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ABSTRACT: Palladium—silver mesowires are prepared by
electrochemical decoration of graphite step-edges with a good
control of the alloy composition and wire diameter. As-
prepared arrays are used for hydrogen sensing and demonstrate
extended detection capabilities up to the whole concentration
range of H, depending on the alloy composition. At low silver
content, low hydrogen concentration is detected but the
sensing window is narrow because of sensor saturation. The
sensing window is advantageously extended to higher hydrogen
concentrations for quantitative measurements up to pure H,
flows with Ag-rich alloys. The mechanism responsible for these

behaviors implies the statistical distribution in surface composition rather than the structural characteristics and stability domains

of the corresponding hydride phases.
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B INTRODUCTION

The potential generalized use of H, as fuel for hydrogen
powered vehicles and static power generators faces safety issues
associated with industrial generation, storage, routing, handling,
and mobile or on-site use of this explosive gas." The anticipated
demand for fast and reliable H, safety sensors has recently
induced intensive research and development efforts> stigma-
tized by the tremendous increase of publications (+430%)" and
patents (+286%)* in the field, from 2000 to 2011. It is generally
admitted that the targeted detection range of such safety
sensors is set to 10—100% of the lowest explosion limit, or LEL.
This limit corresponds to 4 vol% H, in air, as determined by
the NASA. Below this 4 vol% limit, H, noise generated by
storage and fuel-cell equipments disrupts the safety procedures,
thus inducing false positive alarms. At the upper limit, any
detection above 4 vol% H, in air is obviously useless or too
belated. The vast majority of these safety sensors includes
palladium in the composition of the sensing part. This comes
from the highly selective and reversible formation of palladium
hydrides when Pd is exposed to H, even at room or moderate
temperatures and ambiant pressure.’ The detection is based on
the variation in the physicochemical characteristics of the Pd-
based sensing material (mass, volume, refraction index, work
function ... and more often electrical conductivity) induced by
the hydride formation.®™"”

Apart from the safety concern, today’s demands also lie in H,
sensors dedicated to other technological uses including leak
detection in high-quality welding manufacturing or in a real-
time quantitative analysis of hydrogenated mixtures in gas flows
arising from hydrogen generation and purification processes, or
from industrial dehydrogenation of organic molecules. To the
best of our knowledge, no portable H, sensor exists for
operation in the full detection range from a few parts per
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million in air to 100% H,. H, detection at parts per million
levels or less is usually achieved by highly sensitive tin-oxide-
based sensors.'® Selectivity, response time, and resistance to
poisoning are not considered as critical parameters for the
specific use in leak detection. Only sensitivity matters. In
normal operation mode, the upper detection limit is then a few
hundred parts per million because of sensor saturation. It can
be extended to a few thousand parts per million, but then
response times reach unacceptable limits for use in safety
devices. The detection of high H, concentrations is also a non
trivial challenge since safety sensors usually saturate at 10%H,
in air or so. Detection is for sure still possible, but not in a
quantitative way. In contrast, at high concentration of H, in the
surrounding atmosphere, response times can be pretty short,
which fits well with sensor requirements for real-time
monitoring of gas flow mixtures, for example. Detection
range can be expanded by sensor design: Zeng et al. have
reported the use of bilayers of sputtered Cr/Pd on top of
nanostructured filtration membranes for the detection of up to
100% concentration of H, in air thanks to material confine-
ment.'"” Xie et al. reported a hydrogen sensor based on
coverage controlled films of Pd particles and able to detect in a
full concentration range of H, with a lowest detection limit
lower than 0.5%.>° Using a different approach, we have recently
reported a full concentration range H, sensor built on isolated
palladium islands ordered in 2D arrays. For this sensor, we have
shown that the Pd dot surface roughness and, correlatively, the
gap size distribution are responsible for the extended sensing
capabilities.”' Another way to expand the detection range of
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Pd-based H, sensors is certainly to increase the solubility of H,
in the sensing material. Since the first report by Graham in the
second half of XIXth century,”” it has been suggested that a
higher solubility of H, can be achieved by alloying Pd with
other metals such as Ag, Cu, or Au.*®> More recent works have
completed the description of the impact of such alloying in
showing (i) an enhancement of the mechanical properties
preventing from material embrittlement,” (ii) an increase in the
H, permeability by reducing hydrogen diffusion within the
material, as well as (iii) an improvement in the chemical
resistance to poisoning.24_26 Moreover, recent computational
studies have corroborated some of these experimental results by
providing an advanced description of the electronic structures
of these alloys and corresponding hydrides. Lattice parameters
and absorption energies of various Pd-based alloys have been
computed within the density functional theory (DFT)
framework for a better prediction of the solubility properties
of H, in PdAg and PdAu alloys.** In 2001, we have reported
the first fabrication of H, sensors based on Pd mesowires and
obtained by electrochemical step-edge decoration on Highly
Oriented Pyrolytic Graphite (HOPG).””*® Performances were
attractive: high selectivity, fast response, room-temperature
operation, diminutive power requirements to less than 100 nW,
and good resistance to poisoning by reactive gases, including
0,, CO, and CH,. Moreover, the response signal was fully
proportional from 0.5% to 10% H, in air, a concentration range
that is perfectly suited for safety purpose. The main goal of the
present work is to expand the detection range of such
mesowire-based sensors to H, concentrations above 10%. In
the following, we present the electrochemical method for the
preparation of mesowires with various Ag/Pd ratios. After a
transfer onto a PVC support, these sensors were hooked to a
potentiostat and device characteristics were evaluated in the full
concentration range from 0.5% to 100% H, in air. Sensing
mechanism and performances are here discussed on the basis of
the structural information obtained from X-ray diffractions in
hydrogenated controlled atmospheres using a simple percola-
tion model.

