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Reduced size and direct electrochemical H2 compression are two distinct advantages of electrolyzers 

based on the acid-polymer electrolyte membrane technology over those relying on alkaline electrolytes. 

However, recourse to catalysts based on the scarce platinum-group-metals has hitherto been the price to 

pay. While transition metal sulfides and nitrides of group VI have recently shown interesting activities for 10 

H2 evolution, the remaining activity gap with Pt needs to be reduced. Platinum owes its high activity to its 

optimum metal-hydrogen bond strength for H2 evolution, which is a proven descriptor of the activity on 

single-component catalysts. Here, we unravel a major synergetic effect between gold and molybdenum 

nitride which multiplies the hydrogen evolution activity ca 100 times over that of either gold or 

molybdenum nitride. This two-phase catalytic material, featuring both strong and weak metal-hydrogen 15 

bonds, overcomes the limitations described by Sabatier’s principle for single-component catalysts. 

Introduction 

While solar and wind energies could in principle satisfy the lion’s 
share of the global energy demand,1 their integration in the power 
grid is challenged by intermittent power production. Electrolyzers 20 

can be used to reversibly store such electrical energy in the form 
of dihydrogen.2 Alkaline and proton-exchange membrane (PEM) 
electrolyzers are appropriate for intermittent H2 production, even 
though both require electrocatalysts to reach a high efficiency. 
PEM electrolyzers, owing to the solid polymer-electrolyte 25 

membrane, offer the advantages of delivering electrochemically 
pressurized ultra-pure H2 at very high current densities.3,4 
Even though the cathodic hydrogen evolution reaction (HER) in 
acid medium is facile on platinum-group metals (PGMs),5-6 a 
large-scale deployment of PEM electrolyzers would require 30 

significant amounts of such metals. Beside the cost issue, limited 
supply of PGMs is a strong incentive to search for alternative 
catalysts. In this respect, transition metal carbides and nitrides of 
group VI have attracted much interest.7-10 Regarding the HER in 
acid medium, the earliest reports featured bio-inspired 35 

molybdenum sulfides as synthetic analogues of the FeMo-
cofactor in nitrogenase enzyme.11,12 Later, MoS2 nanostructures 
with many edge sites showed improved activity.12-17 
Molybdenum boride and carbide have also shown high HER 
activity in basic and acid media,18-20 paralleling the attractive 40 

activity and stability in acid medium of W- or Mo-nitrides.21,22 
Mo- or W-based carbides, nitrides and sulfides are however still 
less active for the HER than PGMs. The latter owe their high 
intrinsic activity to an appropriate metal-hydrogen (M-H) bond 
strength for this reaction.5,23 Another approach for designing 45 

HER catalysts has involved combining elements having a higher 

M-H bond strength than PGMs, e.g. Mo, with elements having a 
lower M-H bond strength, e.g. Ni, each element being selected to 
catalyze a targeted step of the HER. Examples based on this 
approach comprise the Ni(Co)Mo alloys,24,25 and recently 50 

NiMoNx binary metal nitrides with higher stability in acid 
medium.21 In this approach, gold is an interesting element to 
combine with Mo due to its weak bonding of hydrogen 
adatoms.5,23,26 In this work, we report on a major synergetic effect 
between γ-Mo2N nanoparticles and gold, leading to improved 55 

HER activity in acid medium. The best Au/Mo2N/C catalyst 
showed a 170-200 mV positive shift relative to both Au/C and 
Mo2N/C and trailed the polarisation curve of a 70 wt. % Pt/C 
catalyst by only 30 mV at 1 mA·cm-2. The HER on Au/Mo2N/C 
likely proceeds with the first electron transfer occurring on γ-60 

Mo2N, followed by surface diffusion of hydrogen adatoms to 
gold atoms or particles where H2 is rapidly evolved via the Tafel 
or Heyrovski pathway. 

