Alexandre Addad 
  
T Barras 
  
R Hadjersi 
  
Sabine Chegroune 
  
Rabah Szunerits 
  
M A Boukherroub 
  
Amin 
  
Madjid Ifires 
  
Ahmed Addad 
  
Alexandre Barras 
  
Toufik Hadjersi 
  
Redouane Chegroune 
  
Sabine Szunerits 
  
Rabah Boukherroub 
email: rabah.boukherroub@univ-lille.fr
  
Mohammed A Amin 
  
Cathodic pre-polarization studies on the carbon felt/KOH interface: An efficient metal-free electrocatalyst for hydrogen generation

Keywords: Electrocatalysis, Hydrogen evolution reaction, Carbon felt, Cathodic activation, Alkaline electrolytes

diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

In recent years, there has been a continuous shift towards the development of clean and renewable energy sources to limit the dependence on fossil fuels, but also to minimize the impact on the environment [START_REF] Dincer | A review on clean energy solutions for better sustainability[END_REF]. In this context, tremendous efforts have been put on the search for highly efficient fuel cells, new metal-air batteries, and more effective production approaches of energy carriers such as hydrogen (H2) [START_REF] Dincer | A review on clean energy solutions for better sustainability[END_REF][START_REF] Peng | Catalyst engineering for electrochemical energy conversion from water to water: Water electrolysis and the hydrogen fuel cell[END_REF]. All these technologies require development of high-performance, cost-effective, and earth abundant heterogeneous electrocatalysts [START_REF] Peng | Catalyst engineering for electrochemical energy conversion from water to water: Water electrolysis and the hydrogen fuel cell[END_REF]. H2, as a promising and valuable energy source, has received increasing attention in the last decade with a plenty of studies focused on the catalyst preparation, hydrogen precursors and cell design [START_REF] Peng | Catalyst engineering for electrochemical energy conversion from water to water: Water electrolysis and the hydrogen fuel cell[END_REF]. Water electrolysis, i.e., hydrogen evolution reaction (HER), was recognized as an interesting strategy to fulfill the needs in the development of renewable and energy conversion devices. HER is a two-electron electrocatalytic process that produces H2 as a final product from H + in acidic media or H2O from basic media, as underlined in Table 1 [START_REF] Lasia | Handbook of Fuel Cells[END_REF]:

Table 1.
Water electrolysis in acid and alkaline media.

Electrolyte

Water electrolysis Acidic solution Cathode: 2H + + 2e -→ H2 Anode: H2O → 2H + + ½O2 + 2e -

Alkaline solution

Cathode: 2H2O + 2e -→ H2 + 2OH - Anode: 2OH -→ H2O + ½O2 + 2e -

The rate determining step in HER can be inferred from the Tafel analysis [START_REF] Shinagawa | Insight on Tafel slopes from a microkinetic analysis of aqueous electrocatalysis for energy conversion[END_REF].

Platinum (Pt) and its composites are the most performing catalysts for HER in acidic media, owing to their low onset potential, high exchange current densities and a Tafel slope of about 30 dec -1 [START_REF] Shinagawa | Insight on Tafel slopes from a microkinetic analysis of aqueous electrocatalysis for energy conversion[END_REF]. In contrast, the reaction in alkaline media is hindered by the strong Pt-H binding energy, and Pt poisoning susceptibility by underpotential deposition in the presence of trace metal ions in the electrolyte solution. Therefore, the reaction rate is decreased by more than one order of magnitude, recording higher Tafel slope values (50-150 dec -1 ).

Additionally, the high price of Pt and its low abundance favored a search for alternative catalysts with a performance comparable to that of Pt in acidic media and surpassing it in alkaline condition.

Therefore, the last decade has witnessed a huge load of research investigations on the development of metal-free electrocatalysts for overall water splitting [START_REF] Hu | Carbon-based metal-free electrocatalysis for energy conversion, energy storage, and environmental protection[END_REF][START_REF] Wang | Carbon-based electrocatalysts for sustainable energy applications[END_REF]. In this context, carbon-based materials, commonly used as catalyst supports, represent an outstanding class of electrodes for HER in acidic and alkaline media, owing to their high stability, high abundance, good electronic conductivity, and low cost. These multiple benefits have boosted their utilization in many electrochemical processes for sustainable energy applications [START_REF] Hu | Carbon-based metal-free electrocatalysis for energy conversion, energy storage, and environmental protection[END_REF][START_REF] Wang | Carbon-based electrocatalysts for sustainable energy applications[END_REF].

Among these carbon materials, carbon nanotubes, graphene and biomass-derived carbon are the most investigated electrode materials [START_REF] Hu | Carbon-based metal-free electrocatalysis for energy conversion, energy storage, and environmental protection[END_REF][START_REF] Wang | Carbon-based electrocatalysts for sustainable energy applications[END_REF]. Despite the interest of the carbon-based electrodes in electrolysis, the as-prepared materials are commonly less efficient for HER.

Thus, many strategies have been designed to improve their electrocatalytic performance.