B EXPERIMENTAL SECTION

Electrochemical Measurements and Synthesis. Four different
solutions were prepared with various ratios of Ag/Pd: 2/5, 1/5, 1/10,
and 1/20. The components were mixed in the following order: AgNO;
(Acros 99.85%), NaNO,, HCI (Fluka 37% traceselect), NaCl (Aldrich
99.99%), and PdCl, (Alfa Aesar 99.999%). The composition of the
plating solutions is listed in Table 1. All electrodeposition experiments

Table 1. Compositions of the Various PdAg Plating
Solutions Used during the Present Work

[AgNO,]  [NaNO,] [HCI]  [NaCl]  [PdCL]
(mM) M) (M) M) (mM)
solution 1 1 0.05 0.05 2 2.5
solution 2 0.5 0.05 0.05 2 2.5
solution 3 0.5 0.05 0.05 2 S
solution 4 0.5 0.05 0.05 2 10

were carried out in a one compartment three electrodes cell: An Ag/
AgCl electrode was used as reference and a Pt foil was used as counter
electrode. The working electrode consists in highly oriented pyrolytic
graphite (HOPG) which was freshly cleaved prior to be used and held
with a Teflon electrode holder. A PARI2 Autolab potentiostat/
galvanostat was operated in potentiostatic mode for the nanowire
electrochemical deposition. Nanowires were obtained by electro-
chemical step-edge decoration on the HOPG surface. This method

consists in applying three consecutive potentiostatic pulses: (i) an
oxidant potential (+0.8 V) for Ss to chemically differentiate the step
edges from the terraces, (ii) a nucleation potential (—0.7 V) for 10 ms,
and (i) a growth potential (solution dependent) for 300s.° All
potential values given in the following referred to Ag/AgCl. Various
growth potentials were tested for each plating solution: for solution 1
the potential varied from —0.1 to 0.23 V, for solution 2 from —0.47 to
0.05 V, for solution 3 from —0.154 to 0.20 V, for solution 4 from 0 to
0.25V, and for solution S from —0.25 to 0 V. Solution S is the Pd-only
plating solution with the following composition: 0.05 M NaNO;, 2 M
NaCl, 0.05 M HC], and 2 mM PdCl,. After deposition, electrode
surfaces were rinsed with water.

Microscopy. Wire arrays as grown at HOPG surface were imaged
by scanning electron microscopy (SEM, JEOL 1200 EXII operated at
15 KeV). Sampling was done using aluminum SEM stub and adhesive
carbon tape. To get further information on the chemical composition
of the electrodeposited PdAg wires, we performed EDX analyses using
the same equipment and sampling. Errors on compositions are 1 X
10™* mol %.

Sensor Fabrication. The sensors were fabricated by transferring
the wire arrays from the HOPG surface to a polyvinyl chloride (PVC)
surface. PVC was rinsed off with dry ethanol before transfer. The
transfer was made using a drop of cyanoacrylate glue. After adhesive
hardening, the graphite was lifted off the cyanoacrylate. Using this
procedure, a large majority of the initially deposited mesowires were
transferred onto the cyanoacrylate surface. Contacts with a 150 pm
span were obtained by sputtering platinum through a metal shadow-
mask placed at the appropriate surface location with the aid of an
optical microscope. Using a silver paste (Acheson-Electrodag, Agar
Scientific), some macroscopic copper wires were further attached to
these contacts to allow resistance measurements. Following this
fabrication procedure, the success rate for operating sensors was about
80%.

Hydrogen Sensing. The as-fabricated sensors were tested on a
specially designed test line allowing the generation of controlled flows
of either hydrogenated gas mixtures in the concentration range from
0.1 to 100% of H, in N, or synthetic air used as carrying gas. Two sets
of mass-flow controllers were used for high and low H,/N,
concentration ranges: 300 mL/min for N, and 20 mL/min for H,
in the 100% to 5% range, and 300 mL/min for N, and 3 mL/min for
H, in the 5% to 0.1% range. At the specific 5% H,/N, concentration,
the sensing test is systematically repeated for accuracy control when
switching from high to low concentration operating modes. Sensing
tests were performed in a Plexiglas flow cell equipped with gas in- and
outlets, and cables connectors for electrical measurements. Electrical
measurements were performed using the same potentiostat as for the
nanowire deposition. Unless otherwise notified, a 20 mV potential bias
was applied in between the metal contacts while the corresponding
current passing through the nanowire sensitive part was recorded.
Sampling time was 1 s.

In situ X-ray Diffraction. In situ X-ray diffraction patterns were
collected on an X’pert Philips diffractometer (CuKa). Thick deposits
on HOPG were sampled in an Anton Paar gas chamber (HTK1200)
connected to our gas-mixture line, operated in the same conditions as
for sensing tests. X-ray diffraction patterns were recorded in the 38° <
20 < 41° range which corresponds to the (111) diffraction peak of
Pd,00_.Ag,.* For calibration purpose, the (100) diffraction peak of the
HOPG substrate at 26.35° 26 was recorded as well. Samples were
equilibrated for $ min under H,/N, flows at chosen concentrations
before measurements. Diffraction data were recorded under constant
flows at 25 mL/min of H,/N, mixtures for 0, 1, 2, 5 10, 20, 30, and 40
vol % H, in N,.

