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Abstract
The present work reports the immobilization of thin ionic layer onto glassy carbon and its use as a platform
for the electrochemical growth of metallic nanoparticles. The ionic layer was electrochemically grafted
during the reduction of the in situ generated diazonium bearing imidazolium, 1-nitrophenylethyl 3-me-
thylimidazolium bis(trifluoromethyl- sulfonyl)imide. Next, the metallic nanoparticles, platinum or palla-
dium, were electrochemically grown onto the ionic layer modified electrodes. The physico-chemical prop-
erties of the generated modified electrodes were studied by surfaces analysis and electrochemical meth-
ods. Furthermore, the electron transfer properties of the modified electrodes were investigated at the local
scale using scanning electrochemical microscope (SECM). The obtained results confirm the success of
the ionic layer grafting as well as the formation of the metallic nanoparticles. The SECM investigations
display change in the electron transfer properties of the modified electrodes depending on the used redox
mediator. Finally, the as-prepared modified electrodes catalytic performances of towards the hydrogen
evolution reaction (HER) were evaluated. Interestingly, the presence of the ionic layer displays an in-
crease of the catalytic performances, for both investigated metallic nanoparticles. This behavior is proba-
bly due to the existence of synergistic effect between the grafted ionic layer and the metallic nanoparticles.
Therefore, it is anticipated that the ionic layer immobilization had several features including the tuning of
the electrode interface properties, acting as a platform and binder for the nanoparticles growth as well as

the enhancement of the electrocatalytic performances.
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1. Introduction

Surface chemistry offers an elegant approach to tune the materials properties. Within this expanding field,
several approaches were described leading to the anchoring various functional molecules onto different
materials [1]. Electrochemistry assisted grafting methods were reported to be an efficient process for the
immobilization of thin organic layers, few nm thick, onto different support including metals, carbon, sem-
iconductor and nanomaterials [2]. Electrochemical reduction of diazonium derivatives is, by far, the
widely used method for producing a covalent attachment of thin organic layers onto electrodes materials
[3]. Several diazonium derivatives have been studied leading to decorate the surface with the desired
functional groups that could be tailored according to the targeted applications. This approach became a
significant for many applications such as energy storage, separation technologies, sensors and molecular
electronic devices [4-6] Besides that, ionic liquids (ILs) become a very attractive scientific field due to
their interesting physicochemical properties [7]. Recently, the immobilization of molecules based on ionic
liquids have been studied providing to the interface some of its properties [8,9]. This approach became a
significant part appeared in the literature and exhibits an interesting strategy to overcome some limitations
related to the use of ionic liquids at the industrial scale including the high viscosity and cost, toxicity as
well as the reduction of used ionic liquids amount. Several reported works highlight the potential appli-
cations of immobilized ionic liquids, onto different supports, in energy storage and conversion, and smart
materials [10-12]. The attachment of molecules containing ionic liquid framework have been performed
using various methods, including simple physisorption, self-assembly, polymerization and the electro-
chemical grafting process [13,14]. Several substrates were used for the electrochemical assisted surface

modification including carbon based materials [15,16]. The glassy carbon (GC) is inert material and dis-



plays a weak activity towards the electrochemical activation of small molecules including hydrogen evo-
lution reaction, which make it a material of choice as a support electrode in electrocatalysis. However,
modulating the properties of carbon electrode interface through the electrochemical grafting has not been
extensively used in the electrocatalysis field. Thus, surface modification of carbon electrode could be
employed as a promising approach to make the interface suitable for the metallic nanomaterials growth
and/or favorable for the electrocatalytic reaction.

In this work, the electrochemical grafting of molecule containing the ionic liquid framework, onto GC
electrode was performed. As a result, an ionic thin layer containing the immobilized imidazolium cation
and labile anion is generated onto the electrode surface. Next, the as-prepared layer is used as a platform
to perform the electrochemical growth of platinum or palladium nanomaterials. The generated modified
surfaces were characterized using electrochemical and surface analysis methods. In addition, the electron
transfer properties of the different modified surfaces were investigated, at the local scale, using SECM.
Finally, the electrocatalytic properties of the modified electrodes towards the hydrogen evolution reaction
were studied.