These include heteroatom doping (mono-and multi-atom), surface functionalization, structural defect engineering, etc. [START_REF] Hu | Carbon-based metal-free electrocatalysis for energy conversion, energy storage, and environmental protection[END_REF][START_REF] Wang | Carbon-based electrocatalysts for sustainable energy applications[END_REF][START_REF] Liu | Carbon-based metal-free catalysts[END_REF][START_REF] Zhang | Activity origins in nanocarbons for the electrocatalytic hydrogen evolution reaction[END_REF][START_REF] Shang | Recent advances of nonprecious and bifunctional electrocatalysts for overall water splitting[END_REF][START_REF] Zhou | A review of advanced metal-free carbon catalysts for oxygen reduction reactions towards the selective generation of hydrogen peroxide[END_REF][START_REF] Bhatt | Advancement of platinum (Pt)-free (non-Pt precious metals) and/or metal-free (non-precious-metals) electrocatalysts in energy applications: A review and perspectives[END_REF].

Another elegant approach to improve the catalytic performance of carbon-based electrodes for advancing the field of metal-free HER is the cathodic activation. This method not only offers the advantage of being environmentally-friendly, it also takes place in the same electrochemical cell used for HER measurements, limiting additional costs. Despite these benefits, cathodic activation of carbon-based materials is scarce in the literature. Early study by Prosini et al. revealed that cathodic polarization of CNTs substrate allowed to improve its electrocatalytic activity for HER [START_REF] Prosini | Electrochemical studies of hydrogen evolution, storage and oxidation on carbon nanotube electrodes[END_REF]. Das et al. demonstrated that cycling single-wall carbon nanotubes (SWNT) film in H2SO4 at 50 mV/s (+0.2 to -0.7 V vs. NHE), followed by a long soak time allowed to achieve a high performance for HER. The activation process was believed to be due to H2SO4 intercalation within the nanotubes [START_REF] Das | Extraordinary hydrogen evolution and oxidation reaction activity from carbon nanotubes and gaphitic carbons[END_REF]. Cui and coworkers found that a two-step activation process of multi-walled carbon nanotubes (MWCNTs), consisting of 4 h oxidation in HNO3 at 120°C, followed by cathodic activation at -2 V vs. saturated calomel electrode (SCE) for 4 h in H2SO4, enhanced considerably the electrocatalytic properties for HER of the substrate [START_REF] Cui | Activated carbon nanotubes: a highlyactive metal-free electrocatalyst for hydrogen evolution reaction[END_REF]. Cathodic activation of mesoporous bacteriumderived carbon electrocatalysts (-2 V vs. SCE for 4 h) in 0.1 M H2SO4 improved their HER performance, delivering a Tafel slope of 58.4 mV dec -1 , an onset overpotential of 76 mV, and an exchange current density of 1.72 10 -2 mA cm -2 [START_REF] Wei | A highperformance metal-free hydrogen evolution reaction electrocatalyst from bacterium derived carbon[END_REF]. The enhanced HER activity was ascribed to surface oxidation during the cathodic process, introducing oxygen containing groups which could act as proton acceptors/relays to facilitate H2 evolution. Some of us have found that a cathodic cycling at -2 V in 0.5 M H2SO4 of Au-Pd NPs/rGO electrode led to enhanced HER activity. Even though this phenomenon was highly reproducible, its origin was not very clear [START_REF] Darabdhara | Reduced graphene oxide nanosheets decorated with Au, Pd and Au-Pd bimetallic nanoparticles as highly efficient catalysts for electrochemical hydrogen generation[END_REF].

Unlike carbon nanotubes and graphene, carbon felt (CF) has been mostly investigated as a carbon support for different metal and metal oxide nanoparticles for HER [START_REF] Demir | Fabrication of Mo-modified carbon felt as candidate substrate for electrolysis: Optimization of pH, current and metal amount[END_REF][START_REF] Demir | Preparation, characterization and hydrogen production performance of MoPd deposited carbon felt/Mo electrodes[END_REF][START_REF] Koca | NiGa modified carbon-felt cathode for hydrogen production[END_REF][START_REF] Dmitriev | Electrodeposition of α-Ni/β-Co composite coatings on the carbon felt: Structural features and electrochemical performance[END_REF][START_REF] Yoon | Cobalt phosphide nanoarrays with crystallineamorphous hybrid phase for hydrogen production in universal-pH[END_REF], owing to its open and free-standing structure, high stability in corrosive media and low cost [START_REF] Mitov | Novel nanostructured electrocatalysts for hydrogen evolution reaction in neutral and weak acidic solutions[END_REF][START_REF] Döner | Effect of C-felt supported Ni, Co and NiCo catalysts to produce hydrogen[END_REF].

Even though CF exhibits unique benefits as a support, its catalytic activity is not recognized to be sufficient to drive effectively various electrochemical processes [START_REF] Mitov | Novel nanostructured electrocatalysts for hydrogen evolution reaction in neutral and weak acidic solutions[END_REF][START_REF] Döner | Effect of C-felt supported Ni, Co and NiCo catalysts to produce hydrogen[END_REF]. Therefore, its activation might represent an appealing mean to explore all the benefits of this material and realize metal-free electrocatalysis.