B RESULTS AND DISCUSSION

Synthesis of Palladium—Silver Mesowires. Palladium—
silver mesowires were prepared using the same experimental
procedure as we have developed for the fabrication of pure Pd
mesowire-based H, sensors. These mesowires were nucleated
and grown at the HOPG step edges which dictate the length
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and shape of the final mesowires. The HOPG employed for this
study is a polycrystalline material made of grains oriented in the
same crystallographic direction (normal to 0001 direction).
The predominant defects at HOPG grain surface are
incomplete graphite layers that form more or less linear and
parallel “step edges” with heights varying from a few angstroms
to hundreds of angstroms. The present method consists in a
selective electrochemical decoration of these step edges with
metal (e.g, Pd or Pd,q_,Ag, alloys). A three-pulse potentio-
static program is applied: an oxidant potential for a few seconds
to oxidize the step edges and favor interactions with solvated
metal species, a nucleation potential for a few milliseconds and
a low overpotential for a few hundreds of seconds to allow the
growth of the wires under kinetic control.

Mainly two different plating solutions were used for the
electrochemical-deposition of PdAg alloys. Yu et al. have used
nitrate Pd** and Ag" salts in sodium nitrate electrolyte for the
single pulse deposition of PdAg nanowires.*" The solubilization
of Pd(NO;), is, however, difficult to achieve in nitrate aqueous
solutions, and the resulting solutions are rather unstable. In
contrast to this chloride-free approach, Monty et al. have
electrochemically prepared PdAg nanowires from stable Ag*/
Pd** mixtures in 2 M NaCl-based electrolytes.>* In such highly
concentrated chlorine solutions, the chemical equilibrium is
strongly displaced toward the formation of Na,Ag,Cl,,,
soluble species.”

For nanowire growth, the applied potentials were extracted
from cyclic voltammograms (CV) measurements in plating
solutions made of Ag* and Pd** cation mixtures in the NaCl
electrolyte. Figure 1 shows the cyclic voltammograms at a
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Figure 1. Cyclic voltammograms at a freshly cleaved HOPG surface
for solutions containing aqueous 0.05 M NaNO;, 2 M NaC], 0.05 M
HC], and (a) 0.5 mM [Ag*], or (b) 2 mM [Pd**], or (c) 0.5 mM
[Ag*]/2.5 mM [Pd**] mixture. Highlighted are the areas for metal or
alloy depositions (light blue), nitrate reduction (pink), and hydrogen
adsorption (light purple).

freshly cleaved HOPG surface for solutions containing (a)
aqueous 0.5 mM Ag" in 0.05 M NaNOj;, 2 M NaCl, and 0.05 M
HClI electrolyte, (b) 2 mM [Pd**] in the same electrolyte, and
(c) 0.5 mM [Ag']/2.5 mM [Pd*] mixture in the same
electrolyte. In Figure 1a, the intense reduction wave at —0.8 V
vs Ag/AgCl in the silver containing solution corresponds to the
catalytic reduction of nitrates at the deposited silver surface.**
As a matter of fact, the reduction of Ag" as Ag at the HOPG
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surface can unambiguously be identified by the small negative
current signal measured at about —0.1 V (see the insert of
Figure.1a). The positive wave at 0 V in oxidation corresponds
to silver stripping from the HOPG surface. Noteworthy that
Penner et al. have prepared silver nanowires grown at —0.18 V
from 100s to 10000s using the three-step electrochemical
procedure described above and in a potential range fully
conssiéstent with our measurements (light blue area, Figure
la).

At first sight, Figure 1b mainly shows a strong negative wave
at —0.65 V vs Ag/AgCl corresponding to the adsorption of H,
at the electrode surface. Signal noise at larger under-potential
(lower potentials) arises from the hydrogen evolution. A closer
look at the CV in the —0.3 — +0.8 V range (see inset of Figure
1b), however, reveals a small reduction wave with a maximum
intensity at —0.1 V vs Ag/AgCl corresponding to the
deposition of Pd at the HOPG surface. In contrast, the freshly
cleaved and bare HOPG surface neither absorbs H, nor reduces
water at such potentials: in 0.05 M NaNO;, 2 M NaCl, and 0.05
M HClI electrolyte free of any metal cation, H, evolution begins
at potential below —0.7 V vs Ag/AgCl, whereas no H,
adsorption is observed (data not shown). The palladium
coating at the HOPG surface thus appears as the only rationale
to the H, adsorption wave presently observed. Pd stripping
arises at potentials higher than 0.3 V vs Ag/AgCl. The Pd wires
can be formed by first applying a plating potential of —0.8 V for
5 ms and then growing the resulting Pd nuclei at potentials
ranging from —0.3 to —0.5 V (light blue area, inset of Figure
1b). In this potential range, the Pd-deposition occurs
predominantly at step edges. Resulting wires are continuous
and hundreds of micrometers long.*®

