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ABSTRACT: Integration of efficient platinum group metal (PGM)-free catalysts to fuel cells and electrolysers is a prereq-
uisite to their large-scale deployment. Here, we describe the development of a molecular based anode for hydrogen oxida-
tion reaction (HOR) through non-covalent integration of a DuBois type Ni bio-inspired molecular catalyst at the surface 
of a carbon nanotubes modified gas diffusion layer. This mild immobilization strategy enabled to gain high control over 
the loading in catalytic sites. Additionally, through the adjustment of the hydration level of the active layer, new record 
current densities of 214 ± 20 mA cm–2 could be reached at 0.4 V vs RHE with a PGM-free anode, at 25°C. Near-industrially 
relevant current densities were obtained at 55°C with 150 ± 20 and 395 ± 30 mA cm–2 at 0.1 and 0.4 V overpotential, respec-
tively. These results further demonstrate the relevance of such molecular approaches for the development of 
electrocatalytic platforms for energy conversion. 

Introduction  

The development of a hydrogen economy stands among 
the most promising strategies towards achieving clean 
energy storage and on-demand fuel supply.1,2 However, 
for this alternative to become sustainable, H2-producing 
electrolyzers and H2-consuming fuel cells (FC) need to 
reach technological maturity while relying on broadly 
available raw materials.3,4 On the fuel cell front, Pt-group 
metals (PGMs) catalysts currently represent a significant 
part of the cost of proton-exchange membrane fuel cells 
(PEMFCs).5 While a substantial body of work have now 
been reported within the past ten years for the develop-
ment of PGM-free cathode for ORR,6–9 especially with the 
recent and promising development of metal-N-C based 
materials,10–12 alternatives to PGMs on the anode side are 
more scarce.13 Although recent studies have described 
metal-containing carbides14–17 and Ni-based materials18–20 
for HOR catalysis, these materials only display moderate 
activities and stabilities under operation.  

Hydrogenases enzymes (H2ases) are Nature’s catalysts 
performing hydrogen evolution reaction (HER) and HOR 
in a reversible manner, with very high turnover frequen-
cies (TOFs), up to 104 s–1, using only earth abundant Ni 
and/or Fe metals in their catalytic centres.21–23 Due to 
these impressive catalytic properties and in light of the 
recent progress in the field of bioelectrochemistry,24–26 
these H2ases have been extensively studied at electrode 
surfaces.27–29 As a result, proof-of-concept, H2-O2 biofuel 
cells relying on H2ase based anodes for HOR were devel-

oped,30–32 with maximum power densities now reaching 
several mW cm–2.33,34 Despite these recent advances, the 
use of H2ases for this technology remains challenging due 
to their large molecular footprint and limited stability. 
Several strategies have been investigated to overcome 
these limitations. H2ase orientation at the electrode sur-
face has been proposed to optimize electron transfers 
between the redox protein and the material.35,36 Recently, 
viologen-based hydrogels have demonstrated impressive 
properties not only to efficiently wire the enzyme but also 
to shield even the most fragile types of H2ases against 
molecular O2, for extended period of time, upon integra-
tion in the redox active matrix.37–40 However, site density 
optimization and non-aqueous instability remain prob-
lematic for these bioelectrodes to be integrated to market 
ready PEMFCs.  

 

Figure 1: Schemes of A) a [FeFe] hydrogenase ([HhydH
+
]

+
 

state) and B) the Ni-based bio-inspired nanomaterial for 
reversible HER/HOR, showing the natural and synthetic 



 

components responsible for electron shuttling as well as H
+
 

and H2 channels. 

