
1 

 

Superior Performance of Ag over Pt for Hydrogen Evolution Reac-
tion in Water Electrolysis under High Over-potentials  
Jiaying Mo,a Bozhidar I. Stefanov,a Thomas H. M. Lau,a Tianyi Chen,a Simson Wu,a Zhiqiang Wang,b 
Xue-Qing Gong,b Ian Wilkinson,c Günter Schmid,d and Shik Chi Edman Tsang a* 

a The Wolfson Catalysis Centre, Department of Chemistry, University of Oxford, Oxford, OX1 3QR, UK 
b East China University of Science and Technology, Shanghai, 200237, China 
c Siemens plc, CT NTF, Wharf Road, Oxford, OX29 4BP, UK 
d Siemens AG Erlangen-Süd, D-91052 Erlangen, Germany 

ABSTRACT: There has been a substantial research effort worldwide to develop non-noble metal catalysts in electrolysers for H2 
production from renewable energy sources. Pt catalysts are found to display the highest hydrogen evolution reaction (HER) activity 
under typical experimental conditions with relatively low acidity and over-potentials. However, it is noted that catalytic activity is 
highly dependent on acidity and applied potential used. In real practice of a high workload electrolyser high acidity and large nega-
tive potentials are required to optimize the HER activity. We hereby report that inexpensive silver catalysts, particularly the cubic 
form of silver nanoparticles, can clearly exhibit superior HER activity over Pt with a different rate determining step in an electro-
lyser when such conditions are reached. This is attributed to the weaker Ag-H bond at the surface than Pt-H which is more favora-
ble for H recombination to form H2. It is thus believed that this study provides new insights into designing economical and highly 
efficient catalysts that can replace the expensive noble metal analogues in a working electrolyser. 

1. INTRODUCTION 
    Energy supply is one of the most significant global prob-
lems. The use of fossil fuels is not an ultimate solution due to 
their emission of pollutants. Extensive research is being car-
ried out to develop a cleaner renewable energy system.1 Hy-
drogen energy appears to be promising among all kinds of 
renewable energy sources, providing a better environment and 
sustainability.2 High-quality hydrogen can be produced by 
water electrolysis based on renewable energy sources (photo-
voltaic, wind, tidal wave, ground heat, etc.).3 The proton ex-
change membrane (PEM) electrolyser is an efficient industrial 
method to produce large quantities of hydrogen without emit-
ting traditional by-products associated with fossil fuels.4  
   In recent years, there have seen a rising interest in this idea 
of converting renewable energy via electrolysis into storable 
and transportable energy chemicals, also termed Power-to-
Chemical such as methanol from H2 and CO2, ammonia from 
H2 and N2.

5-7 The significant decrease in the costs of renewable 
electricity and electrolyser and the possibility of carbon taxa-
tion justify the large scale production of hydrogen from water 
in centralised installations in the near future. Briefly, water-
splitting reaction occurs at the anode, producing a large 
amount of H+. The H+ subsequently diffuses through the pro-
ton exchange membrane (PEM) and reaches the cathode under 
applied potential, where it is eventually recombined and re-
duced into dihydrogen (Figure 1). The hydrogen evolution 
reaction (HER) in PEM water electrolysis is commonly cata-
lysed by commercially available but expensive noble metals, 

such as Pt, and Pd. The catalyst itself has already taken up a 
considerable portion of the total system and capital cost, espe-
cially if there is degradation or corrosion of the carbon sup-
port. Thus, one crucial aspect of the development in HER 
technology is to replace the catalysts with earth abundant al-
ternatives to produce hydrogen in a more economical way.  

 
Figure 1. A schematic overview of PEM electrolyser where an-
ode activates H2O to O2 with H+ diffuses across Nafion membrane 
under potential to a cathodic metal catalyst for H2 production. 