In this study, we report for the first time the electrochemical activation of CF in 1.0 M KOH aqueous solution with the aim to improve its catalytic performance. A systematic investigation of the influence of various operating pre-polarization parameters such as applied cathodic potential and polarization time was carried out to find the better conditions. Under optimized conditions, the CF cathodically polarized at -4.0 V vs. RHE for 12 h achieved a high exchange current density of 0.1 mA cm -2 and a Tafel slope value as low as 90 mV dec -1 .

Additionally, it required an overpotential of 180 mV vs. RHE to deliver 10 mA cm -2 .

Interestingly, the CF experienced enhanced activation during a continuous cycling stability test. Based on XPS analysis, it is hypothesized that cathodic activation induces surface oxidation. The generation of oxygen functional groups could serve as catalytic sites for protons adsorption and their effective reduction to H2.

Experimental section

Electrochemical measurements

Electrochemical measurements were performed in a standard 200 mL three-electrode cell comprising Hg/HgO, NaOH (0.1 M) (Princeton Applied Research) and a graphite rod (Sigma-Aldrich, 99.999%) reference and auxiliary electrodes using an Autolab (PGSTAT30/FRA system, Ecochemie, The Netherlands) potentiostat. enhances with increasing the polarization potential time, tpp. The cathodic current also increases as the pre-polarization potential is made more negative (from -2.0 to -4.0 V vs. RHE), Figure 3(a). This effect suggests that the electrocatalytic properties of the cathode (catalyst) surface induced by the evolution of hydrogen are modified: the initial surface has inferior catalytic performance, and the reduction process of water molecules is extremely slow. However, after cathodic activation, the reduction of water molecules, and hence the HER kinetics, at the cathode surface is prompted. The catalyst is, therefore, activated upon cathodic pre-treatment. In the near-surface area, it is plausibly related to hydrogen incorporation into the CF lattice. A similar effect has been previously reported in our laboratory for hydrogen evolution on various nanostructured materials [START_REF] Mostafa | Cathodic activation of synthesized highly nanoparticles for efficient electrochemical 2 functionalized ZrO -defective monoclinic hydroxyl production of hydrogen in alkaline media[END_REF][START_REF] Mezni | Cathodically activated Au/TiO by a new facile solvothermal method: An efficient electrocatalystwith Pt-likeactivity for hydrogen generation[END_REF][START_REF] Darabdhara | Au-Ni alloy nanoparticles supported on reduced grapheneoxide as highly efficient electrocatalysts for hydrogen evolution and oxygen reduction reactions[END_REF][START_REF] Amin | Cathodic activation of titanium-supported gold nanoparticles: An efficient and stable electrocatalyst for the hydrogen evolution reaction[END_REF].

The various electrochemical parameters, describing the kinetics of the HER, associated with such polarization measurements are depicted in the Table 2. Table 2. Electrochemical HER kinetic parameters recorded for CF under various cathodic pre-treatment conditions. Measurements were performed at room temperature in deaerated KOH solution (1.0 M) at 5.0 mV s -1 . Double layer capacitance (Cdl) and electrochemical active surface area (EASA) values were determined from the non-Faradaic capacitive current associated with double-layer charging from the cyclic voltammetry measurements conducted at various scan rates (20-120 mV s -1 ). Another important electrochemical parameter commonly employed for the comparison and assessment of the activities and performance of catalysts towards the HER is the overpotential the catalyst must acquire to deliver 10 mA cm -2 , η10 [START_REF] Mccrory | Benchmarking heterogeneous electrocatalystsfor the oxygen evolution reaction[END_REF].

Like EHER, reduced η10 values refer to enhanced catalytic activity. The value of η10 was found to decrease following exactly the same sequence exhibited by EHER. It follows from Table 2 that, at a constant applied potential (-2.0 V vs. RHE), the value of η10 decreases, corresponding to efficient hydrogen generation at lower overpotentials (i.e., enhanced catalytic activity), as tpp becomes longer. Also, at a given tpp (12 h), the value of η10 diminished as Ec was made more negative. These findings demonstrated the benefits of the cathodic polarization pre-treatment processes on the CF catalytic efficiency for the HER.

On the one hand, there is no definite variation or trend in the Tafel slopes (b), and hence in the jo values estimated from the Tafel extrapolation method, for the CF samples cathodicallyactivated at -2.0 V vs. RHE for various tpp values. On the other hand, at a constant tpp value of 12h, there was an apparent decrease in the b values from 175 to 90 mV dec -1 , corresponding to increased jo values from 2.95 × 10 -2 to 9.7 × 10 -2 mA cm -2 , upon increasing the applied cathodic potential (Ec) from -2.0 to -4.0 V vs. RHE. As lower Tafel slopes usually refer to profusion in the availability of active sites on the catalyst surface, this apparent decrease in b denotes prompted HER kinetics [START_REF] Shinagawa | Insight on Tafel slopes from a microkinetic analysis of aqueous electrocatalysis for energy conversion[END_REF]. The lowest b value (90 mV dec -1 ) and the highest jo value (9.7 × 10 -2 mA cm -2 ) were recorded for the CF samples cathodically-activated at -4.0 V vs.