The relatively recent application of bio-inspiration to the 
development of electrocatalysts for energy conversion has 
led to the generation of novel and promising new catalyt-
ic materials, molecular catalysts and devices.41,42 One 
prime example of this approach has been the develop-
ment of the first bi-directional catalyst for HER and HOR 
by the group of DuBois.43 This [NiII(P2

RN2
R’)2] type com-

plex was designed based on the natural [NiFe]- and 
[FeFe]-H2ase blueprints. It relies on both a mononuclear 
Ni redox center and a 1,5-diaza-3,7-diphosphacyclooctane 
(P2

RN2
R’) macrocyclic ligand mimicking the 2-

azapropanedithiolate bridge present in [FeFe]-H2ases, 
both acting as proton shuttle and forming with the distal 
iron center a frustrated Lewis pair able to activate and 
heterolytically cleave H2 (Figure 1).44,45 The possibility to 
modify the nature of the side chain carried by the cyclic 
amine has led to the development of new derivatives with 
extended outer coordination sphere, with a substantial 
body of work by Shaw and co-workers focusing on the 
introduction of amino acid residues, mimicking protein 
environments.46–48 This strategy led to the discovery of 
the [NiII(P2

CyN2
Arg)2]

7+ (NiArg) derivative (Figure 1B), the 
first to demonstrate a fully reversible activity for HER and 
HOR in neutral to acidic aqueous conditions and owing 
the strongest reported bias towards HOR.49–51  

As the tertiary amine substituents have allowed the modi-
fication of the outer coordination sphere, they can also 
enable the incorporation of anchoring groups for surface 
heterogenization, a prerequisite to shift molecular cataly-
sis towards applications.52–54 As such, over the past dec-
ade, several covalent and non-covalent immobilization 
strategies have been developed in order to integrate these 
[NiII(P2

RN2
R’)2] derivatives on a broad range of (pho-

to)electrode materials, towards (photo)electrocatalytic H2 
production and/or oxidation.55–67 More specifically, re-
garding molecular HOR, initial studies reported current 
densities of 1 to 2 mA cm–2 on carbon nanotubes (CNTs) 
based electrodes while demonstrating a high tolerance to 
CO poisoning.55,56 More recent work using nanostructured 
materials such as CNTs/microfibers composite or func-
tionalized graphene allowed to reach one order of magni-
tude higher current densities.62,64,66 Integration of this 
family of catalyst to appropriate electrode material has 
also led to the elaboration of fully functional, proof-of-
concept, bio-inspired H2/O2 fuel cells.64,68–70 Despite 
promising results, current densities obtained with these 
molecular anodes remain far too low when compared 
with PGM-based anodes to be considered as a valid alter-
native in H2/O2 fuel cells. According to the Department of 
Energy (DOE), in order to reach technological relevance, 
current densities in the range of the hundreds of mA cm–2 
with minimal energy loss and extended durability should 
be targeted with these non-PGM anodes.71 As for Pt-based 
electrodes, one of the major challenge consists in opti-
mizing active site loadings while maintaining their availa-
bility to the substrate.72–74 This implies the preservation of 
a stable triple electrode/electrolyte/gas interface.  

In this work, we report the development of a new molecu-
lar anode for HOR based on the integration of the NiArg 
derivative to multi walled CNTs (MWCNTs) deposited 
onto a gas diffusion layer (GDL) and non-covalently mod-
ified with a pyrene butyric acid derivative (PyCO2H).  
Assembly of the NiArg derivative to the modified 
MWCNTs surface occurs through electrostatic interac-
tions between the carboxylate surface functions and the 
guanidinium groups of the complex, as previously pro-
posed (Figure 1B).64,66 This strategy enables to gain high 
control over the surface concentration of anchoring sites 
and thus on the catalytic sites density. In addition, the 
hydration level of the catalytic active layer was controlled 
through the tuning of the storage conditions and drying 
time during electrode formulation. This allowed to opti-
mize catalytic site availability and accessibility, to effi-
ciently perform the HOR catalysis throughout the 
MWCNTs|GDL electrode. 

Results and discussion 

Preparation of the electrodes. The electrodes were 
prepared through vacuum filtration of a MWCNTs disper-
sion (0.05 mg mL–1 in EtOH, 40 mL) on a 10 cm2 disk of a 
GDL coated with a hydrophobic microporous layer. The 
MWCNTs films were then non-covalently functionalized 
by soaking the MWCNTs|GDL disks in a DMF solution 
containing the PyCO2H derivative, cautiously preventing 
the film to dry. This mild surface modification strategy of 
CNTs sidewall was previously successfully employed to 
graft molecular catalysts, for a range of catalytic trans-
formations.56,75–78 The modified MWCNTs|GDL samples 
were then successively soaked in DMF to remove excess 
of unbound PyCO2H derivative and deionized water to 
wash out remaining DMF. The samples were stored in 
deionized water to prevent the film to dry. Series of 
MWCNTs|GDL samples were prepared, using different 
concentrations of PyCO2H in order to vary the surface 
concentration of carboxylic units prior to catalyst integra-
tion. 