2. Experimental section

2.1 Chemicals

1-nitrophenylethyl 3-methylimidazolium bis(trifluoromethyl-sulfonyl)imide was synthesized using the
previously reported procedure [17]. For the metal electrochemical deposition Na,PdCls and K2PtCls (sup-
plied from Sigma Aldrich) were used as received. Ferrocene and potassium hexacyanoferrate(ll)
K4Fe(CN)s (from Aldrich) were used as redox mediators. All the used chemicals were purchased at the
highest available purity.

2.2 Surface characterization X-ray photoelectron spectroscopy (XPS) measurements were performed
using a Thermo VG Scientific ESCALAB 250 system fitted with a micro focused, monochromatic Al KR

(hv=1486.6 eV) 200 W X-ray source.



2.2 Electrochemical measurements The electrochemical analyses were performed using a conventional
three-electrode cell and the measurements were performed on CHI660C potentiostat® (CH Instruments,
Austin, Texas). A graphite rod and Ag/AgCl are used as auxiliary and reference electrodes, respectively.
Glassy carbon (GC) (3 mm diameter) was used as a working electrode. Before each electrochemical ac-
quisition, the solution was deoxygenated by bubbling argon gas and was kept during the experiment.

For SECM studies, Ag/AgCl and platinum wires were used as a reference electrode (RE) and counter
electrode (CE), respectively. A Pt ultramicroelectrode (UME) with a diameter of 10um was employed as
working electrode. The obtained SECM data were plotted as the normalized current versus the normalized
distance L = d/a, where “d” is the gap between the tip and the substrate and “a” is the tip radius?. The
used SECM instrument in this study is CHI 900B (CH Instrument, Austin, TX), with close-loop piezoe-

lectric motors.

3. Results and discussion

3.1. Surface functionalization

For this purpose, the 1-nitrophenylethyl 3-methylimidazolium bis(trifluoromethyl- sulfonyl)imide, [NO.-phenyl-
Im] [TFSI], electrografting on glassy carbons (GC) was achieved, according to the previously reported procedure
[17]. Briefly, the [NO2-phenyl-Im] was reduced in acidic media leading to the formation of the corresponding amino
compound. Next, by diazotation reaction mean, this compound is converted to the corresponding diazonium, which
is generated exclusively within the diffusion layer and then reduced to generate the corresponding radical, the latter

reacts with the carbon surface leading to its attachment as illustrated in Scheme 1a.
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Scheme 1. (a) Immobilization of [Phenyl-Im][A—] onto glassy carbon electrode surface via electrochem-

ical grafting of the corresponding diazonium. (b) Electrochemical deposition of Pt ot Pd onto GC/IL.

In a second step, the attached ionic layer will be used as a platform for further functionalization using metallic
nanoparticles electrochemical growth as shown in Scheme 1b. This approach will lead to generate hybrid materials
containing organic layer and metallic nanoparticles.

The surface chemical composition was characterized by X-ray photoelectron spectroscopy (XPS). Fig. 1
shows the high resolution XPS spectra of C1s and N1s recorded on the ionic layer attached onto glassy

carbon electrode, GC/IL.
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Fig. 1. XPS High resolution spectra of C(1s) and N(1s) elements of GC/IL modified electrode.



The C1s spectrum (Fig.1a) can be deconvoluted into three components. The peaks observed at 285 and
286.5 eV correspond to C-C and C=N groups, respectively. These functions confirm the presence of im-
idazolium ring [14,16]. Next, a minor peak is observed at 288.5 eV and attributed to COOQO, resulting from
the surface contamination. Besides that, the N 1s spectra (Fig.1b) displays a main peak located at 402.5
eV, which is attributed to imines group in the imidazolium ring and a minor peak at 399.5 eV, originated
from surface contamination [18,19]. In addition, the XPS investigations show the presence of signal cor-
responding to F1s and S2p demonstrating the presence of the ionic liquid anion [TFSI] within the attached
layer. All these results confirm the success of the electrochemical grafting of the ionic layer at the GC
electrode surface.

