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Electrochemical Growth of Metallic Nanoparticles onto Immobilized
Polymer Brush lonic Liquid as a Hybrid Electrocatalyst for the Hy-
drogen Evolution Reaction

Thuan-Nguyen Pham-Truong, Ouiza Mebarki, Christine Ranjan, Hyacinthe Randriamahazaka and
Jalal Ghilane*

Université de Paris, ITODYS, CNRS, UMR 7086, SIELE group 15 rue J-A de Baif, F-75013 Paris, France.

ABSTRACT: Platinum and palladium are the first choice electrocatalysts to drive the hydrogen evolution reaction. In this
report, surface modification was introduced as a potential approach to generate hybrid electrocatalyst. The immobilized
polymer brush, poly(1-allyl-3-methylimidazolium) (PAMI), was used as a nanostructured template for guiding the electro-
chemical deposition of metallic nanoparticles (Pd, Pt). The intrinsic properties of the polymer brush in term of nanostruc-
tured architecture and the anions mobility within the polymer was exploited to generate a hybrid electrocatalyst. The latter
was generated using two different approaches including the direct electrochemical deposition of Pd or Pt metal and the
indirect approach through the anion exchange reaction followed by the electrochemical deposition under self-electrolytic
conditions. The hybrid structure based on the polymer/metallic NP exhibits an enhancement of the catalytic performance
toward hydrogen evolution reaction with a low Tafel slope and overpotential. Interestingly, the indirect approach leads to
decrease the metal loading by two orders of magnitude, when compared to those generated in the absence of the polymeric

layer, while retaining the electrocatalytic performance.

m INTRODUCTION

In the era that sustainable sources become considerable
for supplying the continuous increase of energetic demand,
efficient catalysts are strongly required to boost the cur-
rent conversion and storage systems up to higher perfor-
mance. Hydrogen and oxygen are being classed as princi-
ple input and key component into several clean energy
technologies'-. Energy conversion through hydrogen evo-
lution reaction (HER) is considered as a promising sus-
tainable pathway to produce hydrogen. In order to effi-
ciently drive this reaction appropriates catalysts are essen-
tial. The state-of-the-art of hydrogen evolution reaction
covers three families of catalysts resulting from noble
metals and alloys®'’, non-noble metals or transition met-
als'"-"* and metal-free catalysts based on all-carbon mate-
rials'*"". Accordingly, despite the high cost and low abun-
dance, noble metals-based materials, platinum and palla-
dium, are still largely used as highly efficient catalysts.1181?
In the literature, two strategies were developed to over-
come the cost-effective noble metal catalyst including the
identification of promising non noble metal catalysts,”>*' or
seeking for a new methods to lower the quantity of noble
catalysts while retaining the catalytic performances. Rely-
ing on advantageous performance offered by the noble
materials, nanosized structures have been investigated
and exhibit an increase of the catalytic activity concomi-
tant with a decrease of the required quantity of materi-

al.*>® The nanosized catalysts are generated using several
approaches including chemical synthesis, electrochemical
deposition, etc.?*?® In this context, tailoring the physical-
chemical properties at the molecular/atomic level be-
comes crucial not only for boosting the performance of the
existing materials but also for creating new type of mo-
lecular entities for storing and releasing the energy. Thus,
very small amount of Pt nanoparticle is found to be able for
boosting the system up to commercial Pt/C.2* However, the
deposition of Pt depends strongly on the chemical compo-
sition, crystalline structure and morphology of the sub-
strate.

Besides that, ionic liquids (ILs) become one of the best
candidates for settling the energetic problems.”’?® This
family of compounds is nowadays a major research field
offering relevant ability in different applications.” Inter-
estingly, an infinity of ionic liquids can be obtained result-
ing from the possibility to tailor the physical-chemical
properties at (sub)nanoscopic scale.’® Taking the ad-
vantage of the ionic liquids, one of the promising ap-
proaches in the electrocatalysis field is the marriage of the
metal catalyst and the ionic liquid. For example, several
works report the use of ionic liquids as media for the syn-
thesis of electrocatalysts leading to a higher performance
toward the oxygen and hydrogen evolution reactions (OER
and HER).*!-** Besides that, Pt catalyst covered with ionic
liquid has been investigated, displaying enhanced perfor-
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mance toward OER and oxygen reduction reactions
ORR.** However, the nature of the interaction between
the catalyst and the ionic liquid are not well defined and
less attention has been paid to the investigation of ionic
liquid modified noble metal for HER. Therefore, the capa-
bility to tune the chemical properties of ionic liquids could
lead to the rational design of an attractive class of effective
catalysts based on Pt and Pd modified ionic liquid.