From CVs measured in palladium-only and silver-only
plating solutions, Ag*/Ag and Pd**/Pd reduction potentials at
the HOPG surface were measured at —0.05 and —0.09 V,
respectively. These two reductions occur at nearly equivalent
potentials which were further confirmed by running the CV of
an Ag'/Pd*" mixture. For the 1/5 [Ag']/[Pd*] mixture, two
negative waves are observed at 0 V and —0.55 V in Figure Ic.
The first one corresponds to the simultaneous reduction of Ag"
and Pd** cations at the HOPG surface to form the
corresponding PdAg alloy. As for measurements done in the
Pd-only plating solution (Figure 1b), the second is assigned to
the H, adsorption. The larger wave intensity and the shift
toward less reductive potentials observed from —0.7 V for the
Pd-only solution to —0.55 V for the Ag/Pd solution suggests
that Ag/Pd alloys are more efficient for H, adsorption than
pure Pd. On the oxidation side, the complex wave centered at
+0.5 V corresponds to the alloy stripping.®”

Figure 2 shows the cyclic voltammograms measured at a
freshly cleaved HOPG surface for solutions containing 0.05 M
NaNO;, 2 M NaCl, and 0.05 M HCI electrolyte with aqueous
mixtures of (a) 0.5 mM [Ag']/10 mM [Pd**], (b) 0.5 mM
[Ag*]/5 mM [Pd*], (c) 0.5 mM [Ag*]/2.5 mM [Pd*'], (d) 1
mM [Ag]/2.5 mM [Pd*']. The whole series shows the same
distribution of reduction waves with slight variations in
intensity and potential. The negative wave assigned to the
Pd/Ag alloy deposition shifts from 0 V to +0.1 V as the
palladium content is increased in the plating solutions. The
adsorption phenomenon occurring at low-potential is not
affected by the composition of the solutions because neither the
wave shape nor the wave potential are modified in the whole
series. In contrast, the increase in Pd content comes along with

dx.doi.org/10.1021/am302143m | ACS Appl. Mater. Interfaces 2013, 5, 310-318



ACS Applied Materials & Interfaces

Research Article

Alloy
Iloo A stripping
I Hy stripping |
n
(a) /
— _H2 _/ 7
S | adsorption
©
= L(b) A |
(<) |
— ’/_’,,_,—-— [
Alloy deposition
(d) Yy dep
i | 1 | | | ]
-0.8 -0.4 0 0.4 0.8

E(V)/Ag-AgCl

Figure 2. Cyclic voltammograms at a freshly cleaved HOPG surface
for solutions containing 0.0S M NaNO;, 2 M NaCl, and 0.05 M HCI
electrolyte with aqueous mixtures for (a) 1/20 [Ag*]/[Pd**] ratio (0.5
mM AgNO,/10 mM PdClL,), (b) 1/10 [Ag*]/[Pd**] ratio (0.5 mM
AgNO,/5 mM PdCl), (c) 1/5 [Ag*]/[Pd**] ratio (0.5 mM AgNO,/
2.5 mM PdCl,), and (d) 2/5 [Ag']/[Pd**] ratio (1 mM AgNO;/2.5
mM PdCl,).

the appearance of extra positive waves at lower potentials (at
about —0.1 V).

These waves correspond to a H, stripping occurring at the
deposited alloy surface. The presence of Pd thus enhances the
reversibility of the adsorption phenomena at the alloy surface.
Finally, although metal stripping is observed at 0.05 V for Ag-
only and at 0.5 V for Pd-only plating solutions, respectively,
complex alloy stripping waves are observed in a large potential
range from 0.3 V to 0.6 V. This demonstrates the complexity of
PdAg costripping phenomena. The stripping features are
characterized by a broad band centered at +0.45 V with two
main contributions. Depending on the [Ag*]/[Pd*'] ratio of
the plating solution, the CVs show drastic changes in this
potential range, in particular as regards to the relative intensity
of the two contributions. As seen above, the overlap of the Pd*"
and Ag" reduction waves is, at first sight, highly favorable for
the simultaneous deposition of these metals and for the
formation of PdAg alloys. Using the 1/S [Ag"]/[Pd**] plating
solution, after an oxidation pretreatment at +0.8 V and a
nucleation pulse at —0.7 V, a long pulse at 0 V results in the
growth of long and continuous mesowires. Energy Dispersive
X-ray analysis (EDX) of the wires reveals the simultaneous
presence of Pd and Ag for the formation of a AgPd alloy with
15 mol %Ag. This approach was generalized using plating
solutions of various Pd** and Ag’ compositions for the
preparation of PdAg mesowires. Table 2 summarizes the silver
content in the PdAg deposits (as determined by EDX), the
composition of the plating solution and the potential windows
used for the mesowire growth.