Experimental 

Catalyst synthesis 65 

We used the ZnII zeolitic imidazolate framework (ZnN4C8H12, 
Basolite Z1200, labelled Z8), furfuryl alcohol (FA), MoII acetate 
(MoIIAc) and 1,10-phenanthroline (phen). Z8 was impregnated 
with FA. The resultant mixture was stirred for 24 h, filtered and 
washed with mesitylene to remove excess FA. The resulting 70 

powder was labelled Z8FA. We then prepared Mo/phen/Z8FA 
catalyst precursors of weight compositions 3/20/80 and 6/20/80 
(mZ8FA = 800, mphen = 200, mMoAc = 69 and 138 mg, respectively). 
The suspension was stirred, then slowly evaporated and dried at 
80ºC overnight. The dry powder was then ball-milled in a 75 
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zirconium oxide crucible filled with 100 zirconium oxide balls of 
5 mm diameter to form the catalyst precursor. The vial was sealed 
under air and placed in a planetary ball-miller to undergo 4 cycles 
of 30 min of ball-milling at 400 rpm. The catalyst precursor was 
then placed in the oven and ramp-heated (5 ºC·min-1) under 5 

flowing Ar to 1050 ºC and held at this temperature for 1 h. A 
reference Mo-free N-doped carbon was also synthesized 
according to the same procedure. The nomenclature to identify 
the catalysts is as follows: MoA/B/C-Z8FA-1050, where A is the 
weight percentage of Mo in the catalyst precursor, B/C the mass 10 

ratio of phen/Z8FA and 1050 the temperature of pyrolysis in Ar. 

Physico-chemical characterization 

High Resolution TEM experiments were performed on a I2TEM 
(HF 3300C) Cs corrected microscope working at 200kV. Samples 
were also investigated with scanning transmission electron 15 

microscopy on a JEM-2200FS microscope. X-ray diffraction was 
conducted using a PANanalytical X’Pert Pro powder X-ray 
diffractometer. Mo K-edge XANES and EXAFS spectra were 
recorded at room temperature in transmission mode at the 
SAMBA beamline of the SOLEIL synchrotron.27 The EXAFS 20 

data analysis was performed with the GNXAS code which is 
based on the theoretical calculation of the X-ray absorption fine 
structure signal and a subsequent refinement of the structural 
parameters. In the GNXAS approach, the interpretation of the 
experimental data comprises the decomposition of the χ(k) signal 25 

into a summation over n-body distribution functions γ(n) 

calculated by means of the MS theory.28,29 XPS spectra were 
recorded with a Physical Electronics PHI 5701 spectrometer. 
Non-monochromatic Mg Kα X-ray was used as the excitation 
source. Fitting of the Mo3d spectrum involved three Mo species 30 

and hence 6 apparent peaks due to spin splitting. The constraints 
applied to the Mo3d fitting were i) 5/2 to 3/2 peak-to-peak 
separation of 3.13 eV and ii) Mo3d3/2 to Mo3d5/2 area ratio of 2/3. 

Rotating-disk electrode measurements 

A saturated calomel electrode (SCE) was used  as  a  reference  35 

electrode, and unless otherwise stated a gold wire (0.5 mm 
diameter, 99.95 % pure) as a counter electrode. The SCE was 
calibrated against a reversible hydrogen electrode (RHE). For the 
Mo/N/C or N/C catalysts, the ink contained 10 mg of catalyst, 95 
µl of a 5 wt.% Nafion® solution and 350 µl of ethanol. Next, an 40 

aliquot of 7 µl was deposited onto the glassy carbon disk, leading 
to a loading of 800 µgMo/N/C⋅cm−2. A Pt/C catalyst (Tanaka, 70 
wt% Pt/C, 3 nm Pt particles) was used as a reference. The ink for 
Pt/C included 5 mg of catalyst, 20 µL of a 5 wt. % Nafion® 
solution, 242 µL ethanol and 10 µL H2O. An aliquot of 5 µl was 45 

deposited on the glassy-carbon disk, resulting in a loading of 328 
µgPt·cm−2. The HER polarization curve was measured at 1500 
rpm and at a scan rate of 1 mV·s-1 in a N2-saturated electrolyte. 
All curves are compensated for the ohmic drop. 

