter Ref. This commercial catalyst exhibits
the following parameters: Sco equal to 91 m? gpy~!, dco
equal to 3.0 nm, SA equal to 0.091 A mp; 2, and MA equal
to 8.2 A gp;~! (Table . Concerning the Pt loading, ev-
ery synthesized catalyst displays a lower Pt loading than
the reference, except FA-40 (same Pt loading: 37 wt.%).

Figure [p]shows the SA and MA improvement factors of
the synthesized catalysts compared to the reference cata-
lyst. The improvement factor is defined as the ratio be-
tween the SA (or MA) of the studied catalyst and the SA
(or MA, respectively) of the reference catalyst. In Fig-
ure [5] the horizontal black line (improvement factor equal
to 1) indicates the position of the reference catalyst. If
the improvement factor is higher than 1, it means that the
catalyst exhibits better activity than the reference. Oth-
erwise, if the improvement factor is lower than 1, it means
that the catalyst exhibits lower activity than the reference.

The first studied synthesis was the SEA method. The
size homogeneity and cleanliness of the particles yield high
SA and high MA. This is shown by the SA and the MA
improvement factors (Figure. All the SEA catalysts dis-
play SA and MA improvement factor slightly higher than
1. Therefore, the SEA method allows producing catalysts
with good performances compared to the commercial ref-
erence. However, its two major drawbacks are (i) the loss
of Pt ions in the impregnation solution, as all the metal
precursor can not adsorb on the CX support, and (ii) the
complexity of the processing, i.e. the number of steps
needed to reach high Pt loading. Thereupon, two other
methods were developed in order to overcome these disad-
vantages: the CEDI method, which avoids any Pt losses,
and the SB reduction, which renders the intermediate dry-
ing step useless, as the reduction occurs in liquid phase.

Concerning the performance of the CEDI and CEDI723
catalysts, the results are dependent on the reduction. The
CEDI catalysts exhibit the higher SA because of the cov-
ering of the small Pt particles surface by chlorine ions.
Indeed, chlorine ions adsorb stronger on small Pt parti-
cles than on large Pt particles [27), 28]. This implies that
only the large particles, in which the Pt surface atoms
are more active, could get rid of the chlorine ions, be de-
tected by CO stripping, and used during the oxygen re-
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duction. This high activity over a small surface leads to
very high SA (improvement factor up to 2) but to very low
MA (the lowest of all catalysts, with improvement factors
below 0.75). The opposite effects occur to the CEDI723
catalysts. Their SA are very low as they are mainly con-us
stituted of small particles which are less active but with
higher surface. Nevertheless, the high surface area values
leads to high MA, and even to one of the best MA of this
study (improvement factors ca. 1.2, in the same order than
the SEA catalysts). 050

Concerning the catalytic activities of SB and SB723
catalysts, the SA values of the SB723 catalysts are low
(improvement factor ca. 0.5) but remain similar to those of
the SB catalysts (around 0.5, except for SB/8). This is due
to the wide PSD (Figure [2k) and to the high temperaturess
reduction treatment. Indeed, the high temperature reduc-
tion treatment sinters the Pt particles and consequently
increases the SA. However, the high temperature reduc-
tion treatment also cleans the surface of the Pt particles,
especially the smallest ones, which display low SA. Thesesso
two opposite phenomenon compensate each other, yield-
ing almost no evolution of the SA. The MA of the SB723
catalysts are higher than those of SB catalysts reaching
a maximum improvement factor of 1.1. The good MA is
due to the high Sco values, which compensate for lowsss
SA. However, the MA improvement factors are lower than
those of the CEDI723 and SEA catalysts.
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The previous methods allow to synthesize Pt/CX cat-
alysts with good electrochemical activities. However,
these multiple impregnation-reduction synthesis proce-
dures need a lot of steps (impregnation, drying, reduction,
etc.) and time in order to obtain highly loaded catalysts.
This is why one-step deposition syntheses were also devel-
oped.

It was first attempted to deposit 20 wt.% of Pt by SB
reduction in one single step. The physicochemical proper-
ties of SB-20 are similar to those of the SB and SB723 se-
ries. Concerning the electrochemical activities, the high
SA of SB-20 is caused by the large particles, which are the
most active towards the oxygen reduction while the small
ones are probably inactive due to chlorine ions poisoning.
However, even if the SA value of SB-20 is higher than that
of Ref (0.121 vs. 0.091 A mp;~2), the MA value of SB-20
becomes similar to that of Ref, as SB-20 displays a low
Sco.

The high temperature reduction was not performed
on SB-20 in order to keep the synthesis method simple.
Nonetheless, this treatment may decrease the activities.
Indeed, SB-20 can be compared to SB/8 as they dis-
play similar physicochemical and electrochemical proper-
ties. The high temperature reduction was performed on
SB/8, leading to SB723/8 catalyst. The high temperature
reduction performed on SB/8 cleaned the surface of the
small Pt particles, but led to sintering of the aggregates to
form larger particles (see, amongst others, the evolution
of Sco, as well as CO stripping and XRD curves between
SB/8 and SB723/8 catalysts; Table |5} Figures |3d and e,
Figures[dd and e). This treatment decreases SA from 0.097
to 0.051 A mp, 2 (Table [5). Anyway, even if the high
temperature reduction increases the Sco value (from 92
to 129 m? gp; ~1), this does not compensate the decrease of
SA, leading to low MA value of 6.6 A gp; ~* (Table. So,
considering the similarity between SB/8 and SB-20, one
can assume that the high temperature reduction would
have decreased the SA and MA of SB-20 catalyst, as it
was the case for SB/8 catalyst.