   Although there has been large number of researches to de-
velop non-noble metal catalysts for the HER worldwide over 
the past years,8,9 it is still believed that Pt-based catalysts dis-
play the highest activity. This raises the major concern wheth-
er a more active while cheaper replacement for Pt needs to be 
identified to justify the huge research effort. For the case of 
monometallic catalysts, platinum nanoparticles supported on 
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carbon black (Pt/C), e.g. products commercially available 
from ETEK/BASF, Tanaka, and Johnson & Matthey are gen-
erally regarded as the ‘Holy-grail’ catalyst for the HER.10,11 It 
is particularly noted that the catalytic activity of most reported 
HER catalysts has been commonly evaluated by cyclic or line-
ar sweep voltammetry (CV and LSV) in weak acidified solu-
tion at low applied voltage conditions through their Tafel 
slope. But, the potent catalysts are rarely studied in PEM elec-
trolyser under a high workload condition which is more rele-
vant to the real practical conditions. Currently the main chal-
lenge in large scale industrial application of PEM electrolysis 
is to reduce capital and operation costs.12,13 Employing high 
current densities would result in a high H2 output which might 
justify the cost of the electrolyser.13 As far as we are aware, 
modern electrolyser with low internal impedance gives ex-
tremely high faradic efficiency that approaches 100%. As a 
result, the use of higher applied potential could in principle 
end up in higher hydrogen production with low energy losses 
due to non-faradic processes such as internal contact imped-
ance created by membrane and interfaces. Recent advance in 
enabling a long term durability of reactor cell of over 1000 
hours has made possible at a current density of 3-6 A cm-2.14,15 

Silver-based catalyst is well known for its excellent perfor-
mance in electrochemical reactions.16 For example, Tang et 
al.17 has employed silver catalysts on polyaniline (PANi) and 
polypyrrole (PPy) for methanol oxidation reaction in PEMFC 
applications while Gonzalez-Macia et al.18 has used silver-
paste electrodes in the determination of hydrogen peroxide in 
the glucose oxidase reaction. Particularly silver-based cata-
lysts with different morphologies (nanocubes, nanospheres, 
nanowires etc.) have been widely applied in heterogeneous 
catalysis because of the tunable surface active sites on the 
various dominant facets of the metal.19 However, to the best of 
our knowledge, there is no literature reported on the catalytic 
performance of morphology-controlled silver nanoparticles as 
compared to typical platinum catalysts at high applied poten-
tial for PEM water electrolysis reactions. 
   Commercially available 20 wt% Pt/C (noble metal) from 
Johnson Matthey is generally found to display higher activity 
than Ag catalysts (Group 1B metal) under conditions of low 
acidic of 0.1 mol L-1 H2SO4 and low current densities, such as 
2 mA cm-2 at 80 oC.13 Thus, we investigated whether it gave 
the same catalyst order than Ag catalysts in PEM electrolyser 
in a range of applied potentials compared with the cyclic or 
linear sweep voltammetry (CV and LSV). A series of mor-
phology-controlled silver nanoparticle catalysts (named as Ag 
nanocubes, Ag nanowires and Ag nanospheres) were synthe-
sized,20-22 which was then loaded onto the Vulcan Carbon sup-
port for comparison with the Pt/C in PEM cathode on acidic 
Nafion membrane for hydrogen evolution reaction.  
Herein, we will investigate the cathode electrocatalysts at dif-
ferent current densities from 0 to 3.5 A cm-2 over a range of 
negative applied potentials. At more positive applied poten-
tials regime (-1.0 ~ -2.0 V), it was found that the commercial 
Pt/C catalyst in PEM electrolyser was still larger than all other 
metal catalysts we chose including the Ag nanoparticles. Sur-
prisingly, when more negative potential (-2.5 V) was applied, 

the current density of the Ag catalysts increased dramatically 
to nearly 3.5 A cm-2, giving higher H2 productivity than the 
Pt/C. To understand their exceptional performance at nanopar-
ticle scale, we probed the surface properties and correlated 
them with the electrocatalytic HER activity in a PEM electro-
lyser. 
 