In our previous study, we demonstrate that immobilized
polymeric brush based ionic liquid, covalently attached to
the carbon electrode, acts as an efficient electrocatalyst
toward the oxygen reduction reaction.3¢ In addition, the
polymer ionic liquid, poly(IL), was successfully used as a
platform for the host guesting of other materials (Pt, Au
and carbon dots) providing a synergetic effect to the hy-
brid structure toward ORR.3637 Even though the increase of
the catalytic activity of the as-prepared substrates, the inter-
face between the ionic liquid moieties and the particles is
relatively vague. In this current investigation, the poly(IL)
is used as a nanostructured platform for guiding the elec-
trochemical deposition of metallic nanoparticles. The im-
mobilized poly(1-allyl-3-methylimidazolium) (PAMI) is
prepared by means of surface-initiated atom transfer radi-
cal polymerization as reported in our previous works.3¢
Being known as the best candidate for hydrogen evolution
reaction, noble metals were used, including palladium and
platinum. Next, the electrochemical deposition of metal
onto GC/PAMI has been performed via two distinct ap-
proaches labeled direct and indirect electrodeposition
process (Scheme 1). The direct approach consists on per-
forming the electrochemical deposition of Pt or Pd over
GG/PAMI. While the indirect approach involves the anion
exchange property of the polymeric ionic liquid allowing
the incorporation of metal-based anions (XCls?, X = Pt, Pd)
followed by the electrochemical deposition in electrolyte
free solution (Scheme 1).

Nz cl®
A\
AN Br
"~ <>
Electrodeposition
—

Distilled water

HN

HN
Electrode

Scheme 1. Two different approaches for electrochemical
deposition of nanoparticles onto GC/PAMI substrates.
Direct electrochemical deposition of NPs and indirect
pathway through ion exchange step.

m EXPERIMENTAL SECTION

Instrumentation. All the electrochemical measurements
were performed using three-electrode setup, where stain-

less steel mesh and saturated calomel electrode (SCE)
were used as counter and reference electrodes, respective-
ly. Electrochemical impedance spectroscopy EIS measure-
ments are performed by a VSP (Bio-logic), the remaining
electrochemical measurements were recorded with a
CHI900C (CH Instrument, Austin, Texas). For hydrogen
evolution reaction, 0.5 M of sulfuric acid (Sigma Aldrich, >
95%) was used and bubbled with highly purified Argon
(Air Liquide, France) for 30 minutes. During the tests, the
as-prepared solution was kept under inert atmosphere. All
the potentials were converted versus a reversible hydro-
gen electrode (RHE) via the following equation (1):

E (V/RHE) =E (V/SCE) + 0.241 + 0.059 pH (1)

The morphology of the prepared films was recorded by
SEM (Zeiss SUPRA 40). The elemental composition at the
extreme surface was characterized via X-ray photoelectron
spectroscopy using Thermo VG Scientific ESCALAB 250
system fitted with a microfocused, monochromatic Al Ka
(hv =1486.6 eV) 200 W X-ray source.

Preparation of the polymer PAMI modified elec-
trodes. The used working electrodes are glassy carbon or
Indium-Tin Oxide (ITO) (ITOSOL12, 8-12 ohms with a
thickness of 370 nm on 1.1 mm of glass, supplied by
Solems, France). The polymerization was performed fol-
lowing our previously reported procedure3®. Briefly, the
polymerization is based on a two-step process. The first
step is the immobilization of initiator layer through the
electrochemical oxidative grafting of primary amine, 2-
bromoethylamine, yielding to a bromide terminated elec-
trode. Next, the modified electrode was immersed in a
solution containing 10 mM of the ionic liquid monomer, 1-
allyl-3-methylimidazolium bromide, and a catalytic
amount of all the necessary reagents (CuCl, CuClz and
N,N,N’,N"" N"’-Pentamethyldiethylenetriamine as activator,
deactivator and complexing agent, respectively) (Figure
S1). After keeping the polymerization for 2 hrs at 60°C and
under inert atmosphere, the electrodes were removed
from the solution and were successively rinsed with dis-
tilled water, acetone and acetonitrile. Finally, the elec-
trodes were dried under Argon stream.

Electrodeposition of Pd and Pt via a direct approach.
The metallic nanoparticles were deposited onto the elec-
trode surface, GC/Poly(IL), by chronoamperometry tech-
nique, which consists to apply a fixed potential during 100
s in deoxygenated 1 mM of metallic salt, i.e. NazPdCls (Sig-
ma Aldrich, > 99.9%) or KzPtCls (Sigma Aldrich, >99.9%)
aqueous solution containing 0.1 M of KCl (Bioreagent,
Sigma Aldrich, > 99%) as supporting electrolyte. The ap-
plied potential is ranged from 0.2 to -1 V/SCE for Pd depo-
sition and from 0 to -1 V/SCE for Pt deposition. The gener-
ated electrodes were rinsed thoroughly with distilled wa-
ter (<18 MQ.cm), ethanol (GRP RECTAPUR, 96%) and
dried under Argon stream.

Electrodeposition of Pd via an indirect approach. Af-
ter the polymerization, the electrode was immersed in
aqueous solution containing a 1 mM of metallic salt
(Naz2PdCls) during 2h. Next, the electrode was rinsed thor-
oughly with distilled water and transferred into the elec-
trochemical cell containing ultrapure water (>18 MQ.cm)
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without the addition of the supporting electrolyte. The
electrodeposition was performed under similar potential
range, as described above. Then, the modified electrodes
were rinsed with distilled water, ethanol and dried under
Argon stream.

m RESULTS AND DISCUSSION
Direct electrochemical deposition approach.