The catalysts synthesized by FA reduction display high
SA, leading to an improvement factor up to 1.5 for FA-
40. As they exhibit high Sco, MA values are the highest
obtained in this work. This is due to the homogeneity
and the appropriate particle size. The FA catalysts can
be compared with the SEA catalysts; they both exhibit
a good homogeneity in particle size, i.e. a narrow PSD,
but the FA catalysts display slightly larger particles than
SEA catalysts. These larger particles are closer to the
optimum particle size, which explains the better activity
of the FA catalysts. Moreover, given the good results and
the good consistency between the physicochemical and the
electrochemical results, one can assume that the formic
acid reduction clean a large part of the Pt particle surface
from the poisoning chlorine anions.

The last method studied in this work was the Colloid
synthesis. Col and FA catalysts display comparable Sco
values because (i) Col catalysts display lower Pt loading
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than FA catalysts and (ii) the area under the peaks of
the CO stripping voltammograms of Col catalysts is lower
than that of FA catalysts. However, the Col catalysts exaos
hibit relatively low activity for the oxygen reduction (av-
erage SA and MA improvement factors equal to 0.8 and
0.9, respectively). This low activity may have three causes:
(i) the Pt particle size is neither optimal nor homogeneous;
(ii) some tSC may remain adsorbed on the Pt surface desox
spite multiple washings; and (iii) the interactions between
the CX support and the Pt particles may be low as the
latter are synthesized in solution before contact with the
CX. In any case, the Col synthesis leads to catalysts with
lower catalytic activity than the best catalysts of this workoss
or than the reference commercial catalyst.

5. Conclusion

The purpose of this work was to study various methodsosw
to synthesize electrocatalysts constituted of Pt nanoparti-
cles deposited on carbon xerogel (Pt/CX) and to deter-
mine the impact of the synthesis process on the catalysts
performance for the oxygen reduction reaction (ORR).
The final aim is to rationalize the process at best to allow
easy scale-up while keeping optimal properties for PEMFC
applications. L0as

Starting from the Strong Electrostatic Adsorption
(SEA), the synthesis method of Pt/CX catalysts was ratio-
nalized in order to overcome the two major drawbacks of
the SEA: the Pt loss and the long time needed to achieve
a high Pt loading, as the impregnation-drying-reduction
steps must be repeated (maximum 8 wt.% of Pt deposited
after the first step). To do so, two other synthesis methods
were studied: (i) the Charge Enhanced Dry Impregnation
(CEDI) which avoids any Pt losses as the exact amount of
Pt is used during impregnation and (ii) the reduction with
sodium borohydride (SB) in liquid phase, which allows tq,,,
simplify and speed up the synthesis as the drying step is
avoided. However, both methods are not simple enough
to scale up, as they also need several deposition steps in
order to reach high Pt loadings. Therefore, three synthesis,,
methods, which allow to deposit a chosen amount of Pt in
one single step without any Pt loss, i.e. one-step meth-
ods, were studied. The first one-step synthesis was based
on the SEA method with reduction of a high amount ofy;
Pt in liquid phase with SB. The second synthesis was the
liquid-phase reduction using formic acid (FA), a weaker
reductant which allows a better control of the Pt reduc-
tion. The third method was the colloid synthesis, in which,,
tri-sodium citrate was used to synthesize a Pt colloid be-
fore mixing CX to deposit the Pt particles onto the carbon
support.

The best catalysts of this study were those synthesizedys
via the SEA, the CEDI (both after reduction at 723 K),
and the FA methods. Indeed, they result in catalysts with
narrow particle size distribution close to the optimal size
of 3-4 nm. The very good electrochemical properties obiso
tained are ascribed to the size homogeneity and cleanli-

17

ness of the Pt particles since: (i) large Pt particles are
avoided and (ii) Cl ions coming from the Pt precursor are
entirely removed. Among them, only the FA synthesis
allows to synthesize highly active Pt/CX catalysts with
various loading (from 10 to 40 wt.% at least) in one single
deposition step. As a result, this method is better suited
for scale-up.

Future works will be dedicated to the study of the
durability and the behaviour of the best catalysts (FA
catalysts), first in liquid electrolyte with a three-electrode
setup, then in PEMFCs. Another perspective is to increase
the catalyst intrinsic activity by adapting the syntheses de-
scribed in this work in order to synthesize Pt alloys with
some transition metals (Pt-M) like Ni, Co, etc. The syn-
thesis of Pt-M alloys could be considered using simulta-
neous or successive deposition of Pt and transition metal
using techniques based on adsorption, such as the SEA
method. Another investigation field could be the adapta-
tion of one-step methods, such as FA reduction or colloid
formation, in order to synthesize bimetallic nanoparticles
on CX supports.
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