 

Figure 2: A) SEM picture of the NiArg|PyCO2H|MWCNTs 
|GDL electrode surface B) Evolution of the surface concen-
tration of PyCO2H with the soaking solution concentration. 
Experimental values were determined by UV-vis (black dots) 
and the theoretical Langmuir isotherm fit (red dashes) (the 
blue dashed line is a guide to the eye). 

As observed by scanning electron microscopy (SEM), the 
MWCNTs film deposited onto the GDL forms a dense but 
porous conductive network, allowing for the integration 



 

of high amounts of catalytic centers (Figure 2A). A cross 
sectional image of the MWCNTs|GDL shows that the 
MWCNTs film thickness is ≈ 5 µm (Figure S1). 

The surface concentrations of PyCO2H ( PyCO2H) on the 
MWCNTs|GDL were estimated indirectly by measuring 
the remaining concentrations of PyCO2H in the soaking 
and rinsing DMF solutions, using the strong UV-vis ab-
sorption bands, typical of pyrene, at 314, 328 and 344 nm 
(see SI). Experimental data show that  PyCO2H increases 
with the solution concentration, reaching 98 ± 23 nmol 
cm–2 at 10 mM of PyCO2H in the incubation solution 
(Figure 2B).  PyCO2H then further increases, reaching 755 ± 
94 nmol cm–2 at 50 mM. The experimental data points 
obtained between 0 and 10 mM could be fitted with a 
simple Langmuir isotherm as follow: 

        
                         

                  
 

where  PyCO2Hmax is the maximum PyCO2H surface loading 
for a monolayer (mol cm–2), KPyCO2H is the adsorption 
equilibrium constant of PyCO2H (M–1) and [PyCO2H] is 
the concentration of PyCO2H in solution (M). A best fit 
was obtained for  PyCO2Hmax = 165 nmol cm–2 and K = 150 
M–1 in DMF (Figure 2B). This value is in the same range as 
the ones measured for other pyrene-bearing derivatives 
grafted on MWCNTs.78,79 As  PyCO2H keeps rising above the 

expected monolayer loading ( PyCO2Hmax), it is likely that -
stacked pyrene aggregates deposit at the surface of the 
MWCNTs|GDL for concentrations of PyCO2H in solution 
above 10 mM. 

Catalyst integration and electrochemical characteri-
zation of the modified electrodes. The molecular cata-
lyst was then immobilized on the 
PyCO2H|MWCNTs|GDL. The modified electrodes were 
prepared by soaking the films with 8 µL of NiArg at dif-
ferent concentrations for 5 min, in a sealed vessel, before 
thorough rinsing to remove loosely bound catalysts. The 
electrodes prepared with various loadings of PyCO2H and 
NiArg were first characterized using cyclic voltammetry 
(CV) in neutral pH conditions and under argon (Figure 3A 
and B). The negligible HER activity of the grafted catalyst 
at pH 7 allowed to clearly observe the redox activity of the 
metal complex with negligible electrocatalytic contribu-
tions. The reversible redox signature of NiArg is observed 
at potentials ranging from E1/2 = –0.35 to –0.30 V vs SHE 
and was attributed to the 2e–/2H+ redox process, centered 
at the metal.64,66 The pH dependency of the redox process 
was also studied and a 56 mV/pH unit drift was meas-
ured, confirming the proton coupled character of the 
electron transfer, as previously reported (Figure S2).64 At 
pH 7, small variations of the E1/2 values seem to correlate 
both with the increase of PyCO2H and catalyst loading at 
the electrode surface, potentially due to local pH changes 
induced by the increasing surface concentration of car-
boxylate and guanidinium groups, responsible for an 
anodic and cathodic shift, respectively (Figure S3 and 
S4A). The measured peak-to-peak separation (ΔEp) in-
creased substantially from about 50 mV at low catalyst 
loading to 120 mV at higher loadings, while remaining 

constant upon variation of  PyCO2H, hinting a more slug-
gish electron transfer at higher catalyst loading (Figure 
S4B). In addition, the peak currents appeared to scale 
linearly with the scan rate, characteristic of an immobi-
lized species, only at lower scan rates (< 75 mV s–1) (Figure 
S5 and S6). 