Interestingly, the final Ag and Pd content of the deposits
strongly depends on the relative Ag/Pd composition of the
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Table 2. [AgNO;]/[PdCl,] Plating Solution Compositions
and Corresponding Silver Content (in mol %) Determined
by EDX Analysis in PdAg Wires Deposited at Growth
Potentials in the Given Potential Window*

[AgNO,]/[PdCL,]
2/5 1/5 1/10 1/20
mol % Ag 20(1) 15(1) 10(1) 5(1)
(EDX)
Vinin/ Vinax —0.02 V/ -01V/ -01V/ +0.07 V/
+0.17 V ov +02V +02 'V

“Vinin/ Vinax cOrresponds to the potential window with a constant Ag
content.

plating solutions: the higher the [AgNO;]/[PdCl,] ratio, the
higher the silver content in the resulting PdAg alloys. In a lower
extent, the deposition potential also influences the composition
of the deposited PdAg structures: the higher the potential, the
higher the silver content. Figure 3 shows the characteristic SEM

15KV

SCHME

Figure 3. SEM images of PdAg mesowires grown for 300 s (a) from 1/
20 [Ag']/[Pd*] solution at 0.13 V, (b) from 1/10 [Ag']/[Pd*']
solution at 0.15 V, (c) from 1/5 [Ag*]/[Pd**] solution at 0.04 V, and
(d) from 2/5 [Ag*]/[Pd**] solution at 0 V.

images of the PdAg mesowires electrochemically grown at
HOPG surfaces, in a potentiostatic mode and from various
plating solutions. Although Tang et al. have recently prepared
PdAg nanowires using a single-pulse deposition technique,*®
the three-step preparation method described above allows an
optimal control of the mesowires nucleation and growth along
the step edges.’® Of course, this is directly related to the
oxidation and nucleation steps preceding the wire growth. As a
result, the chemical differentiation of step edges and terraces,
and the high density of nuclei (see Figure SI1 in the Supporting
Information) along the step edges, afford some flexibility in the
overpotential value required for the successful preparation of
long and continuous wires. Note that the growth overpotentials
have to be adjusted for any given material deposition under
kinetic control to limit the simultaneous nucleation/growth of
particles on terraces. At selected growth potentials, the resulting
wires can be long and continuous, regardless of the plating
solution composition or resulting alloy composition. Wire
length, shape, and surface density depend on the length, shape,
and surface density of the step-edges on which they have
grown.
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Given the growth potentials presently used, the mesowire
diameter is fully controlled by the electrolysis duration. The
corresponding current transients reach a pseudo-steady-state
deposition current after a few tens of seconds (see Figure SI2 in
the Supporting Information), leading to a simple expression of
the wire radius vs the square-root of time:

2'ideptclep‘/m

t) =
) znFl

(1)

with i, the steady-state deposition current, V,, the molar
volume of the deposited material, #n the number of electrons
transferred for the deposition of each metal atom, F the Faraday
constant, and | the total length of mesowires on the graphite
surface.

This linear relationship is depicted in Figure SI3 in the
Supporting Information. The data corresponding to short
growth durations show excellent fits with simple affine
functions in accordance with expression 1. The curve slope is
controlled by (i4,)"/> and the greater the applied potential, the
greater the steady-state deposition current and the larger the
corresponding slope. Under this kinetically controlled regime,
each individual wire is growing independently on its neighbors.
For long duration electrolyzes, wires become large and their
measured diameters deviate from eq 1 because of interwire
diffusion coupling.*’

Sensor Performances. Palladium mesowire arrays trans-
ferred onto PVC substrates were operated as hydrogen sensors
by applying a 20 mV bias and by measuring the corresponding
current. The data in panels a and ¢ in Figure 4 show typical
sensor signal outputs (plotted here as current transient) when
exposed to gas mixtures of various hydrogen contents in
nitrogen as carrying gas. Exposure to hydrogenated gas flows
induces an increase of the current through the device
corresponding to an increase of the conductivity of the
mesowires spanning evaporated Pt contacts (see Figure SI4
in the Supporting Information). After a few seconds or a few
tens of seconds of exposure, the measured current reaches a
plateau corresponding to the maximum conductance of the
sensor for a given H, concentration. Back to a H,-free
atmosphere, the current drops down and slowly stabilizes after
a couple of minutes. During this recovery stage, the sensor was
left at open air for a natural regeneration of the cell atmosphere
back to air. The sensor can be operated for several H,/N, to air
cycles with a remarkable signal repeatability (see Figure SIS in
the Supporting Information). The observed baseline drift,
which can be either positive or negative, strongly depends on
the way measurement was performed and mainly on the time
left for signal recovery. Be what it may, after several H,/air
cycles, the baseline stabilizes without any change in the sensing
performance. The signal shape observed during both sensor
response and recovery has been described elsewhere for
nanogap-based hydrogen sensing devices.*' It originates from
the reversible closing of nanoscopic gaps in discontinuous
wires, caused by the dilation of palladium—silver grains
undergoing hydrogen absorption. In the absence of hydrogen
gas, wires showing closed nanogaps reverted to open circuits.

From Figure 4, it also appears that the amplitude of the signal
output is, to some extent, proportional to the hydrogen
concentration in the flow the sensor was set. At first sight, the
lower the hydrogen content, the lower the current amplitude
change. Current changes do not however look linearly
proportional to the hydrogen concentration, especially at low
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Figure 4. (a) Current response of a PdgAg,s sensor to hydrogen/
nitrogen mixtures and (b) the corresponding H, concentrations (in %
in N,). (c) Current response of a PdysAgs sensor to hydrogen/
nitrogen mixtures with corresponding concentrations as shown in (d)
(H, concentration in %, as shown). Data were acquired in random
order of H, concentration.

concentrations (Figures 4c and 4d) while, at high hydrogen
concentration, output signal of the PdgsAg,s sensor seems to
saturate above 60% H, in N, (Figures 4a and 4b). Figure S
shows the relative current amplitude changes as a function of
the hydrogen concentration for various fabricated sensors.
Sensing capabilities of PdAg mesowire-based sensors with 0, S,
10, 15, and 20% Ag in Pd were evaluated. They all detect
hydrogen.