Results and discussion 50 

Characterization of pristine catalysts 

The catalysts Mo3/20/80-Z8FA-1050 and Mo6/20/80-Z8FA-1050 
were synthesized according to the method described in the 
experimental section. The mass loss during pyrolysis was 68-70 
wt. % due to C, N and Zn volatile products formed during the 55 

 
Fig. 1. Structural characterization of pristine catalysts . a) Powder X-ray 
diffractograms measured with the Cu Kα radiation and reference X-ray 
diffraction lines for γ-Mo2N (JCPDS file 25-1366) and graphite (JCPDS 
file 75-1621), b) High-resolution TEM image of Mo3/20/80-Z8FA-1050 60 

showing a molybdenum nitride nanoparticle with cubic ordering of the 
Mo atoms on the disordered N-doped carbon support, c-d-e) STEM 
mapping on a single catalytic particle for Mo, N and O, respectively. 

transformation of Z8FA and phen into a high surface-area carbon 
material.30 This resulted in ca 9 and 20 wt. % Mo contents in the 65 

final catalysts derived from the 3 and 6 wt. % Mo precursors, 
respectively. Figure 1a shows the X-ray diffraction patterns for 
these two Mo-based catalysts. All peaks could be assigned to 
graphite and γ-Mo2N. However, the diffraction peak at ca 42.5° 
results from the superimposition of the 101 graphite and 200 γ-70 

Mo2N reflections. The average size of the Mo2N crystals is 
identical in both catalysts, 15.4-16.8 Å, as determined from the 
Scherrer equation. In γ-Mo2N, molybdenum atoms define a face-
centered cubic structure while nitrogen atoms randomly occupy 
half of the interstitial octahedral sites.31 The square arrangement 75 

of Mo atoms was confirmed by TEM (Fig.1b). The particle size 
observed with TEM is similar to the average crystal size 
determined with XRD, suggesting that particles are single 
crystals. Noteworthy, assuming a cubic shape, a particle size of 
16.6 Å corresponds to edges involving only 5 Mo atoms 80 

separated by a Mo-Mo distance of 4.16 Å, the unit-cell parameter 
of γ-Mo2N. Such a cube with fcc structure contains 365 Mo 
atoms, of which 194 (ca 50 %.) sit on the top-surface. On a 
mesoscopic scale, the distribution of Mo, N and O-atoms is 
uniform (Fig.1-c-d-e). While N and O hetero-atoms from the 85 

carbon support also contribute to the STEM signal, the match 
between the signal intensities of Mo, N and O suggests that the 
majority of N and O-atoms are located in or on γ-Mo2N particles. 
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Figure 2. X-ray absorption characterization. a) K-edge XANES spectra of a) the reference Mo-foil, b) Mo3/20/80-Z8FA-1050, c) MoO2 , d) MoO3 (oxides 
digitalized from Ref. 32), b) Correlation between the Mo oxidation state and the position of the second peak in the XANES spectra (indicated by the 5 

arrows in panel a), c) Magnitude of the k2-weighed Fourier transform of the EXAFS signal for Mo3/20/80-Z8FA-1050 (dots) and its fitting (solid line),   
d) k2-weighed EXAFS function for Mo3/20/80-Z8FA-1050 and its fitting (solid line). 

Next, the X-ray absorption near-edge structure (XANES) and 
extended X-ray absorption fine structure (EXAFS) spectra were 
recorded on Mo3/20/80-Z8FA-1050 (Fig. 2). The correlation 10 

between the Mo K-edge position and oxidation state 32 enabled us 
to determine an average oxidation state of 4.5 for Mo atoms (Fig. 
2b). The Fourier-transform radial distribution function (Fig. 2c) 
shows a first peak arising from Mo-N and/or Mo-O interactions, 
and a second and third peak assigned to backscattering from Mo 15 

atoms. Structural parameters of the first coordination sphere 
obtained from EXAFS fitting matched those of γ-Mo2N 
(supplementary Table S1). However, to improve the agreement 
between the calculated and experimental spectra, an additional 
short Mo-O bond was required. The fitted value of 1.77 Å is 20 

typical for Mo-O bond lengths.33 The average coordination 
number for Mo-Mo in the second coordination sphere is only 4.7, 
instead of 12 for bulk Mo2N. This is due to the large fraction of 
surface Mo atoms with low coordination. On the other hand, the 
average coordination number of 4.0 for Mo-N suggests that the 25 