 

Figure 3: CVs of the NiArg|PyCO2H|MWCNTs|GDL elec-
trodes prepared with: A) various concentrations of PyCO2H 
and 10 mM of NiArg, and B) 5 mM of PyCO2H and various 
concentrations of NiArg in potassium phosphate buffer 0.2 
M, pH 7, 25°C, under argon (ν = 20 mV s

–1
). CVs initial start-

ing potential was the OCP and the initial scanning direction 
was cathodic; C) Evolution of the  NiArg on 
PyCO2H|MWCNTs| GDL (various concentrations of 
PyCO2H) with the concentration of NiArg in the soaking 
solution; D) Evolution of the adsorption constant of NiArg as 
function of the carboxylate surface concentration. 

This behavior, as well as the higher measured ΔE peak 
values, can be explained by electrolyte mass transport 
limitations within the porous CNTs network as commonly 
observed in other nanoporous systems such as MOFs-
modified electrodes.80,81 CVs experiments at increasing 
scan rates showed that the linear correlation of the peak 
currents with the scan rate decreased while the ΔEp in-
creased when the salinity was lowered (Figure S7) or 
when bulkier electrolytes were used (Figure S8), further 
attesting electrolyte mass transport limitation in the po-
rous electrode.  

As expected, the increase of concentration of NiArg in the 
soaking solution led to a rise in surface concentration of 
immobilized catalyst ( NiArg) for all MWCNTs|GDL sam-
ples (Figure 3B and C and S9).  NiArg were calculated from 
the integration of the oxidation wave (at 20 mV s–1), ac-
counting for 2 electrons transferred from NiArg.64,66  NiArg 
increases with the soaking solution concentration of cata-
lyst until reaching a maximum value of 88 ± 3 nmol cm–2 
for the PyCO2H|MWCNTs|GDL electrodes incubated 
with 10 mM PyCO2H and in 20 mM NiArg (Figure 3C). 



 

ICP-AES measurements from the digestions in 65% nitric 
acid of the MWCNT|GDL films confirmed the surface 
concentrations measured by redox wave integration with 
about 20% variation (Figure S10). The slightly higher load-
ings calculated with the ICP measurements can be ex-
plained by the presence of non-specifically bound and 
poorly electronically wired Ni complex within the porous 
MWCNTs|GDL. These numbers underline the great ad-
vantage of molecular structures, where a large majority of 
all grafted catalysts are electrochemically active.  

Interestingly,  NiArg value of 66 ± 2 nmol cm–2 could be 
reached with the unmodified MWCNTs|GDL hinting for a 
reasonably strong π-cation interaction between the 
charged complex and the π-conjugated MWCNT surface 
(Figure 3C). As described above for  PyCO2H,  NiArg of the 
electroactive catalyst varies with the concentration of 
NiArg in the soaking solution and follows the same sim-
ple Langmuir binding isotherm (Figure 3C):  

       
                       

                
 