2. EXPERIMENTAL SECTION 
   Catalyst Synthesis. The 20 wt% Ru/C, Pd/C, Au/C were 
synthesized via wet impregnation followed by calcination 
reduction.23-25 The 20 wt% Pt/graphitized carbon (Aldrich) and 
20 wt% Ir/C (FuelCellStore) were commercially available. 
The metal species and loading of 20 wt% metal/carbon were 
confirmed by X-ray Diffraction (XRD) and Thermal Gravi-
metric Analysis (TGA), respectively (Figure S1 and Table S1). 
   The morphology-controlled silver nanoparticles (cubes, 
spheres and wires) were synthesized with the polyol process 
following the methods of Xia et al.20-22 The 20 wt% each form 
of Ag nanoparticle/C was then prepared by loading the as-
prepared morphology-controlled silver nanoparticles onto 
Carbon Vulcan XC72R via wet impregnation. A uniform par-
ticle distribution was confirmed by EDX (Figure S2). The 
morphology of each silver nanoparticle was also checked by 
UV-visible absorption spectrum (Figure S3). 
   Electrolyser Fabrication and Testing. Membrane electrode 
assemblies were fabricated with Nafion 211 membrane sand-
wiched in between the two catalyst electrodes. The Nafion 211 
membranes purchased from FuelCellStore were cut into 2.5x 
2.5 cm2 pieces. These acidic membranes were pretreated by 
soaking in 3% H2O2 at 80 oC for an hour to remove organic 
impurities, further soaking in 0.5 M H2SO4 at 80 oC for an 
hour to ion exchange the membrane completely and finally 
soaking in Millipore water at 80 oC for an hour. After that, the 
20 wt% metal on Vulcan carbon or 20 wt% Pt/C reference and 
Nafion ionomer (5 wt% solution, Aldrich) were mixed in a 3:1 
weight ratio. Separately, the IrO2 catalyst (Aldrich) and Nafion 
ionomer (5 wt% solution, Aldrich) were also mixed in a 3:1 
weight ratio. The 20 wt% metal/C and IrO2 catalyst/ionomer 
mixtures were both dispersed in 3:1 volume ratio mixture of 
isopropanol and DI water. The catalyst/ionomer solutions were 
sonicated for 1h and then deposited on the opposite sides of 
the Nafion membrane by spray casting. The 20 wt% metal/C 
was loaded on the cathode side at 0.4 ± 0.05 mg cm-2 of the 
pure metal and IrO2 catalysts was loaded on the anode side at 
2.5 ± 0.2 mg cm-2 over a 1.5 x 1.5 cm2 active area. The cata-
lyst-loaded Nafion membrane was hot-pressed between carbon 
paper (Sigracet GDL 29BC) at the cathode side and Ti mesh 
(FuelCell Store) and at the anode at 135 oC. The electrolyser 
performance was evaluated at 80 oC and under ambient pres-
sure for all measurements. Deionized water was fed into the 
anode side at a flow rate of 4 mL/min. The polarization curves 
were recorded by a TENMA programmable potentiostat. The 
rate of hydrogen produced can be derived through the meas-
urement of current density.   
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Figure 2. Electrocatalytic measurements of 20% metal/C catalysts in PEM electrolyser. a) Current-Voltage polarization curves of electro-
lyser with different catalysts at T= 80 oC. b) Comparison of three morphology-controlled Ag catalysts with commercial Pt/C catalyst. 20% 
Pt/C (orange line), 20% Ag nanocubes/C (blue line), 20% Ag nanowires/C (yellow line), 20% Ag nanospheres/C (green line) are cathode 
catalysts and the anode catalyst is IrO2 for all MEAs at 80 oC; Cathode: 0.4 ± 0.05 mg cm-2 of the pure metal; Anode: 2.5 ± 0.2 mg cm-2 of 
IrO2 catalysts. Error bars represent the error in using separate electrodes. 

In principle, a reference electrode with high impedance 
can be added to check whether such a two-electrode electro-
lyser assembly is polarized.26 However, we were unable to do 
this for our electrolyser due to the design characteristics. As a 
result, we can only give the overall potential difference be-
tween the two electrodes without quoting the absolute poten-
tials for each electrode. Interestingly, for a comparable electro-
lyser, Brightman and co-workers measured the polarization for 
both electrodes by constructing a NPL reference electrode 
with an added salt bridge. According to their results, there 
were only marginal polarizations in the two electrodes even 
when 1.5-2.0 V was used.26 Cell performance was found to be 
unaffected by the presence of the reference electrode in their 
configuration and no correction was required for ohmic poten-
tial drop. While we acknowledge that there might have a de-
gree of polarization in our electrodes as we were using a high-
er current density, a significantly higher over-potential is re-
quired at the anode than at cathode due to the more facile ki-
netics of hydrogen evolution. Nevertheless, IrO2 was fixed as 
an anode catalyst for OER throughout all the experiments. It is 
therefore believed that the comparative results of different 
cathodic catalysts as shown later will not be affected. Due to 
the internal resistance of the cell, a current efficiency of 80-
85% was reached instead of 100% as shown from our GC 
analysis for the hydrogen production. 