Mo2N structure is terminated with N-atoms on the surface. 
Moreover, the average coordination number of ca 1.5 assigned to 
Mo-O suggests that the surface layer is oxygen-rich, which was 
previously indicated by STEM (Fig. 1e).34 
The Mo oxidation state and O-content in Mo3/20/80-Z8FA-1050 30 

and Mo6/20/80-Z8FA-1050 were further investigated with X-ray 
photoelectron spectroscopy (XPS), supplementary Fig.S1. 
Deconvolution of the Mo3d spectra involved three species 
resulting in six apparent peaks due to spin-splitting. Binding 
energies (BE) of 228.8, 229.9 and 232.5 eV for the Mo3d5/2 level 35 

were assigned to Moδ (1.5 < δ < 3), MoIV and MoVI, respectively 
(supplementary Table S2).35 The Mo3d spectrum resembles that 
previously reported for passivated Mo2N nanoparticles.36 Next, 
the O1s narrow scan spectra were deconvoluted with three BE of 

530.8, 532.6 and 534.4 eV. They are assigned to metal-bound 40 

oxygen, C=O groups on carbon or adventitious oxygen37,38 and C-
O-H or C-O-C groups,37 respectively. With 40-60% of the O-
atoms bound to Mo in the two catalysts, the XPS data support the 
presence of oxygen in the Mo2N particles, which was previously 
inferred from the STEM-mapping and from EXAFS fittings. 45 

Electrochemical activity for H2 evolution 

Figure 3 shows polarization curves for the HER before/after 1000 
electrochemical cycles from -0.6 to +0.4 V vs. a saturated 
calomel electrode (SCE). Both Mo3/20/80-Z8FA-1050 and 
Mo6/20/80-Z8FA-1050 show a major improvement in HER 50 

activity after the cycling (Fig.3a, arrows), but the improvement is 
even larger for Mo6/20/80-Z8FA-1050. For the measurements 
reported in Fig. 3a, a gold wire was used as a counter electrode 
(CE) during the electrochemical cycling. In order to provide 
evidence for the gold promotion during cycling, the gold wire 55 

was replaced by a graphite rod for another series of 
measurements. Figure 3b reports the HER activity before and 
after cycling Mo3/20/80-Z8FA-1050, when using a graphite rod 
as a CE. Here, a negligible activity enhancement was observed on 
Mo3/20/80-Z8-1050, thereby demonstrating the role played by 60 

gold for the activity enhancement during cycling. A second test 
experiment was designed in order to identify whether the high 
activity observed after cycling might be due to gold alone. The N-
doped carbon obtained from the pyrolysis of Z8FA and phen was 
selected for that purpose (Mo0/20/80-Z8FA-1050). Figure 3c 65 

shows that some activity enhancement was also observed on 
Mo0/20/80-Z8FA-1050. However, the final HER activity 
(potential at -1 mA cm-2) after cycling is 100 and 200 mV below 
that of Mo3/20/80-Z8FA-1050 and Mo6/20/80-Z8FA-1050, 
respectively (Fig. 3a). Hence, electrochemical activation of Mo2N 70 
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Figure 3. Hydrogen evolution reaction on Mo-based catalysts and N-
doped carbon. Polarization curves before and after electrochemical 

cycling (short dashed lines and solid lines, respectively) for a) 
Mo3/20/80-Z8FA-1050 (red) and Mo6/20/80-Z8FA-1050 (purple); gold 5 

counter electrode, b) Mo3/20/80-Z8FA-1050; graphite counter electrode, 
c) Mo0/20/80-Z8FA-1050; gold counter electrode. 0.1 M H2SO4 

electrolyte, scan rate 1 mV s-1, rotating speed 1500 rpm, catalyst loading 
800 µgMo/N/C cm-2, 1000 cycles were performed at 100 mV s-1 from -0.6 to 
+0.4 V vs. SCE (-0.29 to + 0.71 V vs. RHE). The reference Pt/C catalyst 10 