The electrochemical deposition of palladium and platinum
was performed directly on GG/Poly(IL) electrode in elec-
trolytic solution containing 1 mM of the corresponding
metallic salt. To cover a large window of deposition poten-
tial, different samples were prepared with a deposition
potential ranging from 0.2 to -1 V/SCE at a fixed time (100
s). The typical electrochemical response of Pd decorated
GC/PAMI electrode was recorded in N:-saturated 0.5 M
H2S04 solution as shown in Figure S2. At a potential higher
than 0.7 V, an anodic peak is observed corresponding to
the oxidation of Pd. These oxidized species are reduced at
0.4 V. Besides that, the reduction peak at the potential
ranging from 0 V to -0.4 V corresponds to the proton re-
duction/hydrogen adsorption and the reverse peak at-
tributed to hydrogen evolution/desorption process. Simi-
lar CV’s for Pt decorated GC/Poly(IL) was also recorded
showing the transformation of metallic platinum into oxide
at 1.3 V and the reverse reaction is observed at 1.2 V. Even
though the hydrogen adsorption peak is hindered by the
HER, the anodic peak indicates a strong desorption of the
Hz molecule from the Pt surface. Depending on the applied
potential, the nucleation and growth process of the metal-
lic structure at the GC/Poly(IL) are different, resulting
from the difference of the thermodynamic barrier. These
electrochemical characterizations confirm the
electrodeposition of Pd and Pt over the GC/Poly(IL) elec-
trode.

Scanning Electron Microscopy (SEM) leads to determine
the morphology and the size of the deposited materials.
Typical images of the samples prepared by depositing Pd
or Pt on GC/Poly(IL) electrodes are presented in the Figure
1.

50 400 450 500

Size (nm) Size (nm)

Figure 1. SEM images of (a) ITO/Pd NPs deposited at -0.2 V/
SCE and (b) ITO/Poly(IL)/Pd NPs; (c) Pd NPs size distribution
in the presence and in the absence of Poly(IL) layer; (d)
ITO/Pt NPs deposited at -0.6 V/ SCE; (e) ITO/Poly(IL)/Pt NPs;
(f) Pt NPs size distribution.

The SEM revealed that the morphology and the size of the
particles deposited onto ITO are different depending on
the presence or the absence of the polymeric ionic liquid
layer. Common behavior for both metals is the formation
of nanoparticles after the electrochemical deposition. The
size of the particles decreases in the presence of the
poly(IL) layer. For Pd NPs deposited onto ITO a very dense
nanoparticles layer cover the electrode with a larger size
(up to 200 nm) were obtained as shown in Figure 1a, while
in the presence of the Poly(IL) layer less dense NP layer is
observed and the particles size is smaller than those ob-
tained in the absence of the polymer brush layer (< 50 nm)
(Figure 1.b). In the case of the platinum electrodeposition,
smaller nanoparticles were observed in the presence of the
PAMI (Figure 1e) when compared to those generated on
ITO electrode (Figure 1d). Figure 1c and f compare the
nanoparticles size distribution and confirm that in the
presence of the polymer brush structure the Pt and Pd NPs
have an average size of about 50 nm while in the absence
of the poly(IL) the NPs size reach an average of about
200nm. By depositing metallic nanoparticles via
chronoamperometry technique, the measured current is
composed of 3 components, including the double layer
charge contribution, the 2D-instantaneous nucleation and
3D nucleation with diffusion-controlled growth. From the
SEM images, the formation of 3D nanoparticles was ob-
served. Consequently, the measured current, especially the
nucleation rate constant varies with the applied potential
resulting from the mechanism of Langmuir - type adsorp-
tion/desorption equilibrium followed by 3D nucleation
under diffusion-controlled regime.***° Even though the
mechanistic investigation of nucleation and growth of the
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nanoparticles is still at the spectacular stage, it is still pos-
sible to conclude that the nucleation of nanoparticles is
strongly affected by the concentration of the metallic ions
at the vicinity of the electrode surface and the applied
potential. By combining the SEM images and the polymer
brushes structure, possible explanation can be assigned to
the high density of cations within the film that are convert-
ed to numerous nucleation sites for the formation of the
final material. Consequently, smaller size particles are
obtained using the poly(IL) as template, i.e. higher specific
surface area, rather than big particles in the absence of the
poly(IL) film.

X-ray photoelectron spectroscopy (XPS) was used to follow
the change in the atomic composition of the surfaces
ITO/Poly(IL)/Pd NPs and ITO/Poly(IL) /Pt NPs.

Cls N1
a b °
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294 292 290 288 286 284 282 280 410 408 406 404 402 400 398 396
Binding energy (eV) Binding energy (eV)

Pd3d Ptaf

c d

Count (a.u.)
Count (a.u.)