Thermal Gravimetric Analysis (TGA). Thermal gravimet-
ric analysis was carried out using an SDT-TGA Q600 at a 
heating rate of 10 oC /min from 40 oC to 900 oC.  
   Transmission Electron Microscopy (TEM). High-
resolution transmission electron microscopy was carried out 
using a STEM (JEOL JEM-2100F) operated at 200 kV.  
    Scanning Electron Microscopy (SEM). The SEM was 
performed using a Field Emission Scanning Electron Micro-
scope (Tescan MAIA3) operated at 10 kV. 

Linear Sweep Voltammetry (LSV). A three-electrode sys-
tem controlled by µ-AUTOLAB III potentiostat (Eco-Chemie, 

Netherlands) was applied to carry out all the measurements. A 
platinum coil counter electrode and an Ag|AgCl (1 mol L-1 

KCl) reference electrode were used in this study. To prepare 
the working electrode, 4 mg of the electrocatalyst and 80 μL 
of 5 wt% Nafion®117 solution will be dispersed in 1 mL of 
water/ethanol (4:1 v/v) and then followed by 30 min soni-
cation to create a homogeneous ink. The ink was then drop-
coated onto the surface of a glassy carbon electrode with a 
surface diameter of 3 mm. All measurements were calibrated 
with respect to the reversible hydrogen electrode (RHE). 

Density Functional Theory (DFT). All DFT calculations 
were performed using Vienna Ab-initio Simulation Package 
(VASP).27 The exchange-correlation energy and potential were 
described by the generalized gradient approximation (GGA-
PW91).28,29 The kinetic energy cut-off for the wave function 
expanded in the plane-wave basis was set as 400 eV. To opti-
mize the structures, the calculation was performed until the 
maximum force upon each relaxed atom was less than 0.05 
eV/Å. The vacuum height was set as 15 Å to eliminate the 
interaction between neighboring slabs. 
The adsorption energy (Eads) was calculated as follows: 
Eads = Etotal – Esubstrate – Egas-phase adsorbate 
where Etotal is the calculated total energy of the adsorption 
system, Esubstrate is the energy of the clean substrate and Egas-

phase adsorbate is the energy of the gas-phase molecule. 
 
3. RESULTS AND DISCUSSION 
    Catalytic Activities. The electrocatalytic HER performance 
of the 20 wt% metal/C was explored using a PEM electrolyser. 
At the outset of this study, six different 20 wt% metals (Ru, 
Pd, Ir, Au, Ag and Pt) loaded onto the carbon each were used 
as the cathode catalyst in the PEM electrolyser. Figure 2a de-
picts the HER polarization curves of the different metal con-
taining cathode catalysts (error estimations were based on at 
least three repeatable measurements). Clearly, at more positive 
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applied potentials (-1.0 ~ -2.0 V), it is found that the current 
density of 20 wt% Pt/C, the commercial catalyst for PEM 
electrolysis, is indeed larger than all other metal catalysts in-
cluding the Ag nanoparticles. Surprisingly, when more nega-
tive potential (-2.5 V) or higher over-potential is applied, the 
current density of the Ag catalysts increases dramatically to 
nearly 3.5 A cm-2, giving higher H2 productivity. Compared to 
the commercial 20 wt% Pt/C reference, the HER performance 
was improved by 20% in the case of Ag nanoparticles. In or-
der to gain understanding of the tremendous improvement in 
HER activity, surface specific properties of the silver nanopar-
ticles were determined. Different morphologies of the Ag na-
noparticles (cubes, wires and spheres) were then synthesized 
for comparison. Among the morphology-controlled silver na-
noparticles, 20 wt% Ag nanocubes/C shows consistently high-
er current density compared with the commercial 20 wt% Pt/C 
which is comparable to 20 wt% Ag nanowires/C with the same 
metal loading of 0.4 ± 0.05 mg cm-2 for the three catalysts at 
the more negative potential of -2.5 V (Figure 2b, Figure S4). 
As a result, the applied potential of -2.5 V was placed on hold 
to the 20 wt% Ag nanocubes/C, no deactivation was observed 
within the experimental testing time (Figure S5). As far as we 
are aware, the high rate of hydrogen production over Ag cata-
lyst on cathode is not reported. The results clearly demonstrate 
that simple but inexpensive Ag catalysts can outperform the 

