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Molecular catalysts consisting of abundant elements are regarded 
as promising active components for the water electrolysis 
technology based on both the proton1 and anion2 exchange 
membranes. These catalysts can be used instead of the platinum 
group metal ones for the corresponding electrode processes.3,4 
However, their immobilization and an assembly of the working 
electrodes with high catalytic efficiency remain an experimental 
challenge.3,5 Over the past two decades, cage transition metal 
complexes (clathrochelates6) have been extensively tested as 
electrocatalysts for the hydrogen evolution reaction (HER) in 
organic and aqueous acidic media.7–10 The HER mechanism is 
still under discussion. The use of the encapsulating ligands with 
electron-withdrawing ribbed substituents in the clatrochelate 
complexes allows one11 to stabilize their reduced forms, namely 
the metal(i) cage compounds, which have been proposed7 as 
catalytically active intermediates in the multistep HER 
mechanism resulting in the reduction of H+ ions into H2 in acidic 
aqueous solutions. For example, the CoI-encapsulating 
clathrochelate transient species,8,9 formed after electroreduction 
of the corresponding Coii complexes, afford cobalt hydrides 

Coi–H as the most probable catalytic HER intermediates. 
However, the clathrochelates considered are not generally stable 
under harsh conditions and decompose during the cathodic 
polarization and hydrogen evolution, resulting in nanoparticles 
of cobalt or cobalt alloy. For instance, an electrochemical 
reduction of the macrobicyclic cobalt(ii) dioximates in the HER 
process is accompanied by the in situ formation of catalytically 
active metal nanoparticles.12–14 Considering iron as an abundant 
and cheap metal, its macrobicyclic polyazomethine complexes 
bearing various functional terminal groups are synthetically 
available, stable in harsh acidic media and represent the effective 
HER electrocatalysts.8,10 Recently, cobalt and iron clathrochelates 
have been immobilized 10,15–17 by physisorption on the surface of 
cathodes based on carbon paper (CP). In this work, we explored 
a series of polyaromatic-terminated iron(ii) clathrochelates 1–3 
with one, two and six phenanthrene moieties, physisorbed on the 
surface of CP at the cathode of the polymer electrolyte membrane 
(PEM) water electrolysis (WE) cells.

The complexes 1–3 were synthesized as described.15,16 Gas 
diffusion electrodes (GDEs) based on CP were modified by the 
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Hydrogen-evolving cathodes were prepared using a series of 
iron(ii) clathrochelates bearing various number of terminal 
phenanthrenyl groups via physisorption on carbon paper 
and employed in the polymer electrolyte membrane water 
electrolysis cells instead of typically used platinum. In  situ 
electrochemical activation of the cathodes was carried out, 
after that the cells performance and durability were 
evaluated. These clathrochelate complexes represent a 
promising alternative to platinum as hydrogen-evolving 
cathode electrocatalysts.
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clathrochelates and tested as the cathodes (for details, see Online 
Supplementary Materials). The GDE performance was 
benchmarked using their counterparts with the carbon-supported 
platinum nanoparticles.15 The assembled PEM WE cells were 
activated using the known technique18 by applying a constant 
voltage of 1.8, 2.0 or 2.2 V at 80 °C for 1.0–1.5 h until a constant 
current density was reached. This procedure was carried out to 
rearrange of an Ir/IrOx surface of the anodes19 and to form the 
definite structure of the clathrochelate-containing cathodes, as 
detailed below. An effect of such activation on the cell 
performance is demonstrated in Figure 1 using complex 1.

As follows from the chronoamperometry curves [Figure 1(a)], 
the cell current gradually increases before reaching of a plateau 
value, which corresponds to complete activation. The current–
voltage curves [Figure 1(b)] are substantially different, the better 
performance is attained for the cells activated at higher voltage. 
The beneficial effect of such activation is clearly observed in a 
current density range below 0.1 A cm–2, where the ohmic losses 
are negligible. In a high current density range with domination of 
the ohmic resistance, the polarization curves represent linear 
regressions with their similar slopes. The experimental current–
voltage curves were fitted using the model equations, the 
obtained best fitting parameters are presented in the Online 
Supplementary Materials. The fitting results suggest a decrease 
in the total cell resistance and an increase in the roughness factor 
for the cathodes at higher applied cell voltage.

Figure 1(c) demonstrates the Tafel plots after an ohmic 
potential drop (iR) correction20,21 measured at current density up 
to 100 mA cm–2 with both the anode and cathode contributions 
being taken into account.22 The Tafel plot slopes, which have 
been measured per logarithmic decade, decrease from 170 to 
124 mV dec–1 with increase in an activation voltage from 1.8 to 
2.2 V. This originates from a substantial decrease in the HER 
overpotential during the cathode activation phase, probably 

because of a gradual electrosorption of these complexes onto 
carbon fibers during the polarization stage and/or their partial 
destruction resulting in the catalytically active metallocenters at 
an atomic level, i.e., so-called single-atom catalysts.23 

Then, a catalytic activity of the clathrochelates 1–3 in the 
HER was studied. The resulting experimental current–voltage 
curves are collected in Figure 2(a). At a current density of 
1.0 A cm–2 representing the benchmark value for PEM 
electrolyzers,24,25 the cell voltages are ca. 2.24, 2.10 and 2.15 V 
for the CP-based cathodes with immobilized complexes 1, 2 and 
3, respectively. These values are close to those obtained10,18 for 
the same PEM electrolysis cell using the hexaphenanthrenyl-
terminated cobalt, ruthenium and iron(ii) clathrochelates, while 
they are still substantially higher than the value of 1.75 V that 
was obtained using metallic platinum. Nevertheless, the results 
obtained are encouraging. Electrocatalytic efficiency of the 
complexes 1–3 is affected by the number of their terminal 
phenanthrenyl group(s) per a clathrochelate molecule; a reason 
is probably their different physisorption on a particular CP 
material, the lowest cell voltage being revealed by the 
diphenanthrenyl-terminated complex 2.

