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ARTICLE INFO ABSTRACT

Keywords: Climate change mitigation is one of the main global challenges in the 21st century. In this context, the recent

HER 26th United Nations Climate Change Conference of the Parties (COP26-Glasgow) claimed for searching urgent

PEM Electrolyzer ) and efficient measures to reduce and ultimately avoid CO, emissions. Thus, many efforts from the scientific

gfs:;lge:fel iltcr(fca;:ly; :S community focus on the research of new and renewable energy sources (RES). Among other approaches, green

Low-metal loading hydrogen, which comes from water electrolysis, is a promising candidate to be considered in the energy pano-

Hydrogen evolution reaction rama. However, commercial electrolyzers are provided with Pt/C and Ir-based electrocatalytic materials, which
are expensive and not abundant, to catalyze the Hydrogen Evolution Reaction (HER) in safe, stable, inexpensive,
and environmentaly friendly conditions. Thus, this work aims to synthesize high-performance and very low metal
loading catalysts by immobilizing a Rh-based organometallic complex (RhCp*Cl(phendiamine)]Cl) on a carbon
black support following a robust synthesis procedure. Advanced characterization of the synthesized materials
confirmed that ultra-low metal loadings in the range of 3.2-4.7 mg-g"! were successfully reached. Subsequently,
Rh-based catalysts were tested in a PEM electrolyzer. For metal loadings as low as 0.0066 mg-cm™ competitive
cell potentials of 1.9 V were achieved working with 0.5 A-cm™ geometric current density at 70 °C. These results
are comparable to those obtained with Pt-based commercial cathodes working under similar operation condi-
tions. Thus, the results of this research make a step forward in the substitution of conventional cathodes for the
electrolytic HER by new materials with very low metal loadings.

1. Introduction formation of water as the only by-product of its conversion to electrical

energy [4-6].

The continuous emissions of greenhouse gases resulting from the
combustion of fossil fuels pose a threat to the Earth due to its influence
on climate change. The negative impact on natural resources and health
requires urgent actions to mitigate an imminent disaster [1,2]. In this
context, the recent Conference of the Parties (COP26) held in Glasgow
(Scotland), from 31 October to 13 November 2021, claimed to reduce
CO, emissions by 45% in 2030 to limit an increase in the global average
temperature of 1.5 °C with respect to the pre-industrial period. Thus,
searching for new greener alternatives to substitute the current energy
sources is crucial to achieve the targets imposed by COP26 [3]. Among
other sustainable energy options, hydrogen appears as an ideal candi-
date since this energy carrier is considered as a zero-emission fuel that
promotes a green world, as it delivers clean power and leads to the
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Currently, natural gas reforming is the most common method for
hydrogen production [7,8] but there are other emerging methods
available, like partial oxidation of hydrocarbons [9], chemical decom-
position [10,11], coal or biomass gasification [12], photocatalysis
[13-15] or electrolytic processes [4,6,16]. The electrolytic water split-
ting, is considered the greenest hydrogen obtention route so far as it
avoids any direct carbon emissions when electrolyzers are powered by
renewable sources [16-20].

In this context, Proton Exchange Membrane (PEM) electrolyzers
report a number of advantages such as high current densities and voltage
efficiencies, good partial load range, rapid system response, compact
system design, and reasonable gas purity [4,21,22]. However, the main
drawback of PEMs is the use of platinum to catalyze the hydrogen
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evolution reaction (HER) and, also platinum or iridium-based materials
to carry out the oxygen evolution reaction (OER); both metals are
expensive and not abundant materials [21,23,24]. Thus, finding alter-
native electrocatalysts that are cost-effective while maintaining the
performance of the latter electrodes becomes a priority for imple-
mentation at industrial scale [25-27].

The performance of HER in electrochemical water splitting is usually
studied by the analysis of the behavior of new electrocatalysts [4,21].
Precious metals different from Pt, such as Au, Pd, or Ag, were first
considered as promising electrocatalysts but they are also expensive and
not abundant, inhibiting their practical application at the industrial
scale [24]. Another approach widely studied in literature is the use of
non-noble metals, such as Mo, Ni, Co, Cu, Fe, and W, that appear as good
candidates, due to their inherent properties, like lower price, good cat-
alytic performance in the acid electrolyte, and excellent catalytic sta-
bility [4,16,28]. However, the electrocatalysts reported in the literature
so far require high metal loadings (0.5 — 1 mg-cm™) to achieve similar
performance to those obtained with Pt-based electrocatalyts [21,23].
Therefore, and to overcome this challenge, several authors proposed a
rational design of electrocatalysts with low metal loading and high
metal utilization.

In the last few years, transition metal carbides, phosphides and
chalcogenides have received extensive interest, in the development of
non-noble metal-based electrocatalysts to carry out the HER [29]. For
example, molybdenum carbide has demonstrated similar catalytic
properties as noble metals (i.e. Pt). Consequently, many scientists focus
the research on developing molybdenum carbides as effective electro-
catalysts for hydrogen production [30]. Moreover, Mo-based catalysts
are recognized as an affordable alternative [25], e.g. CoMoS; reached
current density values similar to those achieved by commercial 20% wt.
Pt/C cathode under industrially applicable conditions.