The sensors exhibit sigmoid shape of current versus
hydrogen concentration response. As depicted in Figure S,
the response shows a sloppy plateau at “low” H, concen-
trations, a quasi-linear hump where the best sensor accuracy is
achieved, and a plateau corresponding to the sensor saturation.
For each tested sensor, data points in Figure S could be fitted
using Boltzmann functions which, in agreement with theoretical
predictions, confirm the probabilistic nature of the conduction
process across the wire arrays.*> However, the features, in terms
of shape and amplitude of these sigmoid curves, strongly
depend on the Pd/Ag mesowire composition. For sensors
fabricated from pure palladium mesowires, the low concen-
tration plateau is not observed and the output current is fully
proportional from 0.1%, as the lowest H, concentration tested
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Figure S. Normalized current amplitudes versus H, concentration for
the various Pd,o_,Ag, sensors fabricated. Insert shows a zoom-in of
the sensor responses for H, concentrations below 10% in N,. Marker
sizes are related to errors on measurements.

here, to 6% H, in N, before sensor saturation at higher
hydrogen concentrations. At low silver contents, i.e., PdgsAgs
and PdgpAg),, the sigmoid curves are still quite sharp. Low
concentrations of hydrogen could then be detected, down to
0.2% H, in N,, but the accuracy of the measure below 2% H, is
rather limited. For both sensors, the best accuracy is achieved
between 2 and 8—10% H, in N, before saturation is reached at
higher concentrations. By increasing the silver content, the low
concentration plateau disappears since PdgsAg;s and PdgyAgy
sensors are both found insensitive to low hydrogen content
atmospheres below 1% H, in N,. The high accuracy step then
tends to be limited in the 2 to 5% H, range, but is followed by a
less steep slope eventually up to the highest H, concentrations
without any saturation plateau. As such, even if the anticipated
accuracy is lower, the signal outputs of these sensors remain
proportional up to pure H, for extended quantitative sensing
capabilities. These results demonstrate that the quantitative
hydrogen detection range of the PdAg mesowire-based sensors
can be advantageously tuned over the whole hydrogen
concentration range by controlling the composition of PdAg
alloys. Noteworthy, concentration range sensing capabilities do
not depend on the diameter of wires in the arrays. Only the
baseline level under air is actually affected: arrays of wires of
larger diameters give high conductivity baselines but the relative
conductivity changes under hydrogen remain the same, as for
thinner wire-based sensors for which the baseline shows a lower
conductivity. In the present case, at low silver content, the
lowest hydrogen concentrations can be detected but the
sensing window is narrow since sensors quickly saturate.
Increasing the silver content progressively expands the sensing
window to the highest hydrogen concentrations for quantitative
measurements up to pure H, flows. In contrast, these high
silver content sensors are insensitive to low hydrogen
concentrations. The mechanism responsible for these behaviors
is discussed below.

Sensing Mechanism. As confirmed by SEM imaging
(Figure 3), the developed electrochemical method produces
wires with similar morphological characteristics including
diameter, length and surface roughness, in the whole
Pd,4o_,Ag, alloy series. Thanks to the design of the evaporated
metal contacts through stencils of given span and dimensions,
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the fabricated sensors statistically include the same number of
wires, particles and gaps. Moreover, all particles are quite
homogeneous in composition and size. The alloy composition
can then be pointed out as the leading parameter for sensing
characteristics. The material swelling inducing the gap closing
relies on the alloy volume changes associated with the hydride
formation, which also depends on the alloy composition. It
then makes sense to explore the crystallographic characteristics
of the various alloys depending on their composition. Pd and
PdAg alloys crystallize in a face centered cubic (fcc) cell. After
adsorption at Pd catalytic surface, hydrogen diffuses into the
bulk in its dissociated form, H, by hops between available Oh
and Td sites. The literature however suggests that in pure
palladium, H residency time is much larger in the Oh sites as
compared to the Td sites thanks to favorable binding energy.**
First-principles DFT calculations here performed ina2 X2 X 2
supercell confirm this fact by showing that the Td site energy is
disfavored over the Oh site energy by no less than 200 meV/H
at very low H concentration (see Figure SI6 in the Supporting
Information). At low hydrogen concentration (or pressure) in
the atmosphere, a o palladium hydride phase is formed without
any impact on the pristine crystal cell characteristics (measured
at ag = a, = 3.884(1) A). Increasing H, concentration leads to
the formation of a f-palladium hydride phase. Although the S-
phase remains fcc, the cell parameter experiences a drastic
increase up to dgp,, = 4.027(1) A (measured) corresponding to
a 12% cell volume increase. This volume change accounts for
the material swelling and gap closing at the origin of the sensing
mechanism. Moreover, this maximum volume change of about
12% corresponds to the fully hydrogenated PdH,, phase, but
the -phase can also be experimentally observed at lower H/Pd
ratio for lower volume changes by exposure at some
intermediate H, concentrations. Evidence for these two latter
points is given in Figure 6a where selected d-space ranges of X-
ray diffraction patterns are shown for a pure palladium thick
deposit corresponding to the (111) diffraction peak measured
in situ under pure N, and H,/N, flows at 1, 2, 5 10, 20, 30, and
40 vol % H, in N,. This series of patterns shows the evolution
of the material crystallographic characteristics upon Pd hydride
formation and demonstrates the a to f transition as a biphasic
mechanism. At low hydrogen concentration, a single (111)
peak is measured at d(;;;) = dy = 2.243(1) A corresponding to
the a-phase. At intermediate H, concentrations, a second peak
characteristic of the ff-phase appears at dg, = 2.319( 1) A As
H, concentration is increased, the a-phase is progressively
converted in the f-phase, as demonstrated by the correspond-
ing peak balance: the d; peak intensity keeps on decreasing
while the dj peak increases. Simultaneously, the latter peak
shifts to higher distances up to dg,,. = 2.325(1) A as the
hydrogen content increases. This is indicative of simultaneous
biphasic and solid solution processes up to the formation of
PdH,;, composition generally assumed as characteristic of the
fully hydrogenated fB-phase.