‘Holy-grail’ Pt catalyst in PEM electrolyser under high work-
load conditions without noticeable deactivation.  
   Structural Characterizations and Morphological Stabil-
ity. To uncover the macroscopic and microscopic properties 
controlling the observed HER activities, a range of different 
characterization techniques were applied to study the mor-
phology of silver nanoparticles (spheres, wires and cubes). 
   In Figure 3a, it shows the diffractograms of Ag nanowires, 
Ag nanospheres, and Ag nanocubes. Lattice indexing indicates 
that all these Ag structures are in face-center cubic phase. 
Analysis of Ag nanoparticles on flat substrate confirms that 
the as-prepared Ag nanospheres, nanowires and nanocubes, 
are highly crystalline silver (JCPDF 87-0597). For single crys-
talline Ag nanocubes, a significant change in the relative in-
tensity of (111) and (200) peaks in the XRD patterns corre-
sponds to a change in morphology. The intense (200) peak 
(higher ratio of (200) peak to (111) peak) can be ascribed to 
the texturing effect of the ordered nanocubes on the flat sub-
strate. With the preferential orientation <200> perpendicular to 
the substrate, it indicates that most cubes are aligned on the 
substrate with {100} being oriented upward, which corre-
sponds to the observed TEM shown below.30 
 

 
Figure 3. XRD diffractograms, TEM and SEM images of the morphology-controlled Ag nanoparticles. a) XRD profile of silver nanoparti-
cle samples of Ag nanowires, Ag nanospheres, and Ag nanocubes produced for catalysis. b) TEM and HRTEM of 20 wt% Ag cubes on 
carbon with lattice parameter of 0.204 nm (see Figure S8). c-e) TEM images of Ag cubes, Ag wires and Ag spheres with schematic illus-
trations, respectively. In the images, light grey: {111} facets, black: {100} facets, blue: {111} twin planes. f-h) SEM images of the post-
reaction 20 wt% Ag cubes/C, 20 wt% Ag wires/C and 20 wt% Ag spheres/C on carbon paper after HER testing at an applied potential of -
2.5 V. 
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   Figure 3c-e displays the TEM images and the corresponding 
size distribution (Figure S6) of the faceted Ag nanoparticles. 
The average edge length of the nanocubes is shown to be 45 ± 
3 nm whereas the average diameter of the Ag nanowires is 45 
± 2 nm. As for the polycrystalline Ag nanospheres, the aver-
age size is 43 ± 2 nm. The high-resolution TEM image (Figure 
3b) shows the d-spacing value is 2.0Å on termination of Ag 
nanocubes, which can be assigned to the d-spacing of {200} 
facets for the face-centered-cubic (FCC) Ag.31 The <200> axes 
indicates that the Ag nanocubes’ surfaces are bounded by 
{100} facets (Figure S7).32 In contrast, the conventional poly-
crystalline Ag nanospheres are terminated with higher index 
planes and a more thermodynamically favorable Ag (111).32 
    Ag nanowires have a pentagonal cross section, and they are 
composed of five single-crystalline domains separated by 
{111} twin planes and each nanowire has five equivalent flat 
side surfaces. To shed light on the formation of Ag nanowires, 
it has been proposed that they grew from decahedral seed pre-
sent in the early stage of the reaction.33 The actual morphology 
of the seed should be similar in shape to a Mark’s decahedron, 
which can be obtained by elongating the classic decahedron in 
the <110> directions and replacing the edges at the twin 
boundaries with re-entrant surfaces composed of {111} facets. 
This modification both lowers the energy of the decahedron 
and produces {100} planes on its sides.34 The Ag nanowires 
are then formed with {100} side facets and {111} facets ends. 
As the schematic illustration shown above, the Ag nanocubes 
are dominated by the {100} facets and Ag nanowires with 
both {100} and {111} facets and the Ag nanospheres is major-
ity terminated with the high index facets. With the morpholo-
gy-controlled Ag nanoparticles, it allows us to study the HER 
on different exposed Ag surface.35 
   After the testing of the three morphology-controlled 20 wt% 
silver nanoparticles/C, they were also checked by TEM and 
SEM. As seen from Figure 3f-h, post-testing samples were 
imaged by removing the carbon paper from MEA after HER 
catalytic testing at an applied potential of -2.5 V. Also, the 
post-testing catalysts were collected by scrapping the catalyst 