RHE for 12 h thus, highlighting its effective HER catalytic activity.

Comparing the b values estimated here (Table 2) with the theoretical ones listed below in the Eqs. (1-3), which illustrates the path of the HER in alkaline electrolytes on a particular catalyst [START_REF] Mahmood | Electrocatalysts for hydrogen evolution in alkaline electrolytes: Mechanisms, challenges, and prospective solutions[END_REF], will enable us to understand the HER key mechanism under these conditions.

H2O + e -→ Hads + HO - (Volmer step)

2.34RT αF ≅ 120 mV/dec

The Volmer step is followed by either the desorption Heyrovsky step:

H2O + e -+ Hads→ H2 + HO - (Heyrovsky)

2.34RT 2F ≅ 40 mV/dec or a combination of adsorbed species to form molecular H2:

Hads + Hads → H2ads (Tafel step)

2.34RT 1 α F ≅ 30 mV/dec

The b values estimated for the two CF samples cathodically-activated for 12 h at -2.5 and -3.0 V vs. RHE (110 and 126 mV dec -1 ), which are close to the standard b value of 120 mV dec -1 , suggest the Volmer step, Eq. ( 1), as the main step controlling the HER.

The HER kinetics of the other activated CF samples are limited by the ineffectual number of catalytically active sites on which Hads species form [START_REF] Shinagawa | Insight on Tafel slopes from a microkinetic analysis of aqueous electrocatalysis for energy conversion[END_REF][START_REF] Mahmood | Electrocatalysts for hydrogen evolution in alkaline electrolytes: Mechanisms, challenges, and prospective solutions[END_REF], indicated by their high b values (175-332 mV dec -1 ). On the other hand, the decreased b value (90 mV dec -1 ) of the CF sample exposed to 12 h of cathodic activation at a high potential of -4.0 V vs. RHE catalyst infers that the number of active sites available on the catalyst surface has increased, resulting in enhanced HER kinetics [START_REF] Darabdhara | Reduced graphene oxide nanosheets decorated with Au, Pd and Au-Pd bimetallic nanoparticles as highly efficient catalysts for electrochemical hydrogen generation[END_REF][START_REF] Mostafa | Cathodic activation of synthesized highly nanoparticles for efficient electrochemical 2 functionalized ZrO -defective monoclinic hydroxyl production of hydrogen in alkaline media[END_REF][START_REF] Mezni | Cathodically activated Au/TiO by a new facile solvothermal method: An efficient electrocatalystwith Pt-likeactivity for hydrogen generation[END_REF][START_REF] Darabdhara | Au-Ni alloy nanoparticles supported on reduced grapheneoxide as highly efficient electrocatalysts for hydrogen evolution and oxygen reduction reactions[END_REF][START_REF] Amin | Cathodic activation of titanium-supported gold nanoparticles: An efficient and stable electrocatalyst for the hydrogen evolution reaction[END_REF].

Long-term stability tests

Various electrochemical techniques performed under severe cathodic conditions were applied to the CF/KOH interface to evaluate the CF catalyst's sustainability.

These techniques include continued potential cycling (up to 10,000 cycles) and chronoamperometry (current against time at a given potential). -3). This activation enhances as the cathodic potentials goes to the more negative values, as hydrogen evolves abundantly at the higher cathodic potentials.

The catalyst was also subjected to a prolonged chronoamperomery (current vs. time at a constant cathodic potential), Figure 5, and chronopotentiometry (potential vs. time at a given cathodic current), Figure 6, tests for 24 h to further assess its stability and durability. 

Time / h

attaining its minimum value (-0.4 A cm -2 ) at t~14 h. This minimum current value (-0.4

A cm -2 ) is still lower (more negative) than that of the instantaneous current (-0.08 A cm -2 ), meaning that the catalyst is partly deactivated. The catalyst's partial deactivation at this stage is most probably due to blocking of some active sites by the accumulation of H2 bubbles. The cathodic current then rises again (catalyst reactivation) with almost the same slope to -0.46 A cm -2 , forming a broad hump with a small height.

The current oscillations are characteristics of a continued competition between two processes, namely the release and accumulation of H2 bubbles [START_REF] Darabdhara | Au-Ni alloy nanoparticles supported on reduced grapheneoxide as highly efficient electrocatalysts for hydrogen evolution and oxygen reduction reactions[END_REF][START_REF] Xie | th additional active edge sites for enhanced ultrathin nanosheets wi 2 Defect-rich MoS electrocatalytic hydrogen evolution[END_REF]. The aggregation of bubbles during H2 piling up is anticipated to separate the catalyst's active sites in the electrolyte from the electroactive species, hindering the transfer of charge and thus, decreases the current (catalyst deactivation). The current is then strengthened by the liberation of gas (catalyst reactivation), leaving the active sites free for a new H2O molecule reduction process [START_REF] Darabdhara | Au-Ni alloy nanoparticles supported on reduced grapheneoxide as highly efficient electrocatalysts for hydrogen evolution and oxygen reduction reactions[END_REF][START_REF] Xie | th additional active edge sites for enhanced ultrathin nanosheets wi 2 Defect-rich MoS electrocatalytic hydrogen evolution[END_REF]. The accumulation/release process of H2 bubbles is replicated in a very short time (Inset in Figure 5), resulting in the manifestation of current noise. In spite of the continuous competition between the liberation of H2 bubbles and accumulation processes, the net result is an increase in the cathodic current throughout the run, denoting catalyst activation during the operation.