where  NiArgmax is the maximum NiArg surface concentra-
tion for a monolayer of catalyst on the MWCNTs film 
(nmol cm–2), KNiArg is the adsorption equilibrium constant 
for NiArg (M–1) and [NiArg] is the concentration of NiArg 
in the soaking solution (M). Along with the 33% increase 
in  NiArg obtained after modification of the MWCNTs 
surface, the KNiArg values for catalyst adsorption also rose 
more significantly from 280 M–1 without PyCO2H to 600 
M–1 with the highest surface concentration of carboxylic 
acid groups (50 mM) (Figure 3D and S11). This corre-
sponds to binding energies of –14.0 and –15.8 kJ mol–1 with 
MWCNTs|GDL and PyCO2H|MWCNTs|GDL (50 mM of 
PyCO2H), respectively, in line with reported values for 
such cation-π and electrostatic interactions (Figure S12).82 
As electrochemical characterizations are performed out of 
the equilibrium (with no NiArg in solution), multiple 
redox cycling experiments were performed in order to 
probe the stability of the catalyst grafting at the electrode 
surface modified or not with the PyCO2H derivatives 
(Figure S13A and B). After more than 1h of redox cycling 
and 100 CVs scans, 75 and 65% of catalyst remained 
electroactive at the surface of the electrode modified with 
10 mM or no PyCO2H, respectively (Figure S13C). These 
numbers corroborate the K values described above and 

showcase a slow decrease of  NiArg likely due to re-
solvation of the water soluble catalyst over time. These 
results further underline the benefit of introducing a 
carboxylate function PyCO2H, through this mild non 
covalent modification strategy, both to maximize catalyst 
loading and improve the stability of the grafting. 

Characterization and optimization of the HOR 
electrocatalytic performances. The catalytic activities 
towards HOR of all these different MWCNTs|GDL elec-
trodes modified with NiArg were then evaluated in acidic 
electrolyte (0.5 M H2SO4). Measurements under an H2 
feed at the back of the working gas diffusion electrode 
were carried out in order to observe the maximum HOR 
activities. Importantly, an additional drying step follow-
ing catalyst deposition was included in order to probe the 
impact of the hydration level of the catalytic layer on the 
HOR catalysis (Figure 4). 

For all NiArg|PyCO2H|MWCNTs|GDL electrodes pre-
pared, CVs under argon feed show a reductive catalytic 
wave starting at 0 V vs RHE attributed to HER by NiArg 
(Figure 4A). Under H2, the large oxidation wave starting 
at 0 V vs RHE is attributed to the electrocatalytic HOR by 
NiArg, with no required overpotential, as previously re-
ported (Figure 4B).50,64,66 Using the modified electrode 
directly after rinsing (no drying step) allowed to maintain 
the layer fully hydrated resulting in low HOR current 
densities of 15 ± 3 mA cm–2 at 0.4 V vs RHE, slightly higher 
than the HER contribution (13 ± 1 mA cm–2 at –0.2 V vs 
RHE). These currents are similar to previously reported 
values with NiArg immobilized on MWCNTs covalently 
modified with naphthoic acid residues.64 It has to be not-
ed that the HER current only slightly drops from 15 to 13 
mA cm–2 upon addition of H2 (Figure 4). This is in stark 
contrast with what can be observed in homogeneous 
conditions, where addition of H2 strongly impacts the 
HER contribution and where a noticeable bias for HOR 
can be observed (Figure S14). This behavior is well known 
for H2ases29,83 and has previously been observed for this 
catalyst in solution as well as on electrode.49,70 The differ-
ence between the data in solution and the data at the 
PyCO2H|MWCNTs|GDL surface suggests that the diffu-
sion of H2 to the catalytic site is limiting in this fully hy-
drated layer configuration due to the low solubility of H2 
in water.  

 



 

Figure 4: CVs of the NiArg|PyCO2H|MWCNTs|GDL electrodes, modified with 10 mM PyCO2H and 10 mM NiArg followed by a 
timed drying step of various duration with A) Argon and B) H2 as gas feed at the working electrode, respectively, in 0.5 M H2SO4 
pH 0.3 at 25°C (ν = 20 mV s

–1
). CVs initial starting potential was the OCP and the initial scanning direction was cathodic; C) 

Evolution of the catalytic current values for HOR (at 0.1 and 0.4 V vs RHE, red dots and blue triangles, respectively) and for HER 
(at –0.2 V vs RHE, black squares) with the drying time of the electrode.    