powder from the carbon paper then dispersed in isopropanol 
for TEM (Figure S9). Both techniques indicate the shape and 
average particle size remained the same. The SEM images at 
wider views showed clearly the maintenance of size and mor-
phology of these Ag nanoparticles after the exposure of large 
negative potential for the HER reaction in PEM electrolyser. 
   Structure-Activity Correlations and Electrocatalytic Per-
formance. It is evident from the testing that the 20 wt% Ag 
nanocubes/C and Ag nanowires/C give better catalytic per-
formance on HER than that of the commercial 20 wt% Pt/C at 
the applied potential of -2.5 V but the order is reversed at 
more positive applied potentials. In order to rationalize these 
electrochemical HER performances of morphology-controlled 
Ag nanoparticles catalysts as compared to Pt/C which may 
lead to the development of improved PEM electrolyser, the 
fundamental steps for dihydrogen formation from proton re-
duction should be considered. 
   A typical HER reaction under an acidic medium comprises 
two possible elementary reaction routes, Volmer-Heyrovsky 
and Volmer-Tafel (Figure S10). If the rate determining step 
(RDS) involves M-H bond formation as described in both the 
mechanisms, we encode it as ‘Volmer’ limiting. Conversely, 
RDS involves M-H bond breaking on metal surface to form 
surface dihydrogen where hydrogen gas is then evolved at the 
cathode. It is described as ‘Tafel’ limiting. The rate determin-
ing step indicated by Tafel slope can be used, which is associ-
ated with the binding energy between the metal catalyst sur-
face and hydrogen atoms as previously reported in a typical 
‘volcano’ response.35,36 Pt is generally believed to give the 
optimal M-H bond strength in the volcano at onset potential 
with constant acidity and coverage hence giving the highest 
rate in a catalytic cycle. In fact, in the literature, various Tafel 
slopes dependent on reaction conditions have been reported. 
The 20 wt% Pt/C catalyst exhibits a Tafel slope of 30 mV/dec 

in 0.5 M H2SO4 in CV/LSV at lower overpotential range, 120 
mV/dec under PEM conditions with a wider overpotential 
range and 125 mV/dec in 0.5 M NaOH solution.37,38 Detailed  

 
Figure 4. Different adsorption modes of H on the (a) Pt (100), Pt (111) and (b) Ag (100), Ag (111) surfaces and the corresponding calcu-
lated adsorption energies (Eads, in eV). Dark green sphere: Pt, light blue sphere: Ag, and pink sphere: H. 
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Figure 5. Two possible rate determining steps. a) A schematic 
overview of hydrogen evolution reaction pathway at the cathode 
side. b) Higher Volmer barrier as the rate determing step at more 
positive applied potential. c) Higher Tafel barrier as the rate-
determing step at more negative applied potential for HER on 
cathodic catalyst under acidic conditions. 

microkinetic analysis shows that the electrocatalytic activity is 
strongly dependent on applied pH and potential which in turn 
on surface species coverage.38    
   To gain further understanding on the reaction mechanism, 
the adsorptions of hydrogen at platinum and silver surfaces 
were studied by Density Functional Theory (DFT) calcula-
tions. Different adsorption sites of H at Pt (100), Pt (111), Ag 
(100) and Ag (111) were considered and the calculated results 
are presented in Figures 4a and 4b as well as Table 1. From 
these results, one can clearly see that, at the corresponding 
sites, H is adsorbed more strongly on Pt than Ag for both 
(100) and (111) facets. A schematic overview of hydrogen 
evolution reaction pathway at the cathode side, which is in-
volving Volmer and Tafel RDS, is shown in Figure 5a. Clear-
ly, at more positive applied potential in PEM conditions, the 
H+ flux through the membrane and external current density are 
of limited availability, which makes the Volmer reaction (M-H 
bond formation) rate limiting (Figure 5b). It gives the Pt sur-
face at low coverage of H atoms with the strongest M-H bond 
the highest activity.37,38 It is also well-known that the hydrogen 