(dot-dash-dot line) is a commercial 70% Pt/C catalyst (Tanaka) measured 
in 0.1 M HClO4 solution, loading 328 µgPt cm-2 

nanoparticles with gold explains the high HER activity observed 
after cycling (Fig. 3a). Promotion by gold is understandable if the 
gold CE releases metal cations subsequently electrodeposited on 15 

the working electrode (WE). Indeed, when the WE is polarized 
between -0.6 and +0.4 V vs. SCE (-0.29 to + 0.71 V vs. RHE), the 
reduction current generated during the cathodic polarization 
imposes an oxidation current at the CE. The main oxidation 
current at the gold CE is gold anodic dissolution. Gold cations 20 

released in the electrolyte are then electro-reduced at the WE 
since the entire range of potential imposed on the WE during 
cycling is below the equilibrium potential for Au3+/Au, 1.53 V vs. 
NHE. The process by which the metal from the CE is re-
deposited at the WE has previously been applied to investigate 25 

the effect of Pt-on-Au for the HER activity.39 In the present case, 
the condition sufficient for gold electro-deposition during cycling 
of the WE is Elow < Eonset, where Elow is the lowest potential of the 
WE during cycling and Eonset the onset potential of the HER at the 
WE. If Elow > Eonset, the WE never generates a reduction current 30 

during cycling. Indeed, no activity enhancement occurred with 
Mo6/20/80-Z8FA-1050 when using a gold CE if Elow was raised  

 
Figure 4. Electrochemical identification of gold vs. the number of 

activation cycles (0, 500, 750, 1000, 1250 cycles). a) 50 mV s-1 gold-35 

identification voltammetry on Mo6/20/80-Z8FA-1050 vs cycle number, 
b) Reduction peak assigned to a gold-oxide monolayer (zoom of panel A) 
vs cycle number, c) HER polarization curve measured at 1 mV s-1 vs cycle 

number, d) HER activity as a function of the gold surface area. Data 
points are labelled by their corresponding cycle number. 0.1 M H2SO4 40 

electrolyte, 1500 rpm rotation, catalyst loading 800 µgMo/N/C cm-2. Cycling 
was performed at 100 mV s-1 from -0.29 to + 0.71 V vs. RHE for 500 
cycles, then by steps of 250 additional cycles, without changing the 

electrolyte. All other experiments were performed in fresh electrolyte. 
Arrows indicate trends with increased cycling number. 45 

from -0.29 to +0.17 V vs. RHE (supplementary Fig.S2a). The 
HER activity can be conveniently quantified with the electric 
potential necessary to reach -1 mA cm-2. With that definition, the 
HER activity of Mo3/20/80-Z8FA-1050 before cycling is -260 
mV vs. RHE, similar to that reported by Adzic’s group for δ-50 

MoN/Vulcan.21 The activity of Mo6/20/80-Z8FA-1050 increased 
from -205 to -20 mV vs. RHE during 1000 cycles. The latter 
activity is only 30 mV below that for 70 wt. % Pt/C (Fig.3) and 
higher than any previously reported HER activity for Mo-based 
or non-PGM catalysts (supplementary Table S3). While being a 55 

precious metal, gold does not belong to PGMs and its average 
production worldwide is 14 times larger than that of Pt. 

Characterization of gold-promoted Mo2N/C catalysts 

Following this preliminary understanding, the presence of gold 
after cycling was verified electrochemically. Using a gold CE, 60 

Mo6/20/80-Z8FA-1050 was activated in the potential range -0.29 
to + 0.71 V vs. RHE. After 500 such cycles, the WE was 
transferred to a clean electrolyte and a new HER polarisation 
curve was recorded at 1 mV·s-1 while voltammetry in the range of 
0.0 to 1.75 V vs. RHE was performed at 50 mV·s-1. The latter 65 

voltammetry captures redox peaks characteristic of oxidation of a 
monolayer of the gold surface to AuO (1.2-1.6 V vs. RHE) and its 
reversible reduction (0.85-1.25 V vs. RHE).26 Figure 4a shows 
such voltammograms after 0, 500, 750, 1000 and 1250 activation 
cycles. The initial voltammogram does not show any gold peak 70 

and the broad redox peak at 0.3/0.7 V vs. RHE is assigned to 
passivated Mo2N. After 500 activation cycles, a well-defined 
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peak assigned to gold reduction is observed at 1.18 V vs. RHE 
(Fig. 4b), while the oxidation peaks at 1.33 and 1.5 V vs. RHE are 
poorly defined compared to those observed on pure Au 
surfaces.26 From the charge below the Au-reduction peak (Fig.4b) 
and the charge of 390 µC cm-2 known for polycrystalline gold,40 5 

the gold surface area could be estimated. As shown in Fig.4d, it is 
positively correlated with the increase in HER activity. 
The spatial distribution of electrodeposited gold and the 
hypothetical existence of Mo-Au bonds were then investigated 
with STEM and EXAFS (Fig. 5). The catalyst Mo6/20/80-Z8FA-10 

