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Abstract: The noble metals palladium and silver find use in many high performance applications, 
and their alloys (PdAg), known for more than sixty years, are industrially important, finding use in 
many fields including hydrogen purification and separation, numerous facets of catalysis, and in 
fuel cells. In recent years, interest in these materials has grown significantly, particularly in energy 
generating applications and due to their performance as solid-state chemical sensors for a range of 
small molecules. PdAg thin films can be prepared using traditional physical methods such as cold 
rolling, or more modern and controllable chemical or physical deposition techniques such as 
electrodeposition or chemical vapour deposition. Despite the wide-reaching uses of PdAg, several 
recent advancements in materials preparation, such as additive manufacturing, better known as 3-
D printing, remain unexplored for this material due to the differing chemistries of the two elements. 
In this review, we explore the manufacturing methods commonly employed for the preparation of 
PdAg thin films, the common and niche applications of these materials, and opportunities for the 
future development of these two aspects, with an emphasis on how preparation of thin films can 
utilise additive manufacturing approaches.  
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1. Introduction 

Palladium (Pd) and silver (Ag) are highly valuable elements due to their favourable corrosion 
resistance,1-3 excellent conductive1,2 and catalytic properties,1,2 and inherent scarcity.2 Palladium is 
further prized for its unique ability to chemically interact with and store hydrogen.4-6 Alloys of the 
two metals (PdAg) have been known for more than sixty years,4 and were first demonstrated in the 
1950s and 60s by the Johnson Matthey company, who exploited their ability to purify hydrogen.6-9  

Alloys of PdAg display physical, chemical and electrical properties distinct from either of the 
two bulk elements.4,9-11 This allows for tuning of catalytic behaviour, electrical properties, or 
permittivity by changing the Pd to Ag ratio.6,9,12-14 Thin films of PdAg have been used for a range of 
applications since their discovery,4 due primarily to the characteristic properties of palladium: 
hydrogen permittivity and catalytic activity.4,9,14 Alloying Pd with Ag helps to offset some of the 
challenges encountered when using Pd in the presence of H2, discussed in detail later.5,8  

Advancements in manufacturing techniques and technology generally have broadened the 
viable uses of PdAg beyond the initial hydrogen purification and catalytic applications and into fields 
such as sensing15 and the generation of energy in fuel cells.16,17 Though advancements in materials 
production developed since the discovery of PdAg have been utilised in the preparation of their films, 
cutting edge manufacturing techniques such as additive manufacturing have yet to be exploited, due 
to the difficulties in forming fully alloyed materials under typical process conditions.18,19 

In this review, we explore the recent developments in the preparation and applications of Pd-
Ag alloy thin films and highlight future opportunities for potential preparative methods, including 
additive manufacturing. 

2. Properties of Pd-Ag Alloys 
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2.1. Physiochemical and Mechanical Properties 

The physiochemical properties of PdAg alloys are distinct from both elements. The variation of 
key properties significant to a number of applications is discussed. 

The enthalpies of formation (ΔHf) of Pd1-xAgx alloys are marginally exothermic for all 
compositions, reaching peak stability at x = 0.4, where ΔHf = -5.2 kJ/mol.10,20 Pd and Ag both crystallise 
in the face-centred cubic (fcc) lattice with lattice constants of 389.07 and 405.83 Ǻ respectively.20-22 The 
infinite miscibility of the two elements means that the expansion of the Pd lattice as Ag is doped into 
the structure is linear.20-22 The resistivity and thus electrical conductivity of Pd-Ag alloys, vary 
extensively with both temperature and composition.13 The room temperature variation with alloy 
composition is outlined in Figure 1.13  

 

Figure 1. Variation in resistivity (ρ) for Pd-Ag alloys at 298 K.13. 