Besides, Holzapfel et al. [31] reported remarkable values of current
density of 1 A-cm’® during 100 h, when Mo3Sj3 is supported on
nitrogen-doped carbon nanotubes. On the other hand, Ni, which favors
the HER performance, is commonly used as alloys, like NiMo, NiCo,
NiCu, and in ternary metal mixtures (e.g. NiMoZn) [24]. Shi et al. [32]
also synthesized electrocatalysts based on Ni;2Ps-NiyP heterostructures,
through a cost-effective and easy to implement method, and reported
high HER performance, with an overpotential value of 166 mV at
10 mA cm, and many active sites for hydrogen generation, exhibiting
long term durability in a single cell PEM electrolyzer. Cobalt oxides have
also received considerable attention as promising HER electrocatalysts
[24]. However, it is essential to improve the electrical conductivity of
these metal oxides through the introduction of carbon nanotubes
(CNTs), graphene, metal foam, or carbon cloth. In this sense, Cos9Cu4;
was shown to be a suitable electrocatalyst for the HER, exhibiting
excellent durability and excellent performance with an overpotential of
342 mV at 10 mA cm 2 [22]. Finally, most of the research studies have
been mainly focused on decreasing electrocatalysts loadings and oper-
ational costs by increasing the specific performance and durability of the
electrocatalysts by using carbon-supported materials, consisting of
earth-abundant materials, such as Ni-C, Mo,C/CNTs, NiyP/CNTs,
Co-doped FeS,/CNTs, or WO4/C [23].

Other non-metals, such as B, C, N, P, S, or Se, have been tested in the
synthesis of HER electrocatalysts [28]. In this context, Shiva-Kumar
et al. [33,34] synthesized boron-doped carbon nanoparticles (BCNPs)
achieving stable performances in PEM cells. Finally, noble metals like Ir,
Ru, and Rh showed outstanding catalytic performance for the HER [28,
29,35]. Previous works demonstrated that the use of Ir-based materials
promote the HER kinetics [36]. On the contrary, other authors, to
accomplish inexpensive PEM electrolysis methods, developed alterna-
tive electrocatalysts, based on low-cost Ru-based multi-metallic oxides
improving at the same time the efficiency and stability of the system
[23]. In this way, a significant number of studies presented Ru-based
catalyst as a valuable material for HER in water electrolysis exhibiting
similar intrinsic activity as for Pt and possessing the merits of relatively
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low cost and excellent durability. For example, graphene-supported
ruthenium telluride nanoparticles (RuTey/Gr) have been demonstrated
as suitable and easily fabricated catalyst, and with excellent catalytic
stability and low cost [16]. The high catalytic performance showed by
RuTe,/Gr is attributed to its high dispersion on the graphene surface,
high electrical conductivity, and low charge transfer resistance. On the
other hand, Sarno and Ponticorvo, produced new electrocatalysts based
on RuS; nanoparticles covered by small edge size MoS; nanosheets,
obtaining a RuS; @MoS; cathode for a PEM electrolyzer, evidencing a
good behavior with Tafel slopes of 36 mV-dec! and negligible over-
potentials [37]. Paunovic et al. [38] studied the electrocatalytic activity
of mixtures of Co-Ru deposited on activated multiwalled carbon nano-
tubes (MWCNTs) in PEM electrolyzers, ranging the catalytic activity for
HER as follows: CoRuPt (4:0.5:0.5) > CoPt (1:1) > Pt > CoRu (1:1)
> CoRu (4:1).

On the other hand, Rh appears also as an excellent electrocatalyst in
a wide pH range and with promising applications in hydrogen genera-
tion and hydrogenation reactions [39]. Bai et al. [40] synthesized
bimetallic PtRh alloy nanodendrites and reported higher electrocatalytic
activity in comparison with monometallic Pt nanocrystals, enhancing
the reaction rate of ethanol oxidation in direct alcohol fuel cells.
Adequate performance for the methanol oxidation reaction in alkaline
media fuel cells were reported by Kang et al. [41] using rhodium
nanosheets on reduced graphene oxide. However, Rh-based electro-
catalysts have rarely been reported for water splitting reactions, and
specifically in acid media. Within the most representative works focused
on the use of Rh-based catalysts, Han et al. [39] and Lu et al. [42] re-
ported that alloying platinum with rhodium might cause an increase in
the catalytic activity for the HER in comparison to platinum alone. Be-
sides, ultrathin RhCo alloy and Rh-Rh,03 nanoparticles nitrogen-doped
carbon composites (Rh-Rhy03-NPs/C) were synthesized and their elec-
trocatalytic performance for water splitting in acid, neutral and alkaline
solutions exhibited higher activity and long term stability than Pt-based
electrocatalysts [43,44]. Finally, monodisperse rhodium phosphide
nanocubes (RhyP NCs), revealed an extraordinary catalytic performance
for HER in acid media, although further investigation on the reaction
mechanism is needed [45].