During the long-term electrolysis test at high cathodic overpotential, where hydrogen is profusely released, hydrogen is postulated to integrate into the catalyst's crystal lattice, creating new catalytically active sites for water molecules' reduction [START_REF] Darabdhara | Au-Ni alloy nanoparticles supported on reduced grapheneoxide as highly efficient electrocatalysts for hydrogen evolution and oxygen reduction reactions[END_REF][START_REF] Xie | th additional active edge sites for enhanced ultrathin nanosheets wi 2 Defect-rich MoS electrocatalytic hydrogen evolution[END_REF]. Hydrogen incorporation into the catalyst's structure is turned into a marked increase in the catalyst's electrochemical active surface area (EASA). This is manifested from the catalyst surface's electrochemical double-layer capacitance (Cdl), calculated from the non-Faradaic capacitive current, associated with double-layer charging from the cyclic voltammograms [START_REF] Benck | Amorphous molybdenum sulfide catalysts for electrochemical hydrogen production: insights into the origin of their catalytic activity[END_REF][START_REF] Trasatti | Real surface area measurements in electrochemistry[END_REF]. CV measurements were performed (2) tpp = 0.5h @ Ec = -2.0 V vs. RHE; (3) tpp = 2.0h @ Ec = -2.0 V vs. RHE; (4) tpp = 4.0h @ Ec = -2.0 V vs. RHE; (5) tpp = 12h @ Ec = -2.0 V vs RHE; (6) tpp = 12h @ Ec = -2.5 V vs. RHE; [START_REF] Liu | Carbon-based metal-free catalysts[END_REF] increased from 4.75 mF cm -2 for the nonactivated CF sample to 6.7, 11.61, 18.99, and 28.68 mF cm -2 for the CF samples after 0.5, 2, 4, and 12 h of cathodic activation at -2.0 and -4.0 V vs. RHE, respectively. At a given tpp (12 h), the value of Cdl is further increased as the applied cathodic potential was more negative. It increased from 28.68 mF cm -2 at Ec = -2.0 V vs. RHE to 37.66, 44.43, and 48.52 mF cm -2 at Ec values of -2.5, -3.0, and -4.0 V vs. RHE, respectively. These findings confirmed the beneficial impact of the cathodic activation process, since electrocatalysts with higher Cdl values possess plenty of attainable active surface sites [START_REF] Zhou | Efficient hydrogen evolution by ternary molybdenum sulfoselenide particles on self-standing porous nickel diselenide foam[END_REF][34][35]. This, in turn, expedites efficacious charge transfer, leading to high catalytic performance. EIS measurements (Supporting Information, Figures S9, with a suitable equivalent circuit depicted in Figure S10) supported the enhanced charge transfer upon cathodic activation. Equation ( 4) is used to calculate the value of EASA before and after cathodic activation, considering 40 μF cm -2 as the average specific capacitance (Cs) value for a typical flat electrode (1.0 cm 2 ) [36]:

EASA = Cdl / Cs (4)
Based on Eq. ( 4), the highest EASA value (1213.00 cm 2 ) was determined for the CF sample after exposure to 12 h of cathodic pre-polarization at -4.0 V vs. RHE. This value is 10 times greater than that of the untreated CF sample (118.75 cm 2 ).

The obvious increase in the Cdl values upon cathodic activation indicates some contribution from the highly active surface area of the cathodically activated CF catalysts, as evidenced from the EASA values (Table 2). However, there is also a significant improvement in the cathodic current density among the studied cathodically activated CF samples (revisit Figures 2 and3). This suggests that the cathodically activated CF samples' superior HER catalytic performance cannot be solely attributed to the change of active surface area, but also to the structural changes that occurred at the atomic level, as a result of the process of cathodic activation.

To gain further insight into the high intrinsic catalytic activity of the cathodically activated CF samples, the number of active sites n were determined using Eq. ( 5) [37]:

n = Q/2F ( 5 
)
where Q is the catalyst's voltammetry charge determined from the CV measurements, Figure 6. The number 2 refers to the number of electrons consumed during the HER reaction, and F is the Faraday's constant (96485 C/mol). Table S1 (Supporting Information) depicts the values of Q and n recorded for the cathodically-activated CF samples in a comparison with the inactivated (as-received) one. Results revealed that, at a constant applied potential (Ec = -2.0 V vs. RHE), the value of n increases with increasing tpp, and further increases at a given tpp (12 h) as Ec was held at more cathodic values.

To determine the per-site turnover frequencies (TOFs, s -1 ), the formula depicted in Eq. ( 6) is used.