The bulk resistivity of Pd is five times than that of Ag.13 PdAg alloys with x < 0.8 all have higher 
resistivity than elemental Pd, up to 20 times that of elemental Ag at x = 0.35.13 This is due to an increase 
in short-range ordering as the crystal lattice of Pd-Ag alloys expands with increasing Ag content,20 
with contributions from energetic factors between the Pd and Ag d-orbitals increasing resistivity.20,13 
The changes in these orbital energies across the Pd-Ag series can be used to tune catalytic 
behaviour.13,24 The conductivity of thin films is naturally lower than the equivalent bulk material, 
though low resistivity can be achieved through appropriate engineering of thin-film alloys.9,25,26 The 
magnetic susceptibility of Pd-Ag adopts the behaviour of the major component in the system: Pd is 
paramagnetic, and Ag is diamagnetic.11,20,27 PdAg alloys are thus paramagnetic when x < 0.5. 11,20,27  

The mechanical properties of PdAg alloys vary significantly with composition. The strength and 
hardness relative to elemental Pd is doubled for a PdAg alloy of x = 0.25,4,14 though beyond this, the 
hardness of the alloys reduce with increasing Ag content.1,14 Mechanical properties are of great 
importance when considering the strength of gas-permeable membranes, catalysts, or electrodes, 
though many such systems are supported on either metallic or ceramic substrates.14,28 

2.2. Hydrogen Absorption and Permittivity  

The primary applications of metallic Pd, and by extension PdAg alloys, stem from the unique 
chemistry of Pd with H2. First demonstrated 150 years ago by Graham et al,29 Pd selectively absorbs 
H2 to produce the variable stoichiometry compound palladium hydride, (Equation 1).5,8,30 This 
reversible process occurs through surface absorption, cleavage of the H-H bond and diffusion of H+ 
and e- into the Pd crystal lattice, where the H+ ions, effectively act as a metal, occupying the octahedral 
holes in the crystal structure.5,8,30 This initially results in expansion of the normal (α) crystal lattice, 
with formation of a secondary (β) phase from PdH0.02. The α phase is completely converted to the β 
phase by PdH0.58.5,30 

Pd + 0.5.nH2  PdHn   where n ≤ 1. (1) 
This property has led to the significant use of Pd alloys and membranes in hydrogen purification 

and storage. Repeated expansion and contraction of the Pd crystal lattice from adsorption and 
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desorption of hydrogen results in embrittlement of pure Pd over time, however. This leads to crack 
formation, reduced performance and ultimately mechanical failure of the membrane in the worst 
case.5,8,9,14,30,31 Alloying Pd with Ag prevents this embrittlement, as formation of the β phase is 
inhibited. This is at the expense of some hydrogen permittivity in membranes,5,6,31,32 though the 
mechanical properties of the membrane are improved with higher Ag content so thinner membranes 
are possible as a result.14,32 Certain species such as CO33,34 and H2S14,34,35 poison Pd (and PdAg) surfaces, 
hindering or even preventing reaction with H2, though PdAg is less susceptible to this factor when 
compared to pure Pd.14,32-35 

2.3. Catalysis 

Pd, Ag and PdAg alloys are catalytically active for a wide range of reactions due to effective 
absorption and reversible surface reactions with a wide range of species including H2,12,14,20,36,37 
CH2O,20,23 CH4,38 and CO.15,20,39,40 A wide range of hydrogenation,41 dehydrogenation,42 oxidation,20,40,43-

45 reduction,46 and decomposition20,47-51 reactions of many organic and some inorganic46,51 species are 
catalysed by PdAg. Selectivity for targeted bond scission (such as C-Cl and C-Br) on PdAg surfaces 
have also been demonstrated.52 These catalytic reactions are heterogeneous (gas-solid or liquid-solid) 
in nature and many are thermally initiated, though numerous examples of PdAg alloys used for 
electrolysis reactions,14,23,24,44,47,52 and electro-53-55 and photocatalysis56 have also been demonstrated. 
Several reactions particularly suited to use in fuel cells, such as the oxygen reduction reaction 
(Equation 2) are effectively performed using PdAg electrodes.53-55  

O2 + 2H+ + 4e-  2HO-    (2) 
Pure Pd catalysts are often more active than PdAg, though changing the Pd-Ag ratio allows for 

tuning of catalytic selectivity and reduction in poisoning.14,15,20,48  

2.4. Electronic Properties 

In electrical and electronic applications where thick films of PdAg find use, doping of Pd with 
Ag prevents surface oxidation of Pd to PdO.57 Pd electrodes, while favourable for their general 
chemical inertness, are prone to hydrogen embrittlement in the same manner as membranes of the 
element used in gas separation.58 As per hydrogen separation, alloying Pd electrodes with a 
proportion of Ag reduces embrittlement.59-61 H2 permeable PdAg electrodes have been utilised as 
cathodes in electrolytic hydrogen production, where the Ag serves to prevent embrittlement, while 
retaining the electronic behaviour of elemental Pd.61 In electro-catalysis and electrolytic applications, 
the doping of Ag into Pd reduces the activity the catalyst due to the lower activity of d-band electrons 
within the alloy relative to pure Pd.20,49,62-64 The lower activity of the d-band electrons is a result of the 
filling of d-holes in the Pd electronic structure as Ag is doped into the crystal lattice.64  