Increasing the duration of the drying step had a noticea-
ble impact on both the HER and HOR currents (Figure 
4C). Indeed, progressively extending this drying step led 
to higher HOR currents, up to a maximum of 54 ± 3 and 
214 ± 20 mA cm–2 at 0.1 and 0.4 V vs RHE, respectively, 
after 5 min drying (Figure 4B and C). Then, HOR activity 
slowly declined when the film was let to dry for longer. By 
contrast, the HER currents steadily decreased upon dry-
ing, falling from –13 ± 1 mA cm–2 without drying step, to –
1.5 ± 0.5 mA cm–2 after 8 min of drying at –0.2 V vs RHE 
(Figure 4A and C). This strong effect on both the HER 
and HOR performances upon drying of the active layer 
hints to a drastic change in active site availability to the 
electrolyte (H+) and the gaseous substrate (H2). 

In order to further support this hypothesis, CVs at in-
creasing scan rates and for different drying times were 
performed on the PyCO2H|MWCNTs|GDL film. This 
allows to probe the variation of the electrochemically 
active surface area (ECSA) with the drying duration at pH 
7 (Figure S15 and S16). When increasing the drying time, 
the capacitive current contribution is decreasing steadily, 
indicating a loss of the ECSA, from 54 ± 2 to 37 ± 3 cm2 
after 0 and 5 minutes, respectively (Figure S16C and D). 
For longer drying steps, a more significant drop in ECSA 
is measured until reaching only 9.6 ± 0.4 cm2

 after 8 
minutes. Consequently to the loss of ECSA, the amount of 
electrochemically active catalytic sites dramatically de-
creases with longer drying steps, as observed from CVs 
performed at pH 7 on the NiArg|PyCO2H|MWCNTs|GDL 
electrode (Figure S17). Precisely, the apparent catalyst 
loading falls from 79 ± 7 nmol cm–2 without drying step to 
7 ± 2 nmol cm–2 after 8 minutes of drying.  

These observations confirm an important change of ECSA 
and electroactive Ni sites availability upon modification 
of the hydration level of the catalytic layer (Figure 5). 
Without drying step, the aqueous electrolyte is expected 
to penetrate easily and fill the porous active layer. In the-
se conditions, where most of the catalyst should be elec-
trochemically active and H+ can diffuse efficiently, a cata-

lytic plateau is observed for HOR. This suggests substrate 
diffusion limitation which can be rationalized by the low 
solubility of H2 in aqueous electrolyte (Figure 5A). On the 
other hand, for longer drying steps, the layer is no longer 
hydrated. This likely facilitates H2 diffusion through the 
porous film but also prevents the electrolyte and H+ to 
readily penetrate and diffuse within the now hydrophobic 
MWCNTs network. This results in smaller electro-
lyte/electrode interface with very few effectively connect-
ed active sites leading to both low HER and HOR catalytic 
currents (Figure 5C). The highest HOR performance is 
thus obtained at the best trade-off between electrolyte 
penetration through the film and H2 diffusion towards 
and from the catalytic site, potentially through hydro-
phobic channels in the porous MWCNTs network (Figure 
5B).  

The impact of the surface concentration of PyCO2H on 
HOR performances at optimized drying time was evaluat-
ed and maximum HOR current densities of 214 ± 20 mA 
cm–2 at 0.4 V vs RHE were obtained with the NiArg 
|PyCO2H|MWCNTs|GDL electrodes (10 mM PyCO2H), 
dried for 5 min (Figure S18 and S19). Assuming that the 
amount of electrochemically active catalyst does not 
strongly vary between pH 7 and 0.3 and that all the elec-
trons collected come from HOR, experimental TOFs for 
HOR at pH 0.3 and under H2 were calculated based on 
the catalyst loadings measured at pH 7. These varied only 
slightly between 10 and 17.5 s–1 (14 s–1 for the best perform-
ing electrode) suggesting no obvious impact from the 
PyCO2H surface modification on the intrinsic HOR per-
formances (Figure S18). Importantly, these most likely 
represent conservative TOF values as the apparent cata-
lyst loadings measured at pH 7 falls from 80 ± 10 nmol 
cm–2 to 32 ± 4 nmol cm–2 for the best performing anode, 
obtained with 10 mM PyCO2H and 10 mM NiArg and after 
5 min of drying (see above and Figure S17). Based on this 
updated catalyst loading, more accurate TOFs for HOR of 
about 37 s–1 can be estimated for the best performing 
anode.