The literature review presented above clearly shows that the elec-
trodes in PEM electrolyzers are usually fabricated from metal nano-
particles to increase the number of active sites per unit of geometric
surface area, and thus the current density while decreasing the overall
metal loading and the process cost. Considering that the lowest
achievable size for an active site is a single metal atom, the development
of single-atom catalysts (SACs) has recently emerged as a powerful
approach to maximize the use of precious metals while boosting the
electrocatalytic performance [46]. For example, SACs made of Pt traces
deposited on nitrogen-doped graphene were reported to achieve prom-
ising performance for the HER [47]. On the other hand, immobilization
of organometallic complexes on suitable supports offers the prospect of
synthesizing heterogeneous catalysts in which the chemical environ-
ment of the metal site is well-controlled and remains well-defined [48].

Recently, Surendranath et al. [49] have reported a novel class of
materials in which a transition metal-based molecular catalyst is elec-
tronically coupled to a smooth oxidized graphite surface by means of a
pyrazine link, leading to a metal-like electrocatalytic behavior. Besides,
Gulla et al. [50] prepared various RhySy loadings on carbon black
powder for the electrolysis of hydrochloric acid, demonstrating that it is
possible to reduce efficiently and effectively the precious metal loading
without affecting the cell performance or the catalyst durability.

The main goal of the present work is to synthesize high-performance
electrocatalysts with very low metal loadings by immobilizing a Rh-
based organometallic complex on carbon black powder (Vulcan XC-
72) and comparatively assess the behavior of this electrocatalysts for
the HER. The Rh-complex/Vulcan XC-72 (Rh/C) electrocatalyst has
been characterized by proton nuclear magnetic resonance (*H NMR),
UV-vis spectroscopy, and inductively coupled plasma-mass
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spectrometry (ICP-MS), and its behavior for the HER is investigated by
experiments in a rotating disk electrode (RDE) in an aqueous acidic
electrolyte. Finally, its electrocatalytic activity for the HER is evaluated
by preparing Gas Diffusion Electrodes as cathodes in a single cell PEM
electrolyzer and the results are compared with those obtained with
precious Pt commercial materials with high metal loading.

2. Methodology

This section collects the materials and methods used for the immo-
bilization of Rh-based organometallic catalysts on carbon black powder,
the RDE measurements, as well as the description of both the laboratory
PEM electrolyzer cell and the testing protocol. Besides, detailed infor-
mation about the synthesis of the Rh/C electrocatalysts and part of the
characterization are incorporated as Supplementary Information (SI).

2.1. Synthesis of Rh/C electrocatalyst

[RhCp*Cl(phendiamine)]Cl (Cp* = pentamethylcyclopentadienyl,
phendiamine = 5,6-diamino-1,10-phenanthroline) was synthesized by
adapting a preparation method previously described in the literature
[51]. This Rh complex was then grafted on chemically oxidized Vulcan
XC-72 powder through a pyrazine link (Fig. 1) by modifications of the
procedure described by Surendranath et al. [49]. Complete details of the
preparation of 5,6-diamino-1,10-phenanthroline, [RhCp*Cl(phendi-
amine)]Cl and Rhodium complex/Vulcan XC-72 (Rh/C) electrocatalyst
are provided in the Supplementary Information.

2.2. Physical characterization of Rh/C electrocatalyst

The Rh complex and Rh/C electrocatalyst have been characterized
by 'H NMR, UV-vis spectroscopies, and inductively coupled plasma-
quadrupole mass spectrometry.

Firstly, proton NMR spectra were recorded with a 400 MHz Bruker
Advance spectrometer. All chemical shifts (§) values are given in parts
per million (ppm) relative to tetramethylsilane as an external reference,
and on the other hand, all coupling constants (J) are quoted in Hz. On
the other hand, the UV-vis spectra were recorded in a 10 mm quartz
cuvette using a Perkin-Elmer Lambda 25 spectrometer. Moreover,
measurements of the Rh concentrations (loth isotope) in the Rh/C
electrocatalyst were conducted on diluted mixtures (2.6% HNOg3) by
using an inductively coupled plasma-quadrupole mass spectrometer (X-
series II, Thermo Scientific) with a Hy collision cell. Digestion of the Rh/
C samples (10 mg) was conducted at 105 °C for 4 h in a closed Teflon
screw-cap vial (30 mL, Savillex) with 1 mL HNO3 (65% wt., Merck
suprapur) and 0.25 mL Hy02 (30% wt. Merck suprapur). Three Rh
standard solutions were used (i.e. 11.74, 2.384, and 0.4443 mg L'l).
These solutions, also in 2.6% HNO3, were prepared from a 1000 mg L™
stock solution (Sigma Aldrich). For each step (powder weighing, addi-
tion of nitric acid and hydrogen peroxide solutions, sample dilution, and

“ 0 s

Vulcan N DMF, 110°C Vulcan

XC-72 _— XC-72
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standard preparations) a Kern ABT-120 balance with a precision of
0.01 mg was used to accurately calculate the Rh concentrations in the
standards and samples.