3. Manufacture of Pd and Ag Alloy Thin Films 

Since their inception, a broad range of physical and chemical methods have been utilised to 
prepare Pd, Ag and PdAg films.20 Certain applications may use materials prepared a single 
manufacturing technique, as the properties essential end use of the material are closely influenced by 
the preparative route. For example, PdAg thin films for sensor applications are commonly prepared 
using CVD or PVD,36,65-73 while those for use in gas separation may use electroless 
deposition14,22,28,31,35,74-89 or mechanical methods14,33,85,92-94 though this is not exclusive.  

Despite the range of available preparation techniques for PdAg films, recent advancements in 
materials preparation, such as additive manufacturing (AM),93 better known as 3D-printing,  have 
not been exploited, despite the versatility of the technique. Films of Ag produced by AM are well 
known, however, and Pd films have been similarly prepared though are less well known.18,19,25,26,94-119 
Thus the potential for preparation of PdAg using AM represents an unexplored opportunity.  

To develop an understanding of how AM could be applied to the manufacture of PdAg films, 
the chemistry and physics of existing conventional and additive approaches must first be understood. 
The differing chemistries of Pd and Ag will affect the approach taken.120 Achieving a homogeneous 
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film is essential to ensuring the performance of a PdAg film in the target end goal. Achieving this 
while avoiding the extensive heat treatment commonly required to produce homogeneity in a PdAg 
film would increase the potential variety of substrates and systems with which it could be 
used,14,83,121,122 such as plastics and fabrics. 

With this in mind, the conventional (i.e. non-additive) manufacturing of Pd, Ag and PdAg films 
will first be explored with reference to how choice of manufacturing method is affected by end 
application.  

Following this, the routes by which Pd and Ag films have been additively manufactured are 
investigated, and several potential routes to the preparation of PdAg films using AM are outlined. 
An overview of PdAg nanoparticles preparation is also presented as these provide one of the 
potential routes to PdAg films using additive manufacturing. A number of researchers have 
performed in-depth analysis into the preparation of PdAg membranes, though these are generally 
focused on specific applications.14,22,122 

3.1. Conventional Manufacture 

A range of conventional manufacturing methods have been employed for the preparation of Pd, 
Ag and PdAg metallic thin films. These vary from physical methods, whereby thin films are prepared 
by rolling of alloys;14 electrolytic methods, whereby thin films are deposited from an aqueous solution 
of metal salt precursors;28 physical vapour (PVD),75-78 chemical vapour (CVD),122 and atomic layer 
deposition (ALD),123-125 whereby the films are deposited from a metal target or decomposition of 
volatile precursors respectively; spray and flame pyrolysis, where a film is deposited by thermal 
decomposition of precursors in a high temperature flame;126,127 to screen printing128 and spin 
coating,129,130 whereby films are printed through a mask or spun onto a rotating substrate, with 
reactive or particulate precursors heated to form the film. These methods are discussed, with 
examples, by technique, with applicability to the preparation of PdAg films, and with examples of 
end use for each technique. 

3.1.1. Physical Methods 

The simplest method of metal film production is to physically prepare the film from the bulk 
material through either rolling or hammering.14,131 Many of the noble metals are ductile and malleable, 
allowing them to be readily processed into thin films using such methods.1 PdAg films produced via 
this method are prepared from Pd and Ag metals which are melted and sintered together to achieve 
a homogenous bulk phase. This bulk material is then normally cold-rolled to make the films of the 
desired thickness.14,49,81,83,90-92  

Mechanical methods such as cold rolling lack the manufacturing consistency and control of 
chemical techniques such electroless plating and CVD, and introduce stresses in the material which 
must be removed by heat treating.132 They are however advantageous in their simplicity and 
scalability. Mechanical methods have been used extensively to prepare PdAg films for gas-selective 
membranes, 14,49,81,83,90-92 and was used for an early example of a H2 sensor.131 

3.1.2. Electrolytic and Electroless Methods 

One of the oldest, simplest and most prevalent methods of noble metal film preparation is 
electrodeposition, or electroplating. In this method, a film is deposited from a solution containing the 
target ion(s) by electrically reducing them onto the desired (conductive) substrate, using the substrate 
itself as the cathode in an electrochemical cell.133 An overview of this is presented in Figure 2. 
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Figure 2. Schematic of electroplating (Open source image: Wikipedia). 