Alloying palladium with silver induces several changes in the
reactivity toward H, gas. Based on Monte Carlo simulations,
Kurokawa suggested that hydrogen atoms preferentially diffuse
by jump through the “palladium-rich regions” of PdAg alloys
rather than “silver-rich regions”.* This is fully consistent with
the smaller affinity of hydrogen toward silver compared to
palladium to form M—H bonds. On the crystallographic side,
the progressive substitution of Pd for Ag in a continuous
miscible structure over the whole composition range
considered induces an increase in the fcc cell volume that
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Figure 6. (111) X-ray diffraction peaks of (a) pure Pd and (b) PdysAg;
alloy electrodeposited onto HOPG surface measured in situ under
various H, in N, atmospheres. d,, corresponds to the (111) diffraction
peak measured in air, d,,,, corresponds to the last measurable (111)
diffraction peak of the hydride a-phase (i.e., before a-phase
disappearance), dj;, corresponds to the first measurable (111)
diffraction peak of the hydride f-phase (ie at f-phase appearance), and
dpmax corresponds to the (111) diffraction peak of the fully
hydrogenated p-phase. (c) Evolution of the characteristic cell
parameters calculated from the corresponding d(;;;y as a function of
the silver content in Pd,4_,Ag, electrodeposited alloy.

follows a Vegard law. This larger cell volume accounts for the
larger atomic/covalent radii of Ag (160 pm) compared to Pd
(137 pm). First-principles DFT calculations show that the
presence of silver in these expanded cells disrupts the binding
energy balance between Oh and Td sites because of
unfavorable Ag—H interactions.”* Several crystallographic
differences can also be experimentally observed by comparing
the in situ X-ray diffraction patterns corresponding to the
various alloys under hydrogenated atmospheres.

Figure 6b shows the (111) diffraction peak intensity and
position changes of Pdy;Ags alloy deposit depending on the H,
concentration in the gas chamber. As for pure Pd, hydride
formation proceeds by a a- to f-phase transition with a
progressive decrease of the a peak intensity to the benefit of the
P peak, as hydrogen concentration is increased. The main
difference with pure Pd is a shift of the a peak from d(;,;) = d,
= 2242(1) A to dy,,, = 2247(1) A (measured at the
disappearance of the peak), whereas the shift in the f§ peak from
Afimin 0 dgmyy remains about 0.01 A. A solid solution domain
then appears in the a-phase which was not observed for pure
Pd mesowires. Similar in situ experiments were repeated for
deposits of PdgyAg;,, PdgsAg;s, and Pdg,Ag,, (see Figure SI7 in
the Supporting Information). For clarity purpose, the measured
distances were converted into au.y agmin and ag,, cubic cell
parameters. These parameters are reported in Figure 6¢ for the
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whole series of prepared Pd,o,_,Ag, wires. A similar increase of
the cell parameters is observed for both Pd,,_.Ag, alloys (a, as
solid circle data) and the corresponding fully converted
hydrides (apn, as solid square data) as the silver content
increases from 0 to 20%. The shift from ag to gy, corresponds
to the maximum material swelling upon hydrogenation.
However, because it remains constant in the alloy series, it
cannot be considered as responsible for the distinct signal
proportionality behaviors observed for the various fabricated
sensors. Whatever the alloy composition in the series from pure
Pd to PdgAg,, the shift from ay,;, (solid diamond) to g,
remains roughly unchanged as well (light blue area). In
contrast, the a peak shift from ay to agmg, (solid triangle)
progressively increases with the silver content (light gray area).
This latter shift corresponds to the so-called miscibility gap
decrease/disappearance between @ and f phases as silver
content increases.**

Either for pure Pd or Pdy,_,Ag, alloys, it is tempting to
assign the observed peak shifts to the proportionality of the
sensor response because the number of closed gaps (and
therefore the number of continuous wires) progressively
increases in the array as the material volume increases.
Moreover, the enlarged solid solution domain of the a-phase
could also be pointed out to explain the extended sensibility
(proportionality) performances of Pd;4_.Ag, compared to
pure Pd where only f peak shifts. But it is not, from either pure
volumic or extra site occupation considerations. In pure Pd,
from i (dpmin) t0 Proax (dpma), the volume increase
experimentally measured, is less than 1% (0.8%). In Pdg,Ag,,,
which corresponds to the largest sensibility window, the
volume increase from f,;, to ... is about the same (0.9%),
whereas from @, (dy) to ®yy (dymay) it is limited to at most
3%. These variations are too small with respect to the overall
12% volume increase from pure Pd;o_,Ag, (dy) to the
corresponding fully hydrogenated phase (dj,)-