In addition, surface characterization was also performed by high
angle annular dark field scanning transmission electron microscopy
(HAADF-STEM), and X-ray Photoelectron Spectroscopy (XPS). In the
case of HAADF-STEM, the measurements were obtained using the Titan
Themis G2-60-300 microscope equipped with an Energy Dispersive X-
Ray Spectroscopy (EDS) system for chemical composition analysis, and a
rapid camera at 4 K X 4 K resolution at 300 kV. Moreover, XPS mea-
surements were performed in a SPECS system (Germany) equipped with
a Phoibos 150 1D-DLD analyzer and monochromatic Al Kaa radiation
source (1486.7 eV). Finally, images and composition analysis of the Rh/
C catalyst were acquired with a scanning electron microscope (SEM)
HITACHI S-3200 N equipped with an energy-dispersive X-ray (EDX)
spectrometer Princeton Gamma-Tech.

2.3. Electrochemical characterization of Rh/C electrocatalyst

The rotating disc electrode (RDE, surface area of 0.071 cm2) tip was
constructed from a glassy carbon (GC) disk (0.3 cm in diam.) embedded
in a Teflon rod (1 cm in diam.). The GC disk was coated with a thin film
of Rh/C electrocatalyst supported in Nafion following the procedure
described by Gloaguen et al. [52]. Briefly, measured amounts of Rh/C
powder (50 mg), with a known Rh loading, Nafion solution (5% in wt.)
in isopropanol (1 g), and MilliQ water (5 mL) were sonicated using an
ultrasonic bath. A measured volume (ca. 2 pL) of the resulting ink was
dropped over the GC disk and set to dry at room temperature (18

+ 1 °C). The Rh/C in Nafion film thus formed was rinsed with water and

equilibrated in a 0.1 M H»SO4 aqueous solution for several hours. The
thin film-coated RDE (1 pm of thickness) was then placed in a glass cell
also equipped with a graphite rod and a Hg/HgSO4 electrode (MSE) used
as a counter electrode and as a reference electrode, respectively. The
potentials were converted to the reversible hydrogen electrode (RHE)
scale using Eq. (1):

E(vs RHE) = 0.66V + 0.06V-pH )

The recorded currents were not corrected for the ohmic drop, which
was anticipated to be negligible under our experimental conditions.

2.4. Rh/C-GDE fabrication

The assessment of the performance of the Rh/C electrocatalyst, that
had been synthesized and characterized previously, was carried out in a
commercial electrolyzer. A Rh/C-Gas Diffusion Electrode (Rh/C-GDE)
was fabricated to be used as cathode. For this purpose, a porous titanium
Gas Diffusion Layer (GDL), with a porosity and thickness of 45% and
1 mm, respectively, supplied by H2Greem Global Solutions was used as
the electrocatalyst support, in which the Rh/C electrocatalyst was

Fig. 1. Grafting of the Rh complex on oxidized carbon black powder (Vulcan XC-72) through the formation of a pyrazine link.
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directly deposited following the catalyst-coated substrate (CCS) method
and applying the airbrushing technique. The total geometric surface
area of the Rh/C-GDE was 25 cm?.

Before depositing the electrocatalyst layer into the GDL, it was
cleaned by boiling first in isopropanol and then in ultrapure water.
Subsequently, the catalytic layer was air-brushed over the GDL. The
catalytic ink was prepared with Rh/C electrocatalyst and Nafion
(Nafion™ D2020CS Alcohol based 1000 EW at 20% weight) in a mass
ratio of 60/40, and then diluted in isopropanol, (Pharma Grade, Pan-
reac) to obtain a final slurry of 1.9 wt%. The catalytic ink was sonicated
for at least 30 min (Bandelin Sonorex Digitec) in a controlled tempera-
ture sonicator to ensure uniform mixing. The Rh metal loadings were
0.0044, and 0.0066 mg-cm 2, respectively.

2.5. Electrolyzer tests

The Rh/C-GDEs were then used to catalyze the hydrogen evolution
reaction at the cathode in a commercial PEM electrolyzer (Hart 250
model, Hidrogena Desarrollos Energeticos SI). The main characteristics
of this low-pressure hydrogen generator that was equipped with a
monocell are summarized in Table 1. A schematic diagram of the in-
ternal structure of the monocell is depicted in Fig. 2. Moreover, a power
source, water pump, multiple regulation system, hydrogen flowmeter,
micro-valve, and multimeter are also integrated in the electrolyzer,
completing the experimental setup.