A development of electrolytic plating is electroless plating. A solution containing the target 
ion(s) to be deposited is contacted with the substrate and a separate reducing agent is added. This 
mimics the electrical current in electrolytic plating to effect the deposition of the ions on the substrate 
surface.134 In this case the substrate serves to nucleate the plating of the target ions.134 Electroless 
plating is advantageous in that non-conductive substrates such as ceramics can be used.134 

Electroless plating has been extensively used to prepare thin films of PdAg, especially for use in 
hydrogen purification and catalytic applications.14,22,28,31,35,74-89 Common precursors are commercially 
available and include complexed Pd2+ and Ag+ salts reduced with reducing agents such as tin (II) 
salts, formate ions, or hydrazine.31,53 The main advantage of electroplating and electroless deposition 
methods are their simplicity, but conversely control over the deposited films is lower than other 
methods.32,81,135 Extensive post-precipitation heat treatments can also be required to achieve 
homogenous alloys and the desired level of conductivity of catalytic activity in films prepared via 
these preparative routes, however, due to the different electrochemistry of Pd and Ag causing 
different rates of deposition.122 Mechanisms of electroless deposition and surface morphologies such 
PdAg films have been investigated extensively.14,87-89 

3.1.3. Physical Vapour, Chemical Vapour and Atomic Layer Deposition 

Vapour Layer deposition techniques deposit materials on a target surface by a range of related 
methods.  Physical vapour deposition for example, (PVD, Figure 3) utilises high energy ions (such 
as Ar+) in the form of a plasma to “knock” ions from a bulk target onto the desired substrate.136 The 
process is conducted under vacuum and an electrical potential is often employed between the target 
and the substrate to aid the process, though thermally the process is conducted under ambient 
temperature, and is also referred to as “sputtering”.137 PVD can also be used for the preparation of 
coarser thin films than can be achieved with chemical vapour or atomic layer deposition methods 
outlined below, as the deposition rate is up to two orders of magnitude higher.65 Several researchers 
have demonstrated the sputtering of PdAg alloys using separate targets of Pd and Ag.14,32,75-78 PVD 
methods are used extensively to prepare PdAg films for sensor applications,65-73 and to a lesser extent, 
for gas-permeable membranes.81,135  

   

Figure 3. Schematics (Left to right) of PVD, and CVD. (Open source images: Wikipedia). 
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Chemical vapour deposition (CVD, Figure 3) uses thermally labile precursors which are 
decomposed by heat to produce thin films of metals, oxides or other compounds on a substrate.138 
This is often performed under vacuum and at elevated temperatures, thus limiting the available 
substrates that can be utilised. PdAg films have been prepared using this method using Pd and Ag 
acetates as the precursors,122 though other suitable species for both elements are available.14,26,139,140 

Atomic layer deposition (ALD, Figure 4) is an evolution of CVD whereby tuneable layers of the 
desired element or compound are precisely applied to the substrate based on sequential, self-limiting 
decomposition reactions.141 ALD has a significantly lower deposition rate than PVD or CVD, but the 
control over deposition is far greater.65 While PdAg alloy films have not been prepared using ALD to 
our knowledge, films of both individual elements have successfully deposited.123-125  

 

Figure 4. Schematic of ALD. (Open source image: Wikipedia). 