Post-functionalization is another approach leading to enhance the panel of surface modification and to
decorate the previously modified electrode surface. For this purpose, several strategies were reported in-
cluding chemical surface reaction, i.e. peptide coupling, Gomberg-Bachmann coupling and click chemis-
try, and electrochemical deposition [18,20-22]. In this work, the GC/IL modified electrode was used as
working electrode for further functionalization using electrochemical deposition of platinum or palladium.
The GC/IL was immersed in aqueous electrolytic solution containing 10~ mol/L of K4PtCls or K4PdCl4
and the deposition was performed by chronoamperometry. Several reductive potentials, ranged from -0.1
to -0.6 V/Ag/AQCI, were investigated to produce the GC/IL/Pt and GC/IL/Pd. The generated modified
surfaces were characterized by XPS analyses. The results display the presence of C1s and N1s elements,
similarly to the results shown in Fig 1, indicating the presence of the ionic layer despite the further metal

electrochemical deposition.
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Fig. 2. a) XPS high resolution spectra of Pt(4f) and Pd(3d) recorded on GC/IL/Pt and GC/IL/Pd. Inset
shows the SEM image recorded on GC/IL/Pt.

The XPS studies recorded on GC/IL/Pt reveal two major peaks located at 71 and 74.2 eV, which can be
assigned to the Pt 4f72 and Pt 4fs), respectively and correspond to the metallic Pt [23]. The absence of
peaks at higher binding energy, at 72 and 77 eV, confirms the absence of Pt oxide. the In the case of Pd
electrodeposition, the XPS spectrum shows two peaks located at 335.2 eV and 341 eV attributed, respec-
tively, to the Pd 3ds2 and Pd 3dss spin orbit states of metallic Pd(0), Fig 2b [24]. Overall, the XPS analyses
confirm the ionic layer grafting onto glassy carbon electrode and the success of the metal electrochemical
deposition and thus generating hybrid electrode, GC/IL/NP. The SEM image performed on GC/IL/Pt
sample displays the presence of bright spot corresponding to metallic platinum. Besides that, the image
shows a homogeneous nanoparticles distribution onto the GC/IL modified electrode with an average size
around 10 nm. In the absence of the ionic layer, the SEM images of GC/Pt sample display less homoge-
neous particles distribution and higher particles size (around 50 nm). This result suggests the difference
on the nucleation growth process of Pt NP’s deposited onto GC or on GC/IL.

3.2. Local electrochemical investigation using SECM



The electron transfer properties, at the local scale, of the generated electrodes were investigated using
scanning electrochemical microscopy (SECM). SECM is a powerful technique to probe the electrochem-
ical reactivity at a given surface. The method leads to investigate a surface from the solution side thanks
to the use of an ultramicroelectrode, UME, and the appropriate redox couple [25]. In addition, the method
permits the analysis of the modified surfaces at their open circuit potential (unbiased substrate). Briefly,
a redox mediator is oxidized or reduced at the UME, under diffusion control, and the UME potential was
kept at a potential where the steady-state current is established. Next, the UME was brought to the inves-
tigated substrate while recording the current variation as a function of the UME/substrate distance. During
this approach, the UME current variation depends on the electrochemical reactivity of the probed surface
and the electrochemical reaction loop within the gap UME/substrate. In the literature, the SECM has been
used for the investigation of modified surfaces and leads to bring a new insight on the charge transfer
properties at the modified surface [26-28]. Fig. 3a illustrates the SECM configuration for the investigation

of different modified electrodes (GC/IL and GC/IL/Pt).
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Fig. 3. SECM approach curves on a surface GC/IL/Fe, GC/IL/NPs in ACN solution containing
0.001 mol/L of Ferrocene + 0.1 mol/L BusNBF4and in aqueous KCI solution containing 0.001 mol/L
KsFe(CN)s

Fig. 3b depicts the approaches curves recorded on GC/IL and GC/IL/Pt surfaces using two redox media-

tors, namely the ferrocene (Fc) and ferrocyanide Fe(CN)¢~. These redox probes were selected since they

present different oxidation state as well as electron transfer process (outer-sphere for Fc and an inner-