The cathodic and anodic compartments are separated by a proton
exchange membrane (PEM) Nafion 115 (IonPower Gmb). The Nafion
115 membrane was pre-treated by soaking it in 3 wt% hydrogen
peroxide (H02) at 80 °C for 1 h. Subsequently, the membrane was
cleaned with ultrapure water and put in a recipient containing hot ul-
trapure water for 2 h at 80 °C. Then, the membrane was treated with an
acidic solution of 0.5 M hydrochloric acid (HCl) at 80 °C for 1 h. Finally,
the membrane was rinsed and stored submerged in ultrapure water for
its further usage. Moreover, a commercial GDE was used as the counter
electrode (H2Greem Global Solutions). This anode was made of an
electrocatalyst based on metallic oxides with a loading of 2.5 mg-cm™2.

Finally, the performance for HER of the Rh/C electrocatalyst was
compared to other commercial materials. The Rh loading of
0.0066 mg-cm2, which offers the best performance, was obtained by
depositing the same amounts of reactants as those used for Pt-based
cathodes. On the one hand, a GDE made of Pt carbon-supported elec-
trocatalysts (CPt/C-GDE) (Platinum on carbon - extend of labeling:
10 wt% loading, matrix activated carbon support, Sigma-Aldrich,) with
a loading of 0.3 mg Pt-cm™, was prepared by following the same pro-
cedure as mentioned previously. On the other hand, a commercial MEA
(HYDRion, Ion Power GmbH) composed of a Pt loading of 0.3 mg-cm™
(at the cathode side), and Ir-black loading of 1 rng~crn'2 (at the anode
side) was also tested. Finally, the authors study the behavior of a com-
mercial GDE made of Pt/C (Pt/C-GDE) with a loading of 0.4 mg Pt-cm2
and fabricating also by airbrush technique (20 wt% Pt, H2Greem Global
Solutions).

For the study of the performance of the electrolyzer, the polarization
curves were measured at atmospheric pressure and controlling the

Table 1

Characteristics of the Hart 250 electrolyzer.
Maximum hydrogen production 250 mL-min’!
Maximum hydrogen pressure 12 bars
Hydrogen purity > 99.9999%
Maximum oxygen production 125 mL-min’!
Electrical consumption <100 W
Maximum current density 0.48 A-cm™
Water Volume 1L

Water type deionized ASTM Type II
Dimensions (width x height x depth) 250 x 440 x 340 mm
Empty weight 9kg
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temperature at values of 50, and 70 °C, for a range of geometric current
densities from 0.04 to 0.48 A-cm™. All experiments were at least tripli-
cated, under the same operating conditions, ensuring that the maximum
standard deviations for the replicates of each experimental point were
lower than 10% and without evidence of catalyst degradation. Besides,
all the experiments were carried out with three different samples of the
same electrode to ensure the robustness of our fabrication method. In all
the cases, before starting the experiments, the first 30 min were dedi-
cated to stabilizing the system in open-circuit voltage and fixing the
value of temperature. Consequently, before data recording, a waiting
period of 5 min was spent to confirm the proper hydrogen flow rate and
voltage for each value of current density.

3. Results and discussion
3.1. Characterization of the Rh/C electrocatalyst

Iy NMR spectra of [RhCp*Cl(phendiamine)]Cl were recorded in
DMSO-d6, showing all the chemical shifts in ppm, and the coupling
constants are quoted in Hz (Fig. S3 of the Supporting Information). On
the other hand, following the recent work of Surendranath et al. [49],
we decided to investigate the grafting of a Rh organometallic complex
supported on oxidized Vulcan XC-72 by means of a pyrazine link, i.e. by
the condensation of the two amine groups of the phenanthroline ligand
of the Rh complex with two adjacent carboxyl groups on the carbon
surface (see Supplementary Information for experimental details).

To follow the grafting of the Rh complex (Fig. 1), we first recorded
the UV-vis absorption spectrum of the mixture in ethanol before and
after heating at 60 °C over a period of 6 h, as depicted in Fig. 3. The
decrease of the absorbance of the band at Ay.x = 276 nm indicates that
the concentration of the Rh complex in solution has decreased by ca.
80%, suggesting an efficient grafting. In addition, the UV-vis spectrum
recorded after 6 h did not show any new absorption bands, indicating
that the Rh complex is stable in solution under the grafting conditions.

Moreover, analysis by an inductively coupled plasma-mass spec-
trometer (ICP-MS) of six different Rh/C samples gave Rh loadings be-
tween 3.2 and 4.7 mg-g ™! (see Supplementary Information). The tests in
the PEM electrolyzer were carried out with the Rh/C samples exhibiting
the highest Rh loadings (i.e. an average value of 4.4 mg-g ™).

Fig. 4 displays a representative HAADF-STEM images of the Rh
carbon-supported catalyst. In addition, and to confirm the correlation
between the HAADF-STEM intensity profiles and the Rh/C electro-
catalyst distribution, EDX-STEM compositional maps for rhodium, ox-
ygen, carbon, and sulphur were taken, as also shown in the mentioned
figure. In this sense, the HAADF-STEM and the corresponding element
mappings provide the convincing evidence that the Rh complex is
distributed over the catalyst structure.