TOF = |I| / 2Fn ( 6 
)
where I is the current value (A cm -2 ) measured at a specific overpotential. Merging Eqs. [START_REF] Peng | Catalyst engineering for electrochemical energy conversion from water to water: Water electrolysis and the hydrogen fuel cell[END_REF] and (3) yields Eq. ( 7):

TOF = | I | / Q (7)
It is therefore possible, based on Eq. ( 7), to turn the current densities obtained from LSV measurements into TOF values, Figures S11 and S12 (Supporting Information).

It is inferred from Figures S11 and S12 that, for any investigated catalyst, the TOF value increases as the voltage applied to the CF/KOH interface is made more cathodic, where H2 gas is excessively released. At any applied voltage, particularly at high negative values, the value of TOF is found to enhance with tpp. At a given tpp (12 h), significant increase in TOF is observed when the CF sample is subjected to cathodic activation under high negative Ec values. These results add additional evidence for the remarkable catalytic role of the various cathodic pre-polarization processes applied to the CF/OH -interface in catalyzing the alkaline HER.

In order to further compare the HER electrocatalytic performance, the investigated cathodically-activated CF catalysts' Faradaic efficiency (FE%) is calculated. Detailed calculations are shown in Section S1.4 (Supporting Information), and Table 3 collects the data obtained, namely the estimated and measured volumes of H2 produced through the applied electrolysis process. Results show that the value of FE% increases with increasing tpp at a constant cathodic potential (Ec = -2.0 V vs. RHE), and further increased at a given tpp (12 h) as Ec was kept at more cathodic values. The CF sample cathodically-activated at Ec = -4.0

V for 12 h is also reported here as the most active catalyst for the HER among the other activated samples tested, as it recorded the largest amount of H2 (32.66 μmol h -1 ) measured by GC with an FE% value of 98.78%. These results highlight the outstanding HER catalytic activity of the CF catalyst cathodically-activated at -4.0 V vs. RHE for 12 h, which is analogous to the catalytic performance of the most efficacious metal-free electrocatalysts for HER published in the literature (Supporting Information, Table S2). 

Characterization of the CF samples before and after cathodic activation

To gain some insights on the impact of the cathodic activation, the morphology of the CF samples before and after polarization at -2 V for 12 h in 1.0 M KOH was assessed using scanning electron microscopy (SEM). Figure 7a displays the SEM image of non-treated CF sample consisting of carbon fibers (~2 µm in diameter) arranged in form of bundles with an average size of 10 μm. The magnification SEM image revealed smooth fiber walls with a few protrusions (Fig. 7b). After cathodic activation, there was no obvious change in the surface morphology, although a significant number of small humps is apparent at high magnification (Fig. 7d). These humps could explain the increased electrochemical surface area recorded after cathodic polarization and thus improved electrocatalytic performance for HER. From these observations, one could infer that the electrochemical activation did not affect the bulk of the fibers and any change that occurred during this process was limited to the CF surface.

The results are in accordance with the high corrosion stability of the CF in different media [START_REF] Mitov | Novel nanostructured electrocatalysts for hydrogen evolution reaction in neutral and weak acidic solutions[END_REF]. Energy dispersive X-ray (EDX) analysis of the CF samples was further conducted to examine the chemical changes that took place during the cathodic activation in 1.0 M KOH (Table S3). The results revealed a small increase of the oxygen content from 0.30 to 0.48 at.% after cathodic activation, which is in accordance with a surface-confined process. Indeed, b)

(c) (a) (b) (d) 
EDX provides chemical information of the bulk material, while the electrochemical activation process is believed to occur essentially on the CF surface.

EDX mapping showed homogeneous distribution of carbon and oxygen throughout the CF surface before and after cathodic polarization at -2 V for 12 h in 1.0 M KOH (Figure S13).

The chemical composition of the CF samples was further probed through X-ray photoelectron spectroscopy (XPS) analysis to gain more insight on chemical changes that have occurred on the CF surface upon electrochemical activation. Figure S14 depicts the XPS survey spectra of the CF samples before and after cathodic activation. Both spectra contain only carbon and oxygen, in full agreement with their chemical composition. It is worth to notice that the amount of oxygen increased from 6.17 to 9.66 at.% after cathodic activation, implying, as expected, an oxidation of the surface (Table S4). The result is in full accordance with EDS analysis. Raman spectroscopy is valuable tool for the characterization of carbon-based materials. (tpp = 24h @ -2.0 V vs. RHE).

Conclusion

The results gathered in the present study demonstrated that the electrocatalytic properties of carbon felt (CF) can be improved through a simple cathodic activation process in KOH (1.0 M) aqueous solution. Under optimized operating conditions, i.e. applied voltage and polarization time, the catalytic performance for the hydrogen evolution reaction (HER) was drastically enhanced. Under metal-free conditions, the cathodically activated CF recorded a current density of 10 mA cm -2 at an overpotential of 180 mV vs. RHE and a long-term stability. This performance was achieved under experimental conditions that did not require huge investment as the activation process was conducted in the same electrochemical cell and electrolyte solution used for HER measurements. Under our experimental conditions, X-ray photoelectron spectroscopy analysis revealed surface oxidation. The formation of oxygencontaining groups on the CF surface are believed to enhance water adsorption and act as active sites for hydrogen generation. Taken together the findings in this study hold promise for the development of metal-free electrodes that can operate in alkaline media with a performance that could challenge the most commonly used noble-metal free catalysts.
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 1 Figure1shows the cathodic polarization curves recorded for as-received CF in 1.0 M KOH

Figure 1 .