adsorption energy depends on the facet of the active metal.39 
As reflected by our XRD and TEM above, Ag cubes are con-
firmed to cover mainly with (100) facets, short Ag wires with 
(100) side and (111) faceted ends and polycrystalline Ag 
spheres with higher index surfaces. The adsorption energy 
indicates that H is adsorbed more strongly on close packed Ag 
(111) when compared to the loose-packed Ag (100) in the 
same absorption sites. Since the rate determining step (RDS) is 
the adsorption of proton (and electron) onto the metal catalyst 
surface at more positive applied potentials, the stronger M-H 
bond of Ag spheres (shown in Table 1) with higher index 
planes among the three Ag samples shows higher hydrogen 
evolution rate. Thus, the adsorption strength order agrees with 
the experimental trend in activity as Pt > Ag spheres > Ag 
wires > Ag cubes at -1.5 V (see Figure 2b). 
   However, at more negative applied potential (-2.5 V) in local 
polarized acidic environment in PEM conditions, the metal 
catalyst surface is readily covered with adsorbed hydrogen at a 
significant quantity, which eventually leads to a change of the 
rate determining step to M-H bond breaking (Figure 5c). The 
reaction pathway is associated with the H recombination from 
M-H in Tafel step, the weaker M-H bond of Ag (100) cubes 
this time allows surface migration and facilitates H2 formation. 
As a result, the trend in activity as Ag spheres < Pt ~ Ag wires 
< Ag cubes is established at an applied potential of -2.5V. The 
order of the three morphology-controlled Ag nanoparticles is 
totally reverse of that at more positive potentials, as shown 
from our experiments (Figure 2b). 
 
 
Table 1. Calculated  H adsorption energies at different sites of 
Pt (100), Pt (111), Ag (100) and Ag (111). For (100) facets, 
ads1 is atop site, ads2 is bridge site and ads3 is hollow site for 
Ag and bridge site for Pt; while for (111) facets, ads1 is atop 
site, ads2 is bridge site, ads3 is face-centered cubic site and 
ads 4 is hexagonal close-packed site (see Figure 4). 

 

 𝐄𝐄𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚/eV 𝐄𝐄𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚/eV 𝐄𝐄𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚/eV 𝐄𝐄𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚/eV 

Pt(100) -2.735 -2.955 -2.955 / 

Pt(111) -2.745 -2.735 -2.725 -2.785 

Ag(100) -1.419 -1.882 -1.906 / 

Ag(111) -1.594 -1.975 -2.091 -2.082 
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Figure 6. HER activity analysis by linear sweep voltammography, LSV. a) LSV of the 20 wt% Ag cubes/C, wires/C, spheres/C and 20 
wt% Pt/C reference in N2-purged 0.5 M H2SO4 solution; b) LSV of 20 wt% Ag cubes/C and 20 wt% Pt/C reference in N2-purged 2.0 M 
H2SO4 solution; c) LSV of 20 wt% Ag cubes/C in N2-purged 0.5 M H2SO4, 1.0 M H2SO4, 1.5 M H2SO4, 2.0 M H2SO4 solution. d) Corre-
sponding Tafel plots recorded on glassy carbon electrodes with 20 wt% Ag cubes/C catalysts in N2-purged 0.5 M H2SO4, 1.0 M H2SO4, 1.5 
M H2SO4, 2.0 M H2SO4 solution. All the LSV are measured from 0.25 V to -2.5 V at a scan rate of 50 mV s-1. A slower scan rate (5mV s-1) 
is used for the LSV in Figure S11. 

   The Surface Electrochemistry of Morphology-controlled 
20 wt% Ag nanoparticles/C Catalysts. To get insight to the 
surface electrochemical redox process, linear sweep voltam-
metry (LSV) was measured with a three-electrode system after 
the HER polarization curves. The potential was raised from 
0.25 V to -2.5 V/ RHE in N2-purged 0.5 M H2SO4 to monitor 
the activity of all four catalysts. As seen from Figure 6a-b, the 
onset potential for proton reduction observed for 20 wt% Pt/C 
reference is much more positive than that of silver catalysts, 
depicting higher activity. At relatively more positive potentials 
(> -1.5 V), higher rates of hydrogen evolution (current densi-
ties) are observed over the Pt/C than the various forms of Ag 
catalysts under low acidity condition (0.5 M H2SO4). At more 
negative potentials, the same trend is seen as well. 
  This is somewhat contradictory to the activity rank measured 
at more negative potential using the PEM as mentioned. The 
discrepancy can be ascribed to the poor proton availability for 
the catalyst in 0.5 M H2SO4 with an appalling proton diffusion 
rate when compared to the fully acidified Nafion membrane 
(~0.1 S cm-1).40 Therefore a stronger acidic electrolyte was 
used to mimic the PEM cathodic conditions. When using 2.0 
M H2SO4, it is interesting to find from the Figure 6b that the 
current density becomes comparable between 20 wt% Ag 
nanocubes/C and 20 wt% Pt/C reference at -2.5 V. This is due 
to the fact that more protons are available for HER on the 
morphology-controlled Ag catalysts. Under more negative 
applied voltage with higher surface coverage of H, the weaker 
Ag-H surface bond becomes more favorable for H recombina-
tion to sustain higher HER activity (Tafel limiting step). In-
creasing the electrolyte acidity of LSV corresponds to the in-