In contrast, XPS measurements were also developed to study the
surface chemistry of our material. In this sense, Fig. 5 depicts the XPS
spectra of the Rh 3d region. It is observed the presence of two binding
energy contributions at 310.3 (Rh 3d 5/2) and 314.8 eV (Rh 3d 3/2)
related to Rh®* [53]. In addition, and to provide a complete XPS char-
acterization, Table S1 of the Supplementary Information in the revised
version shows the binding energy contribution as well as the relative
atomic percentage of each detected element in two samples used to carry
out the HER in the PEM electrolyzer. As can be observed in the
Table mentioned above, both measurements are nearly identical,
demonstrating homogeneity and, therefore, a robust catalyst procedure.

The SEM-EDX spectroscopy, which has a depth analysis of ca. 1 um,
showed the presence of Rh, along with Cl and N, confirming the grafting
of the Rh complex (Fig. S5 of the Supplementary Information). The
spectra also show, albeit at a low level, the presence of S, which is a well-
known contaminant of Vulcan XC72. Besides, SEM image coupled with
composition mapping by EDX spectroscopy also show a uniform distri-
bution of Rh, Cl and N over the analyzed sample (Fig. S6).
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Fig. 2. Internal structure of the electrolyzer used for hydrogen production.

3.2. Electrochemical characterization of the Rh/C electrocatalysts
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Fig. 3. UV-vis absorption spectra or a solution of [RhCp*Cl(phendiamine)]Cl .'”ﬂ,_

in EtOH before (green) and after a reaction with oxidized Vulcan XC-72 over a 320 315 310 305
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Fig. 5. XPS spectra recorded of Rh 3d region of Rh/C samples.
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Fig. 4. (a) HAADF-STEM image, (b) EDX spectra and the corresponding elemental mapping images of (c) Rh, (d) C, (e) O, (f) S, and (g) HAADF images for two
different Rh/C regions (Zone 1 and Zone 2).
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provided with characteristics explained in Section 2.3. For this purpose,
RDEs coated with a thin film of Rh/C electrocatalysts in Nafion were
prepared. As compared to the voltammogram of a RDE coated only with
oxidized Vulcan XC-72 and Nafion (Fig. 6), the voltammogram of a RDE
coated with Rh/C and Nafion shows a redox process at about 0.05 V vs.
RHE, which is ascribed to the two-electron two-proton reduction of the
pyrazine moiety linking the Rh complex to Vulcan XC-72 [49]. This
redox process is followed by the large reduction wave, which onsets at
ca. — 0.1V and is ascribed to the catalysis of the HER. No limiting
current corresponding to the kinetics of proton mass transport was
observed in the investigated potential range, as expected under strongly
acidic conditions (pH 1).

To determine the Tafel parameters of the HER in 0.1 M HSOj4, the
current at a RDE (2000 rpm) coated with a thin film of Rh/Vulcan in
Nafion upon consecutive potential steps for 100 s in the range —0.13 to
—0.33 V vs. RHE was recorded as shown in Fig. 7. The calculated Tafel
plot shows that the overpotential varies linearly with the logarithm of
the current over more than one decade (dec) (Fig. S7 of the Supple-
mentary Information). In the investigated potential range, the Tafel
slope has a value of —177 mV-dec™}, consistent with a mechanism
involving a coupled proton electron transfer rate-determining step [49].
Extrapolation to zero over-potential gives an apparent exchange current
density of jo, geom = 8.1 x 10°A-cm 2 Asa result, we can estimate that
the apparent HER activity of the Rh/C electrocatalyst at the over-
potential of —50 mV and pH 1 is of the order of 0.015 mA-cm™2. These
results compare favorably with those reported for MoS-based electro-
catalytic materials under similarly strong acidic conditions (pH < 1) and
are significantly better than those reported for Co-N4 based electro-
catalysts [54]. Besides, normalized to the Rh loading, the mass activity
for the HER of the Rh/C electrocatalyst at the overpotential of —50 mV
and pH 1 is of the order of 34 mA-mg~!. This value of mass activity is
about 8 times smaller than that reported for a commercial Pt/C elec-
trocatalyst under otherwise similar experimental conditions [47].
However, it is to be emphasized that commercial Pt/C electrocatalysts
usually have a precious metal loading exceeding 10% in wt., whereas the
Rh/C electrocatalysts used in this manuscript have a precious metal
loading of only 0.4-0.5% in wt. We, therefore, argue that our approach,
in which the active site is a single metal site with a well-controlled
environment, could be successful to significantly decrease the amount
of precious metal needed in the electrodes of the PEM electrolyzer.