1050 after 500 cycles shows a homogeneous distribution of 
molybdenum and gold atoms on the N-doped carbon support 
(Fig. 5a-b). While informative, the STEM image does not allow 
us to conclude on the existence or absence of Mo-Au bonds. This 
was further investigated with EXAFS. The EXAFS signal at the 15 

Mo K-edge could be fitted without any contribution from Mo-Au 
interactions (Fig. 5c and supplementary Table S1), while XANES 
at the Au L3-edge is identical to that of a gold foil (Fig. 5d). In 
conclusion, the X-ray absorption data on the cycled Mo6/20/80-
Z8FA-1050 catalyst shows that gold atoms are present as gold 20 

nanoparticles, and atomic Mo-Au bonds are not detected. Thus, 
the observed HER activity enhancement after cycling likely arises 
from a short average distance between Mo2N and gold 
nanoparticles, enabling a synergetic catalytic effect toward the 
HER. This hypothesis also explains the larger improvement in 25 

HER activity observed for Mo6/20/80-Z8FA-1050 than for 
Mo3/20/80-Z8FA-1050 (Fig.3a). Both the higher Mo loading and 
the lower specific surface area of the N-doped carbon in the 
former catalyst (454 vs. 705 m2g-1) likely result in a shorter 
average distance between Mo2N and Au particles after cycling. 30 

In order to estimate the average size of the electrodeposited gold 
particles, TEM images of Mo6/20/80-Z8FA-1050 were recorded 
after 500 and 1000 cycles (Fig. 6). In Fig. 6a, the nanoparticle 
size is monodisperse, suggesting that the Au nanoparticles 
deposited after 500 cycles have an average size similar to that of 35 

the Mo2N nanoparticles, ca 2 nm. In contrast, after 1000 cycles, 
gold spherical particles about 20 nm in size are observed while 
Mo2N rafts ca 2.0 nm in size are still visible on HR-TEM images 
(not shown). Thus, the size of the electrodeposited gold particles 
increases with increased cycling. This explains the shape of the 40 

plot of activity vs gold area (Fig.4d). Initially gold is deposited as 
2 nm particles, and the average distance between Mo2N and Au 
particles strongly decreases (0-750 cycles). In a second stage, 
gold electrodeposition occurs mainly on pre-existing gold 
particles, which affects less the average distance between Mo2N 45 

and Au particles. Consequently the increase in HER activity is 
slowed down (> 750 cycles, Fig.4d). Last, from the average Au 
particle size of 20 nm after 1000 cycles and from the gold area 
(ca 50 cm2/mgMoNC after 1000 cycles, Fig. 4d), we estimated the 
gold loading to be 254 µg cm-2 after 1000 cycles. This is slightly 50 

less than the Pt loading used for the Pt curve in Fig. 3, 328 µgPt 
cm-2. From these loadings and assuming the Au and Pt 
nanoparticles to be spherical with respective diameters of 20 and 
3 nm, the geometric current density could be converted into a 
surface specific activity. From Figure S3a, the surface specific 55 

activities at -0.05 V vs. RHE were found to be 0.06 mA cm-2
Au 

and 0.086 mA cm-2
Pt for Au/Mo2N/C and Pt/C, respectively. 

 
Figure 5. Microscopic and spectroscopic identifications of Mo and Au in 

Mo6/20/80-Z8FA-1050 after 500 cycles. a) STEM mapping for Mo in 60 

Mo6/20/80-Z8FA-1050, b) STEM mapping for Au in Mo6/20/80-Z8FA-
1050, c) k2-weighed EXAFS function at the Mo K-edge (circles) and its 
fitting (solid line), d) XANES spectra at the Au L3-edge for a gold foil 
(dashed line) and for Mo6/20/80-Z8FA-1050 (solid purple line). 0.1 M 

H2SO4 electrolyte, rotating speed 1500 rpm, catalyst loading 800 µgMo/N/C 65 

cm-2. The cycling was performed at 100 mV s-1 from -0.6 to +0.4 V vs. 
SCE for 500 cycles and using a gold counter electrode. 