 

 

Figure 5: Schematic representations (up) and corresponding CV traces of the NiArg|PyCO2H|MWCNTs|GDL electrodes pre-
pared  with 10 mM PyCO2H and 10 mM NiArg, with the variation of drying time: A) 0 min, B) 5 min and C) 8 min in 0.5 M 
H2SO4, pH 0.3 at 25°C (ν = 20 mV s

–1
).  Effectively wired NiArg sites are represented red spheres while the electrochemically 

inactive ones in grey.

 

Figure 6: CA at 0.1 V vs RHE (η = 0.1 V) of A) 
NiArg|MWCNTs |GDL (black curve) and 
NiArg|PyCO2H|MWCNTs|GDL (red curve) electrodes with 
10 mM NiArg after 5 min of drying time; B) 
NiArg|PyCO2H|MWCNTs|GDL electrode with 10 mM NiArg 
after 0 min (black curve), 5 min (red curve) and 8 min (blue 
curve) of drying time under an H2 as gas feed at the working 
electrode in 0.5 M H2SO4, pH 0.3 and at 25°C. The drop in 
current observed at about 0.6 h is attributed to a gas bubble 
briefly blocking the surface of the electrode, causing the 
current to drop momentarily. 

In order to study the influence of the PyCO2H anchor 
surface concentration on stability of the HOR catalysis 
over time, chronoamperometric measurements (CA) at 0.1 
V vs RHE were carried out at 25°C with the 
NiArg|PyCO2H| MWCNTs|GDL and 
NiArg|MWCNTs|GDL electrodes (Figure 6A). The 
overpotential (η) of 0.1 V is specific to device operating 
conditions, in which more driving force is often required 
at the cathode for ORR. 

With the NiArg|MWCNTs|GDL electrode, the initial 
catalytic currents of about 40 mA cm–2 dropped continu-
ously to 18 mA cm–2 within 1h, corresponding to only 45% 
of remaining catalytic HOR current. On the contrary, the 
NiArg|PyCO2H|MWCNTs|GDL electrode showed higher 
initial currents of about 55 mA cm-2 with a better stability 

as 75% of the overall current remained after 1h. For this 
electrode, most of the current decay was observed during 
the first 10 minutes of electrolysis after which the HOR 
current showed a good stability, retaining 93% over the 
next 50 minutes. Interestingly, the drying time also had 
an influence on the stability of the catalytic response. 
When the layer remained fully hydrated, only 60% of 
HOR activity remained after 1 h while when dried for 
longer, 96% of the initial activity could be retained 
(Figure 6B). CVs were recorded before and after CA 
measurements to compare the changes in electrocatalytic 
response after prolonged operation (Figure S20). For both 
fully hydrated and partially dried layers the 
electrocatalytic responses decrease both in the HER and 
HOR regimes after electrolysis while remaining very sta-
ble with the electrode dried for longer. These results sug-
gests that the initial lack of stability of the hydrated layers 
is not caused by the degradation of the catalytic center 
upon cycling, as the electrocatalytic response is stable in 
the case of the dried layer. The leaching out in the aque-
ous electrolyte of unspecifically bound NiArg sites in the 
first minutes of CA could explain such decay. In fact, ICP 
measurements performed on the film post-CA only al-
lowed to observe 73% of the overall initial NiArg loading 
but corresponding to 90% of the electrochemically wired 
NiArg (Figure S10). Alternatively, change in the electrode 
nanostructure within the hydrated layer over the course 
of the experiment could also explain this drop in activity, 
potentially following the drying of the layer under con-
stant gas flow or the flooding of the film with the aqueous 
electrolyte.  