3.3. Performance in the PEM electrolyzer
A commercial hydrogen electrolyzer was used to study the Rh/C
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Fig. 6. Cyclic voltammograms (scan rate of 5mV-s~!) of an electrode coated
with only oxidized Vulcan and Nafion (blue trace) and Rh/C electrocatalyst and
Nafion (red trace) immersed in No-purged 0.1 M H,SO4 (pH 1).
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Fig. 7. Amperometric curves recorded at a RDE (2000 rpm) coated with
oxidized Vulcan XC-72 and Nafion (blue trace) or Rh/C and Nafion (red trace)
immersed in Nj-purged 0.1 M HySO4 (pH 1). The potential was stepped to
—0.13, —0.18, —0.23, —0.28 and —0.33 V vs RHE, respectively.

electrocatalyst synthesized and characterized previously. As explained
above, in order to establish the performance of these materials in the
PEM electrolyzer, two different Rh metal loadings (0.0044 and
0.0066 mg-cm™2) were tested in GDEs to carry out the HER. In this way,
different polarization curves were conducted in the range of j geom from
0.04 to 0.48 mA-cm™ (Fig. 8); the results are summarized in Tables 52
and S3 of the Supplementary Information.

The influence of the Rh/C-GDE loading (0.0044 and 0.0066 mg-cm”
2) was studied between 50 °C and 70 °C, which is the operating tem-
perature range recommended by the manufacturer. Firstly, working
with higher Rh loadings (0.0066 mg Rh-cm®) results in a better per-
formance for the HER, reaching lower cell potentials for the same j geom,
as depicted in Fig. 8. In fact, for a j geom value of 0.04 mA~cm"2, a po-
tential value of 1.62 V for the Rh loading of 0.0066 mg Rh-cm™%, while
this potential value achieves a higher value (1.71 V) for the Rh loading
of 0.0044 mg Rh-cm2.

Focusing on the cell potential, an increment, between the values of j,
geom Supplied to the single cell from 0.04 to 0.48 mA-cm’?, using a
loading of 0.0044 mg Rh-cm? implies an increase in the voltage,
reaching values of 2.28 V at a j geom 0f 0.48 A-cm™2. On the other hand,
the potential of the electrocatalyst with the highest loading (0.0066 mg
Rh-em?) leads to a small increase, specifically, 20% at both

® Rh/C-GDE (0.0044 mg Rh cm?) at 50 °C
M Rh/C-GDE (0.0066 mg Rh cm™?) at 50 °C
Rh/C-GDE (0.0066 mg Rh cm™) at 70 °C
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Fig. 8. Polarization curves at 50 and 70 °C for the different Rh/C-GDEs load-
ings (0.0044 and 0.0066 mg Rh-cm™?) tested as cathodes to carry out the HER in
a PEM electrolyzer.
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temperatures (from ~1.60V to ~1.95V). A similar behavior was
observed by Shiva Kumar et al. [34], who reported that the electro-
catalytic activity of B-CNPs for the HER increases with increasing
B-doping.

If we pay attention to the Hj flow rate produced (values are provided
as Supplementary Information) both Rh loadings achieve similar values
of Hp production in each value of the j geom supplied to the single cell in a
range from 10 (a supply of 0.04 A-cm™) to 78 mL-min! (a supply of
0.48 A-cm). Obviously, the energy consumption will be lower in the
case of 0.0066 mg-cm™ loading because of the lesser cell potentials
achieved in comparison with the loading of 0.0044 mg-cm™2. In contrast,
promising results have been obtained working at 70 °C (Fig. 8) for the
Rh/C-GDE 0.0066 mg-cm? loading due to the lower potentials for the
same j geom in the polarization curves to carry out the HER in the PEM
electrolyzer.

Another essential point to be considered is the fact that the Rh/C
electrocatalysts employed in this work do not suffer any degradation
during the experiments and provide similar results with the same GDE,
and replicating comparable behaviors with different electrodes. Thus,
the process is stable, repetitive and the GDE procedure fabrication is
robust, effective, and environmentally friendly.

3.4. Comparison with commercial electrocatalysts

In this section, the behavior of the synthesized Rh/C electrocatalyst
presented in this work is compared to other commercial CPt/C-GDE
(commercial Pt electrocatalysts), Pt/C-MEA and Pt/C-GDE (commer-
cial cathodes) fabricated with a catalytic loading of 0.3, 0.3 and 0.4 mg
Pt-cm®, respectively, at 70 °C. It is important to highlight that the
comparison was performed with the Rh/C-GDE loading of
0.0066 mg-cm™2, which offers the best performance to carry out the HER
in the PEM electrolyzer.

The polarization curves obtained for each cathode are illustrated in
Fig. 9. Comparing both Pt-GDEs, the electrodes showed similar results,
especially at lower density jgeom, demonstrating that the procedure of
synthesis presented in this work is suitable for the preparation of GDEs.
This point is crucial because the Pt/C-GDE fabricated in this work and
the Pt/C-MEA contain 0.3 mg Pt-cm™ that is 1.3 times lower than the
loading of commercial Pt/C-GDEs that are 0.4 mg Pt-cm™. Besides, the
trend and the values achieved working with commercial GDEs and MEAs
based on Pt/C and with the Rh/C-GDE are pretty similar (results differed
by 10% at most), demonstrating that the use of Rh-based materials
supposes a step forward in the development of high-effective electro-
catalysts. This point is crucial because the Rh/C-GDE metal loading is 60
times lower than the loading of Pt/C commercial electrodes. Therefore,
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Fig. 9. Polarization curves for the different cathodes tested to carry out the
HER in a PEM electrolyzer at 70 °C.
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the slight difference between the polarization curves is attributed to the
much higher loadings of Pt-based electrodes.