348 346 344 342 340 338 336 334 332 330 gy 73 7p
Binding energy (eV)

7 72 70 68 66
Binding energy (eV)

Figure 2. (a), (b) and (c) XPS high resolution spectra of C(1s),

N(1s) and Pd(3d) recorded on ITO/Poly(IL)/Pd. (d) XPS spec-
trum of Pt for the sample ITO/Poly(IL)/Pt.

Figures 2a and b display the high-resolution spectra of
C(1s) and N(1s) elements. Similar behavior was observed
for both surfaces despite the presence of the Pd or Pt NPs.
The C(1s) spectrum exhibits the presence of three compo-
nents at binding energy of 285, 286.4 and 288.4 eV which
are attributed to the binding energy of carbon backbone
(C-C), -C=N group from imidazolium ring and -COO from
the surface contamination, respectively.*' Besides that, the
N(1s) spectra displays a major signal at 401.7 eV corre-
sponding to imine group from imidazolium ring.* These
results confirm the presence of the poly(IL), PAMI, at the
electrode surface. In addition, the XPS spectrum shown in
Figure 2 c, reveals the presence of the peak at 335 eV at-
tributed to Pd3ds,2 and confirms the presence of metallic
Pd.* In the case of Pt electrodeposition, the XPS spectrum
shows the presence of metallic Pt as attested by the loca-
tion of the Pt4fr,> peak at 71 eV.* The XPS analysis con-
firms the presence of the poly(IL) and the metallic charac-
ter of the electrodeposited Pd and Pt NPs.

The electrocatalytic performance of the generated materi-
als toward hydrogen evolution reaction (HER) was evalu-
ated. The selected samples are prepared at different depo-
sition potential ranging from 0.2 V to -1 V/SCE. Figure 3a

displays the LSV polarization curves recorded in N:-
saturated 0.5 M H2SO4 for Pd deposited onto GC/PAMI at
different potentials 0.2, -0.2, -0.4 and -0.8 V/SCE.
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Figure 3. (a) HER polarization curve (LSV) at 10 mV.s-! in 0.5
M H2SO4 aqueous solution for GC/Poly(IL)/Pd generated at
different electrodeposition potential. (b) Variation of the
onset potential (black) and the overpotential (blue) at current
density -10 mA.cm-2 as function of the deposition potential.

Compared to the bare GC electrode, all the modified elec-
trodes GC/Poly(IL)/Pd NPs exhibit a higher catalytic activi-
ty toward HER. The electrocatalytic activity depends on
the applied deposition potential, (Figure S3), as attested by
the change of the onset potential and the current density.
This variation could be related to several parameters in-
cluding the size and the morphology of the NPs, the ex-
posed active catalyst site, the accessibility to the catalyst
and the presence of the polymer brush based ionic liquid.
Figure 3b summarizes the electrocatalytic activities of
GC/Poly(IL)/Pd NPs generated at different
electrodeposition potentials. The curve reports the varia-
tion of the onset potential and the required overpotential
to achieve a current density -10 mA.cm-2 as function of the
applied potential for Pd electrodeposition. One has to note
that each point represents an average of 5 GC/Poly(IL)/Pd
electrodes. The comparison clearly shows that the
electrocatalytic activity depends on the applied deposition
potential and that the sample prepared at -0.2 V/SCE ex-
hibits the lowest onset potential (-50 mV) and the most
positive overpotential (170 mV) at a current density of -10
mA.cm2. In order to evidence the role of the polymer brush
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structure, similar experiments were performed by
electrodeposition of Pd onto bare GG electrode and their
catalytic activities toward HER were evaluated. Figure 4a
compares the best electrocatalytic HER performance ob-
tained on the electrodes GC/Pd and GC/Poly(IL)/Pd.
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Figure 4. (a) HER polarization curve (LSV) at 10 mV.s-! in 0.5
M H2S04 aqueous solution and the corresponding Tafel slope.
(b) EIS curve recorded at -0.2 V/RHE on GC/Pd NPs (black
curves) and GC/Poly(IL)/Pd NPs deposited at -0.2 V/ SCE (red
curves).

Considering the lowest onset potential and overpotential
to achieve -10 mA.cm?, the best electrocatalytic perfor-
mance was obtained when the Pd is deposited either on GC
or GC/Poly(IL) at potential -0.2 V/SCE. The GC/Pd displays
an onset potential at -100 mV and an overpotential of
about 222 mV, while the GC/Poly(IL)/Pd shows lower
values -50 mV for the onset potential and -170 mV for the
overpotential. This result suggests that the presence of the
poly(IL) enhances the electrocatalytic performance of the
Pd toward HER. This enhancement could be related to
several parameters including the hierarchical polymer
brushes structure that guide the electrochemical growth of
the Pd, the chemical composition of the polymer including
the presence of nitrogen (electron-rich dopant) in
imidazolium which may facilitate the electron transfer and
or affect the H* adsorption, and to the presence of syner-
getic effect between the Pd and the poly(IL).