The HOR activity of the NiArg|PyCO2H|MWCNTs|GDL 
electrodes was finally studied at higher temperature in 
acidic electrolyte (0.5 M H2SO4) and with an H2 feed at 
the back of the working electrode to approach relevant 
operating temperatures for PEMFC (Figure 7). The meas-



 

ured catalytic currents raised significantly with tempera-
ture, reaching record current densities for molecular HOR 
catalysis of  395 ± 30 mA cm–2 at η = 0.4 V and at 55°C 
(Figure 7B). Considering a surface coverage of  NiArg = 80 
± 10 nmol cm–2, experimental TOFs of 25 s–1 at 55°C for 
HOR can be calculated, a 2-fold increase over TOFs ob-
tained at room temperature (14 s–1, Figure S18). This corre-
sponds to a maximum TOF value of 64 s–1 when consider-
ing an apparent loading of 32 ± 4 nmol cm–2 (see above). 
Moreover, high catalytic currents of 150 ± 20 mA cm–2 
were obtained at η = 0.1 V. This series of measurements 
allowed to estimate the corresponding activation energy 
to about 19 kJ mol–1, close to previously reported values 
for parent Ni complexes62,68 or Pt-based catalyst integrat-
ed in membrane electrode assemblies (Figure S21).73,84 
This relatively low activation energy indicates that the 
observed catalytic response is probably not limited by the 
intrinsic turnover frequency of the catalyst but rather by 
substrate and product diffusion limitations within the 
film.68 The stability of the catalytic currents at 55°C could 
not be properly assessed due to fast gas bubbles for-
mation at the surface of the electrode during measure-
ment. Moreover, considering a maximum catalyst loading 
of 80 nmol cm–2, mass activities of these anodes could be 
estimated at 14 ± 2 and 32 ± 4 A mgNi

–1 at 25°C and 55°C 
respectively, and at η = 0.1 V. At η = 0.4 V, mass activities 
rise to 40 ± 4 and 83 ± 6 A mgNi

–1 at 25°C and 55°C, respec-
tively (Figure 7 and S22). These mass activities now stand 
at less than 1 order of magnitude from the best mass ac-
tivities obtained for ultra-low loading Pt-based anodes for 
HOR.72,73 

 

Figure 7: A) CVs traces and B) Average current densities 
taken from CVs at 0.1 V and 0.4 V vs RHE for the 
NiArg|PyCO2H| MWCNTs|GDL electrodes with 10 mM 
PyCO2H and 10 mM NiArg under an H2 gas feed at the work-
ing electrode in 0.5 M H2SO4, pH 0.3 at 25; 35; 45 and 55 °C (ν 
= 20 mV s

–1
). CVs initial starting potential was the OCP and 

the initial scanning direction was cathodic; Mass activities 
were calculated based on a 80 nmol cm

–2
 catalyst loading for 

the best performing anodes. 

Conclusion 

This work describes an innovative non-covalent integra-
tion of a Ni-based molecular catalyst for HOR to 
MWCNTs films deposited onto GDL electrodes. This mild 
functionalization strategy allowed for a highly controlled 
and efficient catalyst loading at the surface of the 
MWCNTs, to reach high catalyst surface concentrations 
above 80 nmol cm–2. In addition, the influence of the 

hydration level of the catalytic active layer on the 
electrocatalytic HOR performances of the electrodes was 
also studied. Control of the “wettability” of the layer al-
lowed to reach new records for molecular HOR 
electrocatalysis. Industrially-relevant catalytic current 
densities as high as 210 ± 20 mA cm–2 at 25°C and up to 
390 ± 30 mA cm–2 at 55°C could be reached at η =0.4 V, 
with the best performing NiArg|PyCO2H| MWCNTs|GDL 
anode (10 mM PyCO2H, 10 mM NiArg and 5 min drying). 

These results are not only setting new benchmark for 
electrocatalytic molecular HOR, but also new standards 
in the field of molecular electrocatalysis, where only few 
studies have reported reaching such current densities, in 
the range of the 100s mA cm–2. Following recent examples 
focused on molecular CO2 electroreduction,85,86 this work 
also highlights the great potential of molecular 
electrocatalysis to reach technologically relevant current 
densities for energy conversion, through appropriate 
electrode design and catalyst integration. The next step 
will involve tackling the stability issue of these modified 
electrodes, as well as their integration into membrane 
electrode assemblies and their subsequent operation in 
fully functional PGM-free PEMFCs.70  
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