In this context, as mentioned above, Holzapfel et al. [31] reported
voltage values of 1.85 V for a current density of 0.5 A-cm?, by using
cathodes made of Mo3S;3 clusters supported on nitrogen-doped carbon
nanotubes, but in this case, the catalyst loading was 3 mg-cm’?, 450
times higher than the value used in the current work. Mo et al. [25] also
described voltage values of around 1.6 V and 2.1 V for current densities
of 0.5A-cm, when studying the performance of transition metal
atom-doped monolayer MoS; as cathode, but also with higher catalyst
loadings than those applied in this work, 4.5 mg-cm™ instead of
0.0066 mg Rh-cm™. Shi et al. [32] by using Ni;2Ps-NisPSo as a cathode
reported a voltage value of around 1.8 V (0.5 A-cm™) when a catalyst
loading of 16.6 mg-cm™? was applied, while in the present study the
achieved voltage is 1.91 V. Thus, these results constitute a step forward
in the search for new catalysts competitive with conventional Pt-based
electrodes since the electrocatalysts presented in this work are more
sustainable, environmentally friendly, and avoid the poisoning of
Pt-based electrocatalysts.

Attending to hydrogen production, the results are shown in Fig. 10,
recalling the fact that the polarization curves are intimately linked with
this Figure. This Figure depicts the different voltages required as a
function of the jgeom for different Hy flow rates, between 10 and 78 mL
per minute. As can be seen, the results revealed that the employment of
Rh/C-GDE requires more voltage, as expected. In this way, the main
reason is that the use of this electrocatalyst implies higher energy con-
sumption, especially when the density currents supplied are higher than
0.2 A-cm. On the contrary, when loading of 0.0066 mg-cm™ of Rh
metal electrocatalyst was employed, at elevated jgeom, the results were
highly competitive when compared to the commercial Pt cathode (Pt/C-
MEA), which offers the best performance since the voltage required is
the minimum value in all cases.

4. Conclusions

In summary, this work reports a robust synthesis procedure and a
complete characterization of new electrodes that are synthesized by
grafting a Rh-based organometallic complex (i.e. RhCp*Cl(phendi-
amine)Cl) on oxidized carbon black support through a strong pyrazine
link to significantly decrease the amount of precious metal. The
hydrogen evolution reaction was efficiently catalyzed at Rh-based
cathode in which the metal loadings are in the range of 3.2 and

Il Rh/C-GDE (0.0066 mg Rh cm?)
Il CPt/C-GDE (0.3 mg Pt cm?)
I P1/C-MEA (0.3 mg Pt cm?)
50— [ PtC-GDE (0.4 mg Ptcm?)
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Fig. 10. H, production (mL-min™) as a function of the voltage (V) and the
geometric current density (mA-cm™) at 70 °C for the different cathodes tested
to carry out the HER in a PEM electrolyzer.
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4.7 mg-g*. The activity of Rh/C for the electrocatalysis of the HER in
acid solution (pH 1) was first evaluated using the RDE technique. From
the Tafel plot analysis, the mass activity results in a value of
34 mA-mgRh™! at an overpotential of — 50 mV, competitive with that
achieved by MoS-based electrocatalysts. Importantly, Rh/C is found to
be stable under electrocatalytic conditions at pH 1, emphasizing the
strength of the pyrazine link between the Rh center and the carbon
surface. Finally, the performance of Rh/C electrocatalysts is evaluated in
a commercial PEM electrolyzer to carry out the HER, showing promising
results despite the ultra-low metal loading when compared to other Pt-
based cathodes. In this context, the employment of a Rh/C-GDE loading
of 0.0066 mg Rh-cm? represents a step forward in the search of new
cost-effective electrocatalysts to carry out the HER since similar results
in terms of energy consumption (as a function of the cell potential and
the geometric current density) and hydrogen production are obtained in
comparison with Pt/C commercial GDEs. In terms of voltage, employing
the Rh/C-GDE (0.0066 mg Rh-cm™?) increases from 1.60 V using a J,geom
of 0.04 A-cm™ to 1.95V working with jgeom of 0.48 A-cm™2. These
values are in accordance with most of the literature reported until the
moment. Thus, this manuscript positions the use of ultra-low loading Rh-
based materials in a preferential place to catalyze the HER in a PEM
electrolyzer since they have similar activity as Pt, and simultaneously,
this material is less sensitive to poisoning than Pt-based electrocatalysts.
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