It is well - known that depending on the catalyst the pro-
ton reduction can follow two pathways, the Volmer - Hey-
rovsky or the Volmer - Tafel mechanism. Being considered
as model catalytic reaction, the HER is a typical example of
two electron transfer reaction with an intermediate (H*
where “*” denotes the catalytic site). The detailed reactions
are given below.*

Volmer step: H* + e +* > H* (D
Heyrovsky step: H* + H* + e > Hy + * 2)
Tafel step: 2H* - Hz 3)

The reaction rate is largely depended on the adsorption of
the proton onto the catalyst surface, i.e. the adsorption free
energy (AGu). In the case of low binding energy, the ad-
sorption becomes the rate determining step, RDS, (Volmer
step) whereas for strong binding energy, the desorption
step becomes the rate determining step (Heyrovsky/Tafel
step). To correlate the reaction rate and the mechanism,
Tafel slope is used. The value of the Tafel slope determines
the RDS. Briefly, Tafel step is the RDS for a Tafel slope
around 30 mV.dec!, the value indicating the Heyrovsky
step is 40 mV.dec! and a Tafel slope of 120 mV.dec! could
be attributed to the surface coverage of adsorbed hydro-
gen or Volmer step.

It is well known that the adsorption of hydrogen into the
noble metal lattice results to either the formation of metal
hydride surface, called underpotential deposited hydrogen
(H-UPD), or overpotential deposited hydrogen, H-OPD,
which is generated below H*/Hz potential. It has been
demonstrated that the H-OPD are intermediates for the
reduction reaction while the H-UPD remain spectator dur-
ing the process.*® Several works reported that Pd based
materials are suitable for hydrogen storage, H-UPD, due to
the strong permeability and the high solubility of hydrogen
at Pd surface.”’*® Thus, the adsorption of H-OPD may be the
limiting factor for the catalytic performance of the Pd
based materials. In our case, values close to 120 mV.dec!
have been obtained for all of the samples (Figure S4a),
suggesting that the adsorption of the hydrogen into the
catalyst surface is the limiting step. The evolution of the
Tafel slope as function of the deposition potential is re-
ported in the Figure S4b. In the absence of the polymeric
ionic liquid layer, the GC/Pd NPs shows a Tafel plot around
100 mV.dec! while The GC/Poly(IL)/Pd NPs exhibits the
lowest Tafel slope of 90 mV.dec!, suggesting improvement
of the adsorption of the H-OPD. The decrease of the Tafel
slope suggests a faster kinetics on GC/Poly(IL)/Pd elec-
trode which could be related to the N (electron-rich dopant
in the imidazolium). The latter could induce several effects
including, facilitates the efficient electron transfer and
reduce the energy barrier. Similar effect has been reported
on N doped carbon electrocatalyst.3+35*° However, the
value of the Tafel slope is relatively subjective since the
latter depends on the choice of the j-V region and the iR-
drop correction. Therefore, the only possible conclusion
that can be announced is the exclusion of combination and
ion - atom reactions as the limiting steps. Despite the need
of more powerful analysis tools for achieving exact mecha-
nism, the clear standpoint is that the electrochemical dep-
osition in the presence of the immobilized ionic liquid
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layer enhances the adsorption of hydrogen probably
thanks to nitrogen atoms within the imidazolium. This
result is further confirmed by the electrochemical imped-
ance spectroscopy tests. As shown in the Figure 4b, the
charge transfer resistance is lower in the presence of the
polymer ionic liquid layer (1 kQ compared to 3.5 kQ), sug-
gesting a higher electron transfer between the catalyst and
the electrode surface. Overall, the results confirm that the
presence of polymeric ionic liquids influences not only the
nano-structuration of the metallic layer but also its catalyt-
ic performance.

Even though improvement of the catalytic activity through
the presence of PAMI, the performance of the PAMI/Pd is
still lower from the activity of platinum. Indeed, similar
approach has been performed to Pt based catalysts. The
electrochemical deposition was performed onto
GC/Poly(IL) electrodes using different deposition potential
during 100 s in aqueous electrolytic solution containing
NazPtCls. Afterwards, the catalytic activity of different
electrodes was evaluated toward HER in 0.5 M N:-
saturated H2504 solution as displayed in the Figure 5a and
Figure S6.
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Figure 5. (a) HER polarization curves (LSV) at 10 mV.s-1in 0.5
M H2SOs aqueous solution of GC/Poly(IL)/Pt electrodes ob-
tained at different electrodeposition potential; (b) LSV curves
comparing the GC/Pt and GC/Poly(IL)/Pt NPs generated un-
der chronoamperometric conditions at -0.6 V/ SCE.

Figure 5a shows that the electrocatalytic activity of the as-
prepared GC/Poly(IL)/Pt toward HER depends on the
applied potential during the electrochemical growth of Pt.
The comparison displays that the best electrocatalyst with
an onset potential at -25 mV corresponds to the sample
prepared under amperometric conditions at -0.6 V/ SCE.
This sample shows an overpotential of 65 mV to reach 10
mA.cm?, which is among the most efficient catalysts to-
ward HER.*'** Besides that, in the absence of the poly(IL)
layer the best GC/Pt electrocatalyst presents onset poten-
tial at -55 mV and overpotential of about 90 mV. This re-
sult confirms the enhancement of the electrocatalytic ac-
tivity of noble metal (Pt and Pd) in the presence of polymer
ionic liquid, based imidazolium, brush structure.