crease in proton flux: the current density increases at more 
negative applied potential. From the Figure 6 c-d, it is also 
interesting to reveal that the slopes of the Tafel plots progres-
sively become gentler with increasing electrolyte acidity. At 
0.5 M H2SO4, Tafel slope of 108 mV/dec is obtained whereas 
at 2.0 M H2SO4 the slope of 38 mV/dec can be deduced. These 
observations seem to agree with the analysis of Conway and 
Tilak who stated that the lower surface coverage of H at lower 
over-potential gives Volmer limited process but higher H cov-
erage at higher overpotential is characterized with Tafel lim-
ited process.41 Thus, this result clearly indicates that the proton 
availability and surface coverage must be one of the effective 
factors for HER with morphology-controlled catalysts. In oth-
er words, the onset potential of the same cathode catalyst will 
be more positive with increasing electrolyte acidity. 
   Meanwhile for LSV, the reverse trend in current density: 20 
wt% Ag cubes/C > 20 wt% Pt/C at higher over-potential may 
also be obtained if applying more acidic electrolytes with 
greater proton availability. As a result, this polarization (nega-
tive potentials) study clearly illustrates the same reversed ac-
tivity trend when more negative potential is used and can also 
help to eliminate any potential artefacts introduced in anode 
and PEM components. 
    According to our experimental data, at more negative poten-
tial of -2.5 V (rate limitation by M-H breaking process where 
weaker M-H gives higher activity), our activity ranks as Ag > 
Pt > Au > Pd > Ir > Ru. It is interesting to compare the activity 
with theoretical calculations however, metal dispersion and 
stability under potential can sometimes be dominating factors 
as well. Also, there are significant discrepancies for the calcu-
lated M-H bond strengths in literature. For example, a recent 
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reference39 (Ferrin et al.) showed the M-H bond strength Ag < 
Au < Pt < Pd ~ Ir < Ru (111), which contradicted Norskov’s 
rank order of Au < Ir < Ag < Pt < Pd.42 According to our own 
DFT calculations data (Figure S12), we have obtained that the 
same M-H bond strengths as Ag < Au < Pt < Pd ~ Ir < Ru 
(111) as that of Ferrin et al. Thus, our calculated M-H bond 
orders giving inversely relationships with their activities sup-
port our postulation as discussed in this paper (it is proposed 
that Au may have subjected from a degree of aggregation 
hence its overall activity was expected to take over Pt at fur-
ther higher applied potential. Nevertheless, due to stronger H 
adsorption energy of Au than Ag, the latter is anticipated to be 
the best catalyst at more negative applied potentials.). The 
discrepancies between these calculated orders between our 
results and others could be stemmed from the different types 
of facet and size of the metal cluster used. 
 
4. CONCLUSIONS 
   In short conclusion, we have demonstrated the subtle change 
from low H2 production rate to an unprecedented high rate of 
some morphology-controlled Ag/C particularly the Ag cubes 
due to the change of rate determining step from Volmer to 
Tafel, which demonstrates their higher HER activity than the 
commercial Pt/C with the same metal loading in the PEM 
electrolyser when practically more negative potential is used. 
We believe that this study could rectify the misconception that 
Pt is always at the ‘optimal volcano’ position among all mono-
metals in HER, which has led to an inaccurate description of 
the surface electrocatalysis under real PEM conditions at high 
workload. This work may also cast doubts on previous catalyst 
order in the anode under CV or LSV conditions.43 This study 
provides new insights into designing economical and highly 
efficient catalysts that can potentially replace the expensive 
noble metal analogues in a working electrolyser (Table S2). 
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