 
Figure 6. TEM image of Mo6/20/80-Z8FA-1050 after a) 500 cycles, b) 
1000 cycles. The catalyst was cycled at 100 mV s-1 from -0.6 to +0.4 V 70 

vs. SCE in 0.1 M H2SO4, rotation 1500 rpm, gold counter electrode. 
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Hydrogen evolution mechanism 

To discuss the HER mechanism, we adhere to the formalism for 
multistep electrochemical reactions reported by Fletcher.41 The 
elementary steps are: 
H3O

+ → H+
ads + H2O  Adsorption (1) 5 

H+
ads + e → H•

ads   Volmer  (2) 
H•

ads → H•
ads   Diffusion  (3) 

2 H•
ads → H2   Tafel  (4) 

H•
ads + H3O

+ + e → H2 + H2O Heyrovski (5) 
 10 

The reaction may proceed according to the reaction path 1-2-4 or 
1-2-5, known as the Volmer-Tafel and Volmer-Heyrovski 
mechanisms. The diffusion step 3 shows the possibility for 
hydrogen adatoms to diffuse from one type of surface to another. 
In each of the two mechanisms, either the first electron transfer 15 

(2) or the following step (4 or 5) may be the rate-determining step 
(rds). This predicts Tafel slopes of 120/(1-∆) mV·dec.-1 if (2) is 
the rds, 30 mV·dec.-1 if (4) is the rds and 120/(3-∆) mV·dec.-1 if 
(5) is the rds; with ∆ defined by β = 0.5x(1-∆) where β is the 
cathodic symmetry factor of the electron transfer during the rds. 20 

In general, ∆ is within the range ± 0.2. The Tafel slopes of the 
Mo-based catalysts after gold electro-deposition are in the range 
of -78 to -67 mV·dec.-1 (Fig.S3a). These experimental slopes do 
not correspond to any of the above predicted Tafel slopes. This 
mismatch can be explained if the diffusion step (3) is the rds. It is 25 

proposed that reactions (1-2) occur on the Mo2N surface, 
followed by the diffusion of hydrogen adatoms to the nearest gold 
atom or surface where either reaction (4) or (5) closes the HER 
mechanism. This mechanism leads to a theoretical Tafel slope of 
60 mV·dec.-1 if (3) is the rds.41 This mechanism has been 30 

recognized in various instances42,43 and is in agreement with the 
experimentally measured Tafel slopes of the most active catalysts 
of the present work. It also explains the match between the HER 
onset potential on Au/Mo2N/C and the onset potential for the 
hydrogen electrochemical adsorption on Mo2N (Fig.S2d). The 35 

synergetic effect of Au and Mo2N may also explain the recently 
reported enhanced HER activity (+50 mV) for MoS2 or WS2 
following their decoration with Au-nanoparticles44 or deposition 
on a gold surface.45 It may also explain the higher turnover 
frequency for MoS2 nanostructures deposited on Au(111) relative 40 

to other MoS2 nanostructures.14,46 In the present work on Mo2N 
however, the magnitude of activity enhancement due to gold is 
much larger (+180 mV). 

Conclusion 

Tremendous synergy between gold and Mo2N particles for the 45 

HER is reported, leading to the best HER activity in acid medium 
reported so far for both non-PGM catalysts and gold-promoted 
non-PGM catalysts. The synergy arises from the combination of 
Mo2N strongly binding hydrogen with Au, having a low affinity 
for hydrogen atoms. This combination overcomes the non-50 

optimum metal-hydrogen bonding energy intrinsic to Mo and Au, 
as is visible on the volcano plot reflecting Sabatier’s principle. 
While gold is a precious metal, its production in 2013 was 14 
times that of platinum and also more widespread geographically. 
Replacing platinum by gold for the HER in acid medium would 55 

therefore be beneficial from a resources viewpoint. Ideally, 

catalysts free of any precious metals and with Pt-like activity 
need to be developped and tested in PEM electrolyzers. The 
present example of strong synergetic effect may be sought for 
non-precious metal catalysts as well. 60 
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