Next, the Tafel curves were plotted and the slope were
calculated for the different generated samples (Figure
S5b). The Volmer - Tafel mechanism occurs when the H
coverage is very high (8 ~ 1), which is the case for Pt based
catalysts.*¢ For deposition potential ranging from -0.2 V to
-0.8 V/ SCE, the Tafel slopes are found to be around 30
mV.dec!, indicating that the Tafel step is the rate deter-
mining step which is coherent with the previously report-
ed works.2+> Interestingly, compared to the activity of the
GC/Pt electrode, the presence of polymeric ionic liquid
increases the catalytic activity of the platinum (Figure 5b).
Indeed, the GC/Poly(IL)/Pt electrode shows a higher cata-
lytic activity with an overpotential of 70 mV to achieve
current density of 20 mA.cm? compared to 100 mV ob-
tained in the absence of the PAMI layer (Figure 5b). Be-
sides, the charge transfer is evaluated using EIS, resulting
to a 40-times lower Rcr in the case of GC/PAMI/Ptatn =70
mV. The enhancement of the catalytic performance toward
HER confirms the importance of the polymeric ionic liquid.
The crucial role of the polymer ionic liquid can be attribut-
ed to different features. Firstly, as discussed in the previ-
ous part, the concentration of the metallic anion is higher
inside the layer rather than in the bulk, suggesting higher
nucleation and growth rate due to diffusion-controlled
system. Secondly, the organization of the polymer layer in
a brush like structure can participate to the orientation of
the deposited metallic structure. Finally, the interaction of
the polymer layer and the deposited particles may also
enhance the hydronium conduction and charge transfer
rate at this interface. Another parameter that should be
considered is the metal loading (). The later was meas-
ured using the following formula y = QxM/nxF, where Q
represents the charge during the electrodeposition, M de
molecular weight of the metal (Pt or Pd), n the number of
electron and F the Faraday constant. The average metal
loading in the case of Pd electrodeposited at -0.2 V on GC is
3.6 pg.cm?, while for Pd deposited onto GC/Poly(IL) a
value of 0.4 pg.cm-? was observed. Similarly, in the case of
Pt, the estimated metal loading is 5 pg.cm2 for GC/Pt and
0.8 pg.cm? for GC/Poly(IL)/Pt. Interestingly, the electro-
chemical deposition of Pd or Pt onto polymer brush ionic
liquid leads to decrease the metal loading by a factor of 9
(case of Pd) and 6 (case of Pt) when compared to the
electrodeposition on bare GC. Considering this effect the
electrocatalytic performances, especially the overpotential
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should be lower than the reported values in this work. For
a fair comparison, benchmarking catalyst (i.e. commercial
Pt/C NPs and Pd NPs) were used. In the case of Pd NPs, the
electrochemical deposited nanoparticles exhibit higher
catalytic activity compared to the drop-casted Pd NPs. As
the particles are support free Pd, this phenomenon could
be explained by increasing the charge transfer resistance
due to electrical disconnection between particles. Fur-
thermore, based on Marcus - Hush theory, the electron
transfer rate constant is related to the reorganization en-
ergy and Gibb’s free energy. In presence of electron-rich
groups, the adsorption of proton could be facilitated, re-
sulting to a decrease of reorganization energy. Thus, the
electron transfer rate constant increase. This argument can
be solidified by the decrease of the Tafel slope and of
charge transfer resistance of Pd NPs in presence of PIL
layer, which are obtained from the Figure 4. In contrary, by
using Pt as catalyst, the use of PIL to enhance the adsorp-
tion of proton could be neglected because the RDS is at-
tributed to the Tafel step. Nevertheless, the presence of PIL
provides higher number of nucleation sites for growing of
NPs. In case of commercial Pt/C NPs, their activity is slight-
ly higher than our current strategy (Figure 5b). However, it
is worth noting that the metal loading is about 60 times
lower by using electrodeposition (0.8 pg.cm-2vs 46 pg.cm-
2), suggesting an increase of catalytic performance in terms
of normalized metal loading.

Indirect electrochemical deposition approach. The
purpose of this part is to prove the possibility to generate
nanoclusters of noble metal by the anion capturing proper-
ty of the polymeric ionic liquid, e.g. poly(1-allyl-3-
methylimidazolium). The imidazolium skeleton of the as-
prepared poly(IL) film creates extremely high cationic
charge density at the interface between the elec-
trode/solution interface. The electrostatic attraction al-
lows strong molecular interaction between the
imidazolium rings and metal-based anion (PdCls*). The
specific feature allows the PAMI modified electrode receiv-
ing a large density of metal precursors, which acts as res-
ervoir for further electrochemical deposition of clusters.