 1 Figure 1. Cathodic polarization plots acquired for the as-received CF sample in deaerated 1.0 M KOH aqueous solution using different potential sweep rates (5-100 mV s -1 ) at room temperature: (1) 5.0 mV s -1 ; (2) 25 mV s -1 ; (3) 50 mV s -1 ; (4) 100 mV s -1 .

Figure 2 .

 2 Figure 2. (a) Linear cathodic polarization curves acquired for the as-received CF sample after holding it at a cathodic potential of -2.0 V vs. RHE for various duration periods (0.5-12 h). (b) Fitting the experimental polarization data with Tafel equation. Measurements were performed in deaerated 1.0 M KOH solution at 5.0 mV s -1 at room temperature. (1) 0.0 h; (2) 0.5 h; (3) 2 h; (4) 4 h; (5) 12 h.

Figure 3 .

 3 Figure 3. (a) Linear cathodic polarization curves acquired for the as-received CF sample after holding it at various cathodic potentials for 12 h. (b) Fitting the experimental polarization data with Tafel equation. Measurements were performed in deaerated 1.0 M KOH solution at 5.0 mV s -1 at room temperature: (1) -2.0 V, (2) -2.5 V, (3) -3.0 V, (4) -4.0 V vs. RHE.
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 4422 Figure 4. Long-term stability test of the CF sample (as-received) performed under repetitive cycling (10,000 cycles). Measurements were performed in deaerated 1.0 M KOH aqueous solution at 25 o C.

Figure 5 .

 5 Figure 5. Chronoamperometry plot of bare carbon felt polarized at -2 V vs. RHE in 1.0 M KOH.

Figure 6 .

 6 Figure 6. Cyclic voltammograms of as-received CF samples, before (curve 1) and after cathodic pre-polarization conditions (curves 2-8), recorded in a non-Faradaic region of the voltammogram for determining the catalyst's electrochemically-active surface area.Measurements were performed in deaerated KOH solution (1.0 M) at 100 mV s -1 at room temperature. (1) as-received (inactivated) CF; cathodically activated CF samples:(2) tpp = 0.5h @ Ec = -2.0 V vs. RHE; (3) tpp = 2.0h @ Ec = -2.0 V vs. RHE; (4) tpp = 4.0h @ Ec = -2.0 V vs. RHE; (5) tpp = 12h @ Ec = -2.0 V vs RHE; (6) tpp = 12h @ Ec = -2.5 V vs. RHE; (7) tpp = 12h @ Ec = -3.0 V vs. RHE; (8) tpp = 12h @ Ec = -4.0 V vs.RHE.
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Figure 7 .

 7 Figure 7. SEM images at different magnifications of carbon felt samples before (a, b), and after cathodic activation (c, d).

Figure 8 .

 8 Figure 8. Core level XPS spectra of the C1s of CF before (a) and after (b) cathodic activation(tpp = 24h @ -2.0 V vs RHE).

Figure 9 Figure 9 .

 99 Figure 9 displays the Raman spectra of the CF before and after cathodic activation in KOH (1.0 M) for 12 h. Both spectra comprise two main bands at around 1354 and 1580 cm -1

in Section S1 (Supporting Information). 3. Results and discussion 3.1. Electrochemical measurements

  

	(CV) technique and CA measurements performed at a cathodic overpotential of -2.0 V vs.
	RHE for 24 h. CA technique was also applied to estimate the cathodically-activated CF
	catalysts' HER Faradaic efficiency (FE%) values.
	The cathodically-activated CF electrocatalysts' Faradaic efficiency (FE%) values toward
	the HER were determined by measuring the volume of H2, (VH2)measured, evolved through a
	controlled galvanostatic electrolysis, conducted in KOH (1.0 M) for 1.0 h at room
	temperature, by a gas chromatograph (GC). The (FE%) value was then calculated from the
	ratio (VH2)measured / (VH2)calculated, where (VH2)calculated denotes the anticipated volume of H2
	theoretically calculated during that electrolysis. The employed electrochemical techniques and
	The reference electrode was immersed in a FE% calculation are fully described 3.2.1. Effect of cathodic pre-treatment on the HER catalytic activity
	Luggin capillary (Princeton Applied Research) filled with 2 M potassium nitrate (KNO3,
	Sigma Aldrich) solution. This capillary acts as the salt bridge to minimize the junction
	potentials, and inhibit contamination of the test solution with traces of mercury from the
	reference electrode. The working electrode (WE), namely the CF sample, was first activated
	through chronoamperometry, CA, (current vs. time at a fixed cathodic potential)
	measurements conducted under various conditions of cathodic pre-treatment processes,
	namely applied cathodic voltage and pre-polarization time.
	Linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS)
	techniques were then employed to assess the HER catalytic activity of the cathodically-
	activated CF samples. The long-term stability and durability tests were carried out using
	continuously repeated potential cycling (up to 10000 cycles) employing cyclic voltammetry