High throughput preparation and screening methods have been applied to Pd-Ag-Ti 
membranes for H2 separation by Piskin et al. The samples in this research were prepared using PVD.142 

Vapour deposition methods are advantageous over the other methods explored for applications 
where finely controlled deposition of a PdAg film is required. They are disadvantageous however in 
that rates of deposition are lower than electroplating, the high temperatures required can limit the 
viable substrates, and high capital costs are required for equipment and precursors compared to other 
methods.14  

3.1.4. Spray and Flame Pyrolysis 

Spray pyrolysis (Figure 5) is a technique for the preparation of thin films whereby a solution 
containing the desired film precursors is sprayed onto a heated surface and thermally decomposes 
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to form the intended film.143 With careful control over process parameters, thin films of 500 nm 
thickness can be prepared.144 Flame pyrolysis is a related technique whereby the desired film is 
deposited from a gaseous combustion126 or plasma127 flame. 

Li et al demonstrated the preparation of a 2 um PdAg membrane onto an alumina support from 
the respective metal nitrates, deposited from a H2-O2 flame at 1000 oC.126 Precursors to PdAg films in 
the form of spherical particles have also been prepared using flame pyrolysis,144 and fully alloyed 
PdAg particles can be prepared using spray pyrolysis in a single step.145 

3.1.5. PdAg Nanoparticle Preparation 

Pd,146-148 Ag148-156 and PdAg157-161 nanoparticles have been known for many years and find use in 
a wide range of applications in their own right, but these uses are beyond the scope of this review 
and as such are not discussed further. Such particles also find use as precursors to PdAg films,109,113 
and as such an overview of their preparation is presented. 

Noble metal nanoparticles are most commonly prepared using solution reduction of metal salts 
using an appropriate reducing agent.158 These reactions are generally conducted in dilute batch 
reactions and as such throughput is limited,158 though advances of nanomaterials manufacturing into 
the continuous mode improve throughput, are scalable and more consistent than batch methods.148,151 
Due to their high surface energies,162 metal nanoparticles often require capping to prevent 
agglomeration.147,148,158 Flow processes allow for efficient capping of nanoparticles in process.148,151 

Monometallic nanoparticles require less consideration of synthesis than bimetallic examples 
(such as PdAg). Ag@Pd core-shell nanoparticles capped with PVP were prepared by Tedsree et al.161 
This preparation involved synthesis of an Ag core then several subsequent reductions of Pd onto the 
surface until the desired composition was reached.161 Co deposition without the requirement for a 
core-shell approach to bimetallic nanoparticles can be conducted using rapid reduction with a 
powerful reducing agent such as NaBH4,159,160 though this technique does not fully alloy the metals 
into a homogenous phase.159  

Noble metal nanoparticles can also be prepared at scale using the spray or flame pyrolysis 
method,163 though this lacks the finer control of particle size and morphology inherent to solution 
based methods.148  

Free powdered or stable suspensions of nanoparticles are ideal precursors to several different 
additive manufacturing techniques, which shall be discussed later. 

3.1.6. Screen Printing 

Conductive films of PdAg have been prepared using screen printing (Figure 5) for many years 
from either reactive solution or (nano)particulate-based precursors.128,164-170 In this method, the 
conductive precursor is applied to the substrate through a porous screen topped with a negative 
“mask” of the design to be printed. The conductive film is then developed either photochemically or 
thermally to decompose or sinter the precursors as required.171 This is often conducted at high 
temperatures (> 200 oC), limiting the substrates which can be used.144  

 

Figure 5. Schematic of screen printing. A: ink; B: squeegee, C: image negative; D and E: screen and 
frame; F: printed image. (Open source image: Wikipedia). 
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A range of commercial reactive and nanoparticulate inks are available for this printing of PdAg 
films, though these are hindered by the aforementioned requirement for high sintering 
temperatures.144,170 The resolution and minimum thickness of the printed film are also limited due to 
the nature of the screen printing process itself with respect to precursors concentration and mask 
pore dimensions.144,164,170 

3.1.7. Spin Coating 

Spin coating (Figure 6) is a technique for application of thin films to a substrate, whereby a liquid 
film is applied as a suspension or solution to a spinning disk of the substrate, followed by in-process 
or subsequent evaporation of the carrier solvent. The thickness of the film can be controlled by 
variation of rotation rate, viscosity of the ink and the concentration of the printed component.172 

Spin coating is ideal where sequential layers of different materials need to be deposited, such as 
microelectronics.173 If drying is conducted during the spinning process, care must be taken to avoid 
the “coffee-ring” effect, caused by variations in the viscosity of the ink during the process.174 

 

Figure 6. Schematic of spin coating in 4 stages: deposition, progressive spinning, film formation, and 
drying. (Open source image: Wikipedia). 