The electrochemical nucleation and growth of the nano-
particles can be occurred in distilled water under self-
electrolytic conditions (without any additional supporting
electrolyte). The electrochemistry of immobilized ionic
liquid in electrolytic free solution is reported in the previ-
ous works.’*”” Thus, by applying a cathodic potential, the
anion (PdCls*) inside the film can act as both precursor
and metal reservoir for growing the nanoparticles. After
the electrochemical deposition in aqueous solution, the
presence of clusters was first evidenced by the electro-
chemical characterization in aqueous acidic solution (0.5 M
H2S04). The typical signal of the Pd® (Figure S6) was ob-
served as described in the previous part. However, the
current intensity attributed to the oxidation of Pd and Pt
particles is lower than that observed for direct approach. It
is noted that even the concentration at the vicinity of the
electrode is higher in the current case, the quantity of the
anions is still scanty within very thin layer of the polymer.

Thus, the quantity of metallic Pd generated in this case
must be lower.

X-ray photoelectron spectroscopy (XPS) was used to follow
the change in the chemical composition of the surface of
different substrates (Figure 6).
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Figure 6. High resolution XPS spectra of Cl(2p) and Pd(3p),
elements on different substrates. (Black curves) GC/Poly(IL),
(blue curves) GC/ Poly(IL)/PdCls?- and (red curves) GC/
POly[IL)/Pdindirect.

After anion exchange, the high-resolution spectra of the
Pd(3p) exhibits lump signal of the Pd?* (3p3/2 and 3p/2)
centered at 337 eV and 343 eV, indicating the presence of
PdCls?* within the polymer film (blue curve Figure 6). In-
terestingly, after the electrochemical deposition, the
Pd(3p) peaks are shifted to lower binding energy 334.8 eV
and 340.8 eV corresponding to Pd® confirming the for-
mation of metallic Pd inside the polymeric film (red curve
Figure 6). The binding energy of Pd? is shifted by 0.25 eV
compared to bare metallic Pd. The latter is attributed to a
strong interaction between metallic Pd and nitrogen atoms
from the polymer layer. Consequently, the Pd particles
have negative charge when they are in contact with the
film, leading to higher catalytic performance®®. In addition,
the variation of the Cl(2p) signals confirms the occurrence
of the anion exchange. Precisely, the appearance of Cl sig-
nal at 198 eV and 199 eV, attributed to 2ps,z and 2p12 re-
spectively, confirms that the PdCls? is trapped inside the
polymer layer (blue curve Figure 6). Next, a decrease of the
Cl- contribution after the electrodeposition (red curve
Figure 6) is observed confirming the formation of metallic
Pd. Moreover, the nitrogen signal at 401.5 eV is still visible
confirming the presence of imidazolium. Overall, the XPS
measurements evidence the anion exchange and the pres-
ence of metallic Pd generated after electrochemical treat-
ment in aqueous electrolyte free solution.

Afterwards, the catalytic performance of the as-prepared
electrodes toward the HER was evaluated. Figure S7a dis-
plays the LSV of different GC/Poly(IL)/Pdindirect €lectrodes
generated under various potential deposition. The compar-
ison clearly shows the presence of electrocatalytic activity
and that the sample prepared under a cathodic
electrodeposition at -0.2 V/SCE exhibits the highest per-
formance. Typically, the GC/Poly(IL)/Pdindirec deposited at
-0.2 V/SCE exhibits the lowest onset potential around -100
mV and an overpotential of 240 mV for a current density
about -10 mA.cm? (Figure 7a). It is known that the
electrocatalytic property of a material is influenced by
several factors, including electrical conductivity, defect
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density, electrochemical active surface area (ECSA) of the
material, etc. The value of ECSA was calculated according
to the following equation (2):

ECSA(m’g™) = _ Qe
WAQw  (2)
Where W is the quantity of metal loading (pg.cm2), A is the
geometric surface area of electrode (cm?), Qu (C) is the
electric charge for hydrogen adsorption/desorption and
Qum (Cm?2) is the standard charge of hydrogen on a
smooth metal M surface.

The ECSA for Pd generated using the indirect approach
provides higher ECSA (55.47) compared to the direct elec-
trochemical deposition approach (2-3 times). X. Xie et al
reported the ECSA value of 51.17 m2.g! for 5-7 nm re-
duced-polyoxometalate supported palladium which is
lower than our reported value, confirming that the gener-
ated particles via indirect approach have smaller size than
5 nm.%7 The stability of the GC/Poly(IL)/Pdindirect €lectrode
was tested as shown in Figure S8). The result displays that
the current retention remains higher than 90 % after a
polarization at - 0.2 V vs RHE during 4000 s.

0

10

15§

Current density (mA.cm?)

-0.4 -0.3 -0.2 -0.1 0.0
Potential (V/ RHE)

i .
S 3
T T

Current density (mA.cm™)
at the same metal loading
AN
(6]

-20
-0.3 -0.2 -0.1 0.0
Potential (V/ RHE)

Figure 7. (a) HER polarization curve at 10 mV.s'! in 0.5 M
H2S04 aqueous solution on GC/Poly(IL)/Pddirect (red) and
GC/Poly(IL)/Pdindirect (blue). (b) Variation of the current den-
sity at the same metal loading as function of the potential.