8



sphere for ferricyanide). In the case of GC/IL modified electrode, the recorded approach curves with Fc
and ferrocyanide display different shape. For Fc redox probe (black curve), the UME current decreases
when the UME is approaching the substrate indicating that the backward reaction (Fc* + e — Fc) is not
take place at the substrate or occurs with a low electron transfer. This behavior suggests that the GC/IL
act as a barrier against the electron transfer. The curve fitting leads to estimate the apparent electron
transfer rate (Kapp), which is found to be around 10" cm.s™! [29]. This low value confirms the presence of
slow electron transfer process and thus the regeneration of Fc is hundred by the ionic layer which acts as
a barrier against the electron transfer. Such behavior could be explained by the presence of ionic layer
with a thickness higher than 5 nm (tunneling distance) or the presence of electrostatic repulsion between
the generated Fc*, at the UME, and the attached imidazolium. In the case of ferrocyanide as redox probe,
the approach curve exhibits a current enhancement (red curve) suggesting the generation of the redox
probe at the GC/IL surface with an apparent electron transfer rate constant around 2x102 cm.s™!. This
behavior was unexpected since the ferrocyanide electron transfer occurs through an inner sphere system,
which requires strong interaction with the electrode surface. However, the attached layer is composed of
grafted imidazolium and labile anion, and thus the latter could be exchanged by the ferrocyanide anion
and as consequence promote the 2D- electron transfer. Similar result has been reported when investigating
the SECM response on ferrocene head-groups attached onto silicon substrate [30]. Combining the SECM
investigations with Fc and ferrocyanide suggests that the electrostatic interactions are responsible for the
variation in the shape of the approach curves. Overall, the SECM results confirm the ionic layer grafting
and that the layer acts as barrier against electron transfer for positively charged redox molecules while it
behaves as transparent for negatively charged redox molecules.

The SECM investigations were further examined on GC/IL/Pt surface. Contrarily to the results observed
on GC/IL, the Fc redox probe exhibits current increase and faster electron transfer rate constant about

2x1072 cm.s™! (blue curve) while the ferrocyanide redox probe shows a current decreases with an electron



transfer rate constant value close to 10~ cm.s™! (pink curve). This change is probably related to the pres-
ence of Pt on top of the ionic layer which changes the electrochemical properties of the electrode interface.
Thus the Fc is generated at the electrodeposited Pt onto GC/IL while the ferrocyanide is generated at lower
rate due to its inner sphere character. Similar results were obtained when investigating GC/IL/Pd elec-
trodes demonstrating that the observed change in the approach curves are not related to the deposited
metal nature.

3.3. Electrochemical investigations of HER activity

In the following, the electrocatalytic performances of the generated GC/IL/metal NP towards the hydro-
gen evolution reaction (HER) were investigated. In this part, Pt or Pd electrochemical deposition onto
GC/IL was performed by chrnoamperometry at a potential -0.4 V vs Ag/AgCI.

Figure 4a shows the HER polarization curve of GC/IL/Pt recorded in an acidic medium (0.5 M H2SO4),
under argon atmosphere at a scan rate of 5 mV/s. For comparison, Pt electrodeposited onto GC (GC/Pt)
and commercial Pt/C (GC/Pt/C) were also investigated. One has to note that except for the commercial

Pt/C where Nafion is used for the ink preparation, the other investigated electrodes were used as-prepared.
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Fig. 4. a) HER polarization curve (LSV) of the GC/IL, GC/Pt, GC/IL/Pt and commercial Pt/C labelled
GC/Nafion/Pt/C recorded at 5 mV.s™ in 0.5 M H2SO4 aqueous solution. b) The corresponding Tafel plots

obtained from polarization curves.
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Figure 4a displays that all the generated electrodes exhibit a pronounced catalytic activity towards HER
when compared to GC/IL. Deeper analysis shows that the onset potentials for GC/Pt and GC/IL/Pt are
comparable and their values are about -10 mV, which is similar to commercial Pt/C. In addition, the
required overpotential to achieve a current density of -10 mA.cm™ is 65 mV on the GC/Pt, while a lower
value of 52 mV is observed for GC/IL/Pt, which is comparable to that obtained on commercial Pt/C sam-
ple (55 mV). Interestingly, at higher current density (-60 mA.cm), the required over potential on
GC/IL/Ptis 74 mV, while 84 mV and 130 mV are required on commercial Pt/C and GC/Pt, respectively.
The HER is a typical example of two electron transfer reaction with an intermediate (Hags) and can follow
two pathways, either the Volmer — Heyrovsky or the Volmer—Tafel mechanism [31]. Tafel slope investi-
gation have been used to compare the reaction rate and the mechanism (Fig. 4b). Tafel slope value of the
GC/IL/Pt is about 25 mV.dec™! which is lower than that of GC/Pt and commercial Pt/C (37 mV.dec™! and
31 mV.dec’!, respectively). This result suggests that the GC/IL/Pt displays the best HER kinetics and that
the HER follow a Volmer—Tafel mechanism and that the recombination of two Hags is the rate determining
step. Overall, the electrocatalytic investigations suggest that the grafted ionic layer enhances the HER
performance of the electrodeposited Pt. This behavior demonstrates a synergetic effect between the Pt and
the 1onic layer. The latter could be linked to the role of the ionic liquid layer during the electrochemical
growth of Pt and to the presence of nitrogen (within the imidazolium, electron-rich dopant), which may
facilitate the electron transfer and or affect the Hags.