The curves shown in Figure 2(a) were fitted using the model 
equations; for the obtained best fitting parameters see the Online 
Supplementary Materials. When bare CP was used as a cathode, 
the cell performance was poor due to a strong contact resistance 
between CP and the membrane, as well as a low bare carbon 
HER activity, resulting in a high total cell resistance. In the 
presence of these clathrochelates, the cell resistance was much 
lower because of their better contact with membrane and the 
substantially higher values of the corresponding roughness 
factors. Using complex 2, the best performance was obtained 
with an apparent HER current density of 2.8 × 10−2 A cm−2. 
However, this value is 43 times less than that of 1.2 A cm−2 for 
metallic platinum at the same voltage.

To compare the specific activities of 1–3, the above 
experimental current–voltage curves were iR corrected and the 
current densities were normalized per one mmol of the 
corresponding complex at the CP-based cathode [Figure 2(b)]. 
The best performance was again observed for the clathrochelate 
2 bearing two terminal phenanthrenyl groups. The cell voltages 
required for obtaining of the reference value of 1.0 A µmol–1 are 
1.76, 1.67 and 1.73 V for 1, 2 and 3, respectively. The Tafel slope 
for the reference platinum-containing PEM cell is ca. 
73 mV dec−1 [Figure 2(c)]. Assuming the Volmer–Tafel 
mechanism of the electrocatalytic HER,26 the contribution of 
Pt–C/CP to the above value is ca. 30 mV dec−1. So, the 
contribution of the corresponding oxygen evolution reaction 
(OER), calculated as a difference between a whole value and that 
of the HER, is ca. 43 mV dec−1,18 thus being in good agreement 
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Figure  1  Effect of an activation procedure at the different voltages on a performance of the cell equipped with clathrochelate 1: (a) chronoamperometry 
curves measured during the cell activation; (b) current–voltage curves obtained after an activation; (c) Tafel plots at the low current densities after iR 
correction (see the text for details). 



Mendeleev Commun., 2021, 31, 20–23

–  22  –

with the known data.27,28 The Tafel slopes for the cells with 
immobilized complexes 1, 2 and 3 are 124, 106 and 90 mV dec−1, 
respectively. Using the same subtraction of the above OER 
contribution, the HER Tafel slopes for the corresponding 
clathrochelate-containing cathodes are 81, 63 and 47 mV dec−1, 
which are slightly lower than those observed18 for iron, cobalt 
and ruthenium(ii) clathrochelates with six phenanthrenyl groups 
under the same experimental conditions and in good agreement 
with those obtained29,30 for iron and cobalt nanoparticles in 0.1 m 
aqueous H2SO4. Recent XANES/EXAFS data31 suggested a 
formation of the cobalt(i)- and iron(i)-encapsulating reduced 
forms of the catalysts, in contrast to the corresponding atomic 
level metal(0)-based centers32 in the catalytic syngas production, 
thus clarifying the clathrochelate-electrocatalyzed mechanism of 
the HER. On the other hand, the experimental Tafel slopes can 
be affected by various other factors, such as a surface coverage 
by the catalytically active intermediates, transfer coefficient, 
temperature, the type of electrolyte, etc.33 So, it is still hard to 
make the reasonable and reliable suggestions on the HER 
mechanism in these hydrogen-producing systems.23,34,35 Due to 
the initial voltage-dependent performance found for the 
clathrochelate-containing PEM WE cells, their durability was 
examined according to the known approach36 at an applied 
constant voltage of 2.2 V for 24 h. The corresponding membrane 
electrode assemblies (MEAs) demonstrated a reasonable stability 
with the current density drops of 0.05–0.07 A cm−2, comparable 
with those obtained for other promising non-platinum HER 
electrocatalysts, such as nickel and molybdenum sulfides and 
phosphides tested in PEM water electrolyzers.37–39 However, the 
current density drop values obtained are still higher than that for 
the reference Pt–C/CP-based MEA, namely less than 
0.015 A cm−2 at 1.75 V and an initial current density of 1.0 A cm−2.

In summary, the designed phenanthrenyl-terminated iron(ii) 
clathrochelates physisorbed on CP cathodes were tested as the 
HER electrocatalysts in PEM cells of a water electrolyzer. Their 
electrochemical performance was substantially improved by 
in  situ electrochemical activation at a constant applied cell 
voltage and was found to be slightly affected by the number of 
their terminal phenanthrenyl group(s); the best values of 
performance and stability of these cells were observed for the 
diphenanthrenyl clathrochelate. These designed complexes are 
the derivatives of iron as the most abundant metal and are quite 
inexpensive, though they cannot still fully compete with metallic 
platinum used here as the reference catalyst. Nevertheless, the 
experimentally observed performance of these clathrochelates is 
encouraging and comparable with that of the most promising 
non-platinum HER electrocatalysts reported to date.
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Figure  2  Catalytic activity of the clathrochelates 1–3 immobilized on CP in PEM WE cells: (a) current–voltage curves at 80 °C compared with bare CP and 
metallic platinum on CP; (b) iR-corrected current–voltage curves per mmol of a given clathrochelate and (c) the corresponding Tafel plots. 
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