The kinetic is evaluated by plotting the Tafel curve which
gives a value of 89 mV.dec, indicating a higher adsorption
rate by decreasing Volmer step limitation (Figure S7b).
This value is similar to that obtained from the direct ap-
proach, suggesting both samples follow the same HER
mechanism. To get more insight about the charge transfer
kinetic, electrochemical impedance spectroscopy was
performed at different overpotential for the sample pre-
pared at -0.2 V/ SCE (Figure S9). As displayed in the Figure
S8a, the GC/PAMI/Pdindirect exhibits single semicircle for all
of the used overpotentials, suggesting that the equivalent
circuit can be constructed by single time constant. The
potential dependence of the resistance and of the capaci-
tance (R-CPE circuit) reflects the kinetic of the HER pro-
cess. Indeed, the charge transfer resistance decreases from
8250 Q atn = 60 mV to 500 Q at n = 200 mV. In addition,
the wvariation of the log(Rer!) as function of the
overpotential was plotted as shown in the Figure S8c, re-
sulting to a linear relationship at low overpotential. The
calculated Tafel slope is 83 mV.dec! for the
GC/Poly(IL)/Pdindirect obtained from the EIS data which is
similar to that obtained from the LSV. In addition to the
value of the charge transfer resistance, the capacitance
derived from the CPE is another important parameter. The
application of high overpotential conducts to a decrease of
the double layer capacitance (Figure S9e) from 0.14
mF.cm? at 60 mV (approximately 40 mF.mg!) to 0.04
mF.cm? at 200 mV (~15 mF.mg"1). These variations could
be attributed to the partial blockage of the electrode sur-
face by the generated hydrogen species due to the for-
mation of microbubbles. The high values of the double
layer capacitance for the particles decorated the polymer
ionic liquids highlight the ionic character of the polymer
and the small size of the particles, suggesting the presence
of large specific surface areas. Besides, the time constant
for the electron transfer across the catalyst/electrolyte
interface can be estimated as, i.e. T = RC, where smaller t
represents higher electron transfer rate. As presented in
the Figure S8d, the evolution of T as function of the poten-
tial shows a decrease by 3 orders of magnitude from 0 V to
-0.17 V/RHE, suggesting an increase of the electron trans-
fer kinetic. In addition, below -0.2 V/RHE, t values reach
saturation at around (10-3 s). This value reflects purely the
charge transfer kinetic and excludes other contributions
suggesting that the Volmer step is the RDS during the re-
duction process.

In the other hand, the overpotential needed to reach -10
mA.cm? at the GC/Poly(IL)/Pdindirect is around 240 mV
compared to 222 and 170 mV obtained for GC/Pd NPs and
GC/Poly(IL)/Pdairect, respectively. A simple comparison
may lead to conclude that the GC/Poly(IL)/Pdindirect €lec-
trode presents a better electrocatalytic performance when
compared to GC/Poly(IL)/Pdindirec. However, as stated
above the quantity of the metal within the film has to be
considered for a more accurate evaluation of the
electrocatalytic performance. Thus, the sample prepared
via ion exchange approach is a promising route to decrease
the quantity of the active materials. Indeed, the metal load-
ing of Pd using the indirect approach is around 0.04 pg.cm-
2 which is 1 order of magnitude lower than that measured
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for a direct approach (0.4 pg.cm-2) and almost 2 orders of
magnitude lower when compared to GC/Pd sample (3.6
pg.cm2). Indeed, considering this difference, the LSV
curves were replotted by reporting the variation of the
current density at the same metal loading as function of
the potential (Figure 7b). Taking onto account this param-
eter the onset is -25 mV and the overpotential to reach -10
mA.cm2 is 120 mV. As consequence, the
GC/Poly(IL)/Pdindgiret displays a higher electrocatalytic
performance toward HER when compared to
GC/poly(IL)/Pddirect and GC/Pd

= CONCLUSION

In summary, this work investigates the electrochemical
deposition of Pt and Pd onto polymer brush ionic liquid
based on imidazolium. A series of hybrid materials gener-
ated using direct electrochemical deposition over the pol-
ymer layer were investigated. The presence of the polymer
layer changes the morphology of the electrodeposited
nanoparticles. Thus, the hybrid materials exhibit an en-
hancement of the catalytic performance. In a second ap-
proach, the polymer ionic liquid is used as a host -guest
platform to capture the metallic anion, followed by electro-
chemical deposition under self-electrolytic condition in
distilled water. The final hybrid material displays a strong
electrocatalytic activity toward HER with a low catalyst
loading (up to 2 orders of magnitude). The presented ap-
proach could be extended to other monomer ionic liquid,
metals and transition metals dichalcogenides such as MoS,.
The simplicity of the material elaboration combined to the
number of possible polymer-based ionic liquids (estimated
around 10 polymers) is a promising route toward the
modulation of the catalytic performance of metal
electrocatalysts.
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