Screen printed metallic films, can use either be reactive or particulate precursors. As per screen-
printed samples, however, both of these often require post-spin thermal or other treatment in order 
to prepare the desired conductive film. While no researchers have demonstrated the spin-coating of 
PdAg films, films of both Pd129,175 and Ag130,176 have been deposited individually. Similar precursors 
to those used in screen printing could be used to print PdAg films via spin coating.  

3.2. Additive Manufacturing 

Additive manufacturing (AM, Figure 7), formerly known as rapid prototyping and more 
colloquially known as “3D printing” is a state-of-the-art manufacturing technique whereby layers of 
a material are deposited sequentially under computer control to construct a 3D shape.93 This covers 
a wide range of techniques encompassing fused deposition modelling (FDM),177 selective laser 
melting (SLM),178 inkjet printing94,95 and binder jetting.179 Rapid prototyping conceptually began to 
gain momentum in the published literature in the early 2000s, with the terms additive manufacturing 
and 3D-printing overtaking the progenitor in 2013.93 The volume of research concerning these 
concepts has increased year on year since then.  

AM can be used to prepare objects of almost any conceivable shape from a vast range of 
materials including plastics, ceramics, and metals.180 Some techniques under the umbrella of AM are 
more suited to some materials and end applications than others by nature of the diversity of the 
field.93,180  

Conductive metal films, including those of elemental Pd and Ag, have been prepared using AM 
techniques, but most commonly inkjet printing, for over 30 years.179 These are well documented for a 
variety of applications, such conductive traces, sensor electrodes and catalysts when prepared on a 
variety of substrates including glass, plastics and even fabrics.18,19,94-119 These are most commonly 
deposited from reactive solutions25,26,94-98,101,103,105,111,114-116 or nanoparticulate suspensions18,19,102,104-

110,112,113,117,118 using inkjet printing, though some researchers have taken a hybrid route.99  
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Figure 7. Overview of fused-deposition modelling: 1: print extruder; 2: deposited material; 3: 3-D 
movable table. Plastic strands are deposited layer-by-layer to produce the desired 3-dimensional 
object. (Open source image: Wikipedia). 

The potential for printing of PdAg films using inkjet printing will be discussed in detail. Such 
films have not been prepared using any AM technique, representing an unexplored opportunity 
within the field. Inkjet printing using reactive or particulate liquid precursors is ideal for preparation 
of metallic films as the product properties are readily controlled during the manufacturing 
process.25,26,179 Ag films have extensively been prepared using inkjet printing,100-124 and Pd115 films have 
also been demonstrated.178,179 

Other AM techniques such as SLM178 or binder jetting179 could make use of PdAg (nano)particles 
to prepare complex 3D shapes with a high surface area. While these techniques are not suitable for 
the preparation of PdAg thin films, these methods represent the forefront of AM technology for 
preparation of 3D shapes, and could be used to prepare more porous structures suited to 
catalysis181,182 or sensing183 applications. The higher surface area in these cases leads to higher 
activity.181-183 To our knowledge, this has never been achieved with PdAg.  

3.2.1. Additive Manufacture of PdAg using Inkjet Printing 

The two common types of ink used for the inkjet printing of conductive metallic films are either 
nanoparticle-based nanoparticulate18,19,102,104-110,112,113,117,118 or reactive solution-based25,26,94-98,101,103,105,111,114-

116 inks. Solution based inks can be further sub-divided into organic26 or inorganic,25 depending upon 
the nature of their solution and decomposition chemistry.  

Nanoparticulate formulations, consisting of a suspension of particles in a solvent, are 
advantageous in that the precise composition of the metals within the ink is predetermined.18,19 
Several challenges exist in the use of such inks, however. In order to stabilise the suspension, the 
nanoparticles must often be capped with suitable stabilising agents.105,184 The complete removal of 
these capping agents requires extensive heating after or during the printing process, limiting the 
number of viable substrates.106,184,185 Similarly to achieve adequate conductivity, sufficient sintering of 
the particles must be performed through particle ripening,18,19 though sintering, solvent evaporation, 
and capping agent removal can all be combined into a single step. As with all particulate suspensions, 
there is a propensity to block or clog the narrow orifices used in inkjet printing heads, though the use 
of capping agents can mitigate this.105,186 