  HER catalytic activity of the CF samples was, therefore, significantly improved upon cathodic activation. The cathodically-activated CF samples' HER catalytic performance has increased to different extents, depending on the cathodic prepolarization conditions applied to the CF/KOH interface. For instance, the EHER value decreased from -810 mV vs. RHE for the nonactivated CF sample to -800, -610, -530, and -386 mV vs. RHE for the CF samples cathodically-activated by holding the CF sample at -2.0 V vs. RHE for tpp values of 0.5, 2.0, 4.0, and 12 h, respectively. The EHER value was further reduced from -386 mV for the CF sample cathodically activated

	The							
	Cathodic pre-	Cathodic	-EHER /	-b /	jo /	η10 /	Cdl /	EASA
	polarization	pre-	mV vs.	mV dec -1	mA cm -2	mV	mF cm -2	/ cm 2
	conditions applied to	treatment	RHE					
	the CF/OH -interface	parameters						
		tpp = 0.0 h	810	290	5.6 × 10 -3	890	4.75	118.75
	Effect of pre-	tpp = 0.5 h	800	253	4.9 × 10 -3	870	6.70	167.5
	polarization time (tpp): holding the	tpp = 2.0 h	610	332	6.3 × 10 -2	725	11.61	290.25
	electrode at -2.0 V vs RHE for various	tpp = 4.0 h	530	320	8.9 × 10 -2	640	18.99	474.75
	tpp values							
		tpp = 12 h	386	175	2.95 × 10 -	440	28.68	717.0
					2			
		Ec = -2.5 V	260	126	3.55 × 10 -	295	37.66	941.5
	Effect of cathodic	vs. RHE			2			
	potential (Ec): the							
	electrode is held for	Ec = -3.0 V	205	110	5.0 × 10 -2	240	44.43	1110.8
	12 h at various Ec	vs. RHE						
	values							
		Ec = -4.0 V	157	90	9.7 × 10 -2	182	48.52	1213.0
		vs. RHE						

These HER kinetic parameters are extracted through fitting the experimental polarization data, Figures 2(a) and 3(a), to the Tafel equation yielding the Tafel plots depicted in Figures 2(b) and 3(b). It is obvious, from the results of the Table

2

, that the various cathodic pre-polarization conditions applied to the CF/KOH interface have a significant catalytic impact on the HER kinetics on CF. The nonactivated CF sample (tpp = 0.0 and Ec = -2.0 V vs. RHE) exhibited inferior catalytic activity with a highly negative onset potential (EHER) value of -810 mV vs. RHE. The EHER values markedly drifted towards the less negative (active) direction, Table

2

, when the CF sample was exposed to various cathodic polarization pre-treatment conditions (cathodic activation).

for tpp = 12 h at -2.0 V vs. RHE to -260, -205, and -157 mV vs. RHE for the samples cathodically-activated upon holding the CF sample at -2.5, -3.0, and -4.0 V vs. RHE for the same pre-polarization duration period, respectively.

Table 3 .

 3 Mean value (standard deviation) of VH2 (measured and calculated) after 1 h of a controlled galvanostatic electrolysis (CGE) * , along with the Faradaic Efficiency values, ε(%), for the investigated catalysts.

	Cathodic pre-	Cathodic	H2 measured	Calculated H2 based on	FE(%)
	polarization conditions applied to the CF/OH -interface	pre-treatment parameters	by GC (H2 / μmol h -1 )	the charge passed during electrolysis
				Charge	H2 / μmol
				passed / C	h -1
		tpp = 0.0 h	12.72(0.15)	3.02(0.04)	15.65(0.2) 81.3(1.05)
	Effect of pre-polarization time (tpp):	tpp = 0.5 h	15.14(0.18)	3.4(0.048) 17.62(0.33) 85.9(1.12)
	holding the electrode at -2.0 V vs. RHE for	tpp = 2.0 h	18.02(0.25)	3.88(0.05) 20.11(0.38) 89.6(1.2)
	various tpp values	tpp = 4.0 h	21.98(0.30)	4.6(0.07)	23.84(0.42) 92.2(1.3)
		tpp = 12 h	26.80(0.40)	5.4(0.10)	27.98(0.55) 95.8(1.2)
		Ec = -2.5 V	28.84(0.45)	5.77(0.11)	29.90(0.6) 96.44(1.4)
	Effect of cathodic	vs. RHE			
	potential (Ec): the				
	electrode is held for 12	Ec = -3.0 V	30.03(0.50)	5.96(0.11) 30.89(0.62) 97.2(1.35)
	h at various Ec values	vs. RHE			
		Ec = -4.0 V	32.66(0.53)	6.38(0.12) 33.06(0.65) 98.78(1.5)
		vs. RHE			
	* CGE: the catalyst is held at a current density of -10 mA cm -2 for 1 h in 1.0 M KOH solution
	at 25 o C.				
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for each cathodically-activated CF sample, see Figure 6 as a representative example.

The rest of the CV data are shown in Figures S1-S8 (Supporting Information), and the calculated values of Cdl and EASA are also reported in Table 2.
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