On the other hand, the linear volume increase with silver
content could explain the enlarged solid solution domain of the
a-phase through the opening of Td-sites for H insertion in the
fec Pdjg,_,Ag, bulk. Once again it is not. The Vegard law
experimentally observed for the Pdy,_,Ag, alloys unit cell
parameter is very well reproduced by our supercell DFT
calculations (with relative errors with experiments less than
1%) in the whole silver content range from 0 to SO molar %,
though this volume increase with the silver content is not
sufficient to open Td site even at low hydrogen content (H =
1/32). As shown in Figure SI8 in the Supporting Information,
regardless of the silver content, the Pd/Ag—H(Td) distance in
the low hydrogenated Pd,y_,Ag, alloys remains significantly
lower than the Pd—H(Oh) distance in the low hydrogenated
Pd a-phase, therefore leading to unfavorable Td site energies
(see Figure SI6 in the Supporting Information).

As explained above, the formation of palladium hydride is a
biphasic process involving a progressive conversion of a
hydrogen-poor/small cell volume hydride (a-phase) in a
hydrogen-rich/large cell volume J-phase. Increasing the H,
pressure (or H,/N, concentration) leads to a linear increase of
the palladium grain average volume as a-phase domains are
progressively converted into f-phase domains up to the
complete conversion of the whole grain in S-phase hydride.
Because volume expansions remain in the whole Pdy_,Ag,
series, the extended sensing performances observed for alloys
with increasing silver content do not have crystallographic
origins. Alloying Pd with Ag is also known to impact the
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elasticity characteristics of the corresponding material:>*® the
bulk modulus decreases with the silver content in Pd,y_,Ag,
alloys as confirmed by DFT calculations. However, the ease of
grain deformation under hydride formation in alloys is expected
to expand the detection window toward the low H,
concentrations but not toward the high concentrations.

A possible explanation lies in the probabilistic nature of the
sensing mechanism. The amplitude of the detection signal
depends on the number of wires made continuous at a given H,
concentration. Since a continuous wire implies the closing of all
gaps between grains, the signal amplitude depends on the
probability of closing all gaps in any given wire. This probability
follows a Boltzmann distribution law confirming the electronic
transport as driven by a percolation process.*” For pure
palladium-based sensors, the grains are statistically close in
terms of chemical composition, size, and morphological
characteristics and the wires should tend to switch on
(respectively off) in a narrow H, concentration range: the
Boltzmann distribution law is narrow and so is the
corresponding I = f([H,]/[N,]) sigmoid.*”** The second
consequence of alloying silver with palladium is on the H,
adsorption properties: the higher the silver content, the lower
the number of Pd catalytic sites available at the wire surface for
H, dissociative adsorption, and the higher the H, concentration
(pressure) needed for hydride formation. Consequently and as
confirmed experimentally (see previous section), higher silver
contents lead to limited sensing capabilities at low hydrogen
concentrations. On the other hand, silver and palladium atoms
are statistically distributed at the grain surface meaning that
some grains exhibit Pd-rich surfaces, whereas others present
Ag-rich surfaces (although the overall composition of the
deposit corresponds to a given Ag/Pd ratio). This surface
composition distribution leads to discrepancies in the H,
adsorption from one grain to another and consequently various
H, pressures required for hydride formation from grain to grain
within a given wire. The amplitude of distribution obviously
depends on the Ag/Pd ratio: the higher the silver content, the
larger the surface composition distribution. A given Pd,y,_,Ag,-
based array can then be considered as made of more or less
distinct wires composed of statistically distributed more or less
distinct grains regarding the Ag vs Pd surface composition
(Figure 7). Wire to wire behavior toward hydrogen is expected
to slightly differ especially regarding the H, concentration
threshold at which all the gaps within a single wire will close to
create a current path. Because a wire has one dimension, it is
sufficient that one gap remains open to avoid detection current.
There will be wires for which the grain distribution (arrange-
ment along the wire as well as palladium-rich/silver-rich
number of grains) will favor gap closing at low concentrations,
whereas others will close only at high concentrations of
hydrogen. We are claiming these various switch-on concen-
tration thresholds to be at the origin of the correlation between
the silver content in Pd,y,_,Ag, wires and the corresponding
proportional sensitivity window.

B CONCLUSION

Hydrogen gas can be detected in the whole concentration range
using PdAg mesowire-based sensors with controlled alloy
compositions. The lowest hydrogen concentrations can be
detected with low silver content alloys but the sensing window
is narrowed because of sensor saturation. The sensing window
can advantageously be extended to higher hydrogen concen-
trations for quantitative measurements up to pure H, flows with
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Figure 7. Gap closing mechanism and corresponding normalized
current amplitudes (versus H, concentration) depending on the wire
composition. Pure palladium mesowires (top) tend to “close” in a
narrow H, concentration range and AI/Al,, sigmoid depends on the
grain size distribution. Surface composition discrepancies in
palladium—silver mesowires (bottom) induce distinct swelling
behaviors of grains under H, for an expanded AI/AIL,,, sigmoid.

Ag-rich alloys. In contrast, low hydrogen concentrations are
inaccessible to these latter sensors. The mechanism responsible
for these behaviors implies the statistical distribution in surface
composition rather than the structural characteristics and the
stability domains of the corresponding hydride phases.
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