Although an improvement of the Pt catalytic activity through the presence of the ionic layer has been
confirmed, it is difficult to assess this increase. For this reason and in order to emphasize the role of the
ionic layer, similar experiments were performed using Pd as electrocatalyst. Fig. 5a displays the HER
polarization curves of the GC/Pd, GC/IL/Pd and commercial Pd NPs (labelled GC/Nafion/Pdnps) as well

as the corresponding Tafel plots (Figure 5b).
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Fig. 5. a) HER polarization curve (LSV) of the GC/IL, GC/Pd, GC/IL/Pd and commercial Pd (labelled
GC/Nafion/Pdnes) recorded at 5 mV.s in 0.5 M H2SO4 agueous solution. b) The corresponding Tafel
plots obtained from polarization curves.

The GC/IL/Pd exhibits the best HER performance with a low onset potential (- 10 mV) and low overpo-
tential (53 mV) to reach a current density of -10 mA.cm, which is lower than those of GC/Pd (114 mV)
and GC/Nafion/Pdnes (133 mV). The GC/IL/Pd displays electrocatalytic performances similar to that rec-
orded on commercial Pt/C. This was also confirmed by Tafel plots (Fig. 5b). Indeed, the GC/IL/Pd ex-
hibits a Tafel slope of 24 mV.dec?, which is lower than that of GC/Nafion/Pdnes (81 mV.dec?) and GC/Pd
(48 mV.dec?). More interestingly, the Tafel slope of the GC/IL/Pd is even lower than that of commercial
Pt/C (31 mV.dec?) and similar to that observed with GC/IL/Pt (25 mV.dec™). This value indicates that
the HER on GC/IL/Pd occurs through a Volmer-Tafel mechanism with Tafel reaction as the rate deter-
mining step. Besides that, the electrochemical impedance spectroscopy (EIS) measurements confirm the
superior performance of GC/IL/Pt and GC/IL/Pd as attested by the lower charge transfer resistance (30
and 20 Q, respectively). Overall, these results clearly confirms the dual role of the attached ionic layer,
which acts as a binder for the Pd electrocatalyst and also enhances the HER performance and kinetics.

4. Conclusions
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In summary, this work demonstrates the electrochemical grafting of ionic layer bearing imidazolium moi-
eties onto glassy carbon electrode and its further functionalization through electrochemical deposition of
metallic nanoparticles (Pt and Pd). The local electrochemical investigations using SECM suggests that
the electrostatic interaction is responsible for the variation of the approach curves response. Indeed, the
ionic layer acts as barrier against the electron transfer for positively charged redox molecules, while it
behaves as transparent for negatively charged redox molecules. This tendency is reversed when metallic
nanoparticles are electrochemically deposited on top of the ionic layer. In addition, the electrolytic activ-
ities towards HER of the generated modified electrodes confirm that the HER activity and kinetic on Pt
and Pd nanoparticles are enhanced in the presence of the ionic layer. More interestingly, the GC/IL/Pd
exhibits excellent HER performances superior to that of commercial Pt/C. This enhancement is related to
the dual role of the attached ionic layer, which acts as a host-guest platform for the electrocatalyst and
also to the synergetic effect between the ionic layer and the NP’s. The use of thin ionic layer as a host
guest platform of metallic NP’s is a promising route to generate polymer binder free electrocatalyst and

to enhance the intrinsic electrocatalytic performances of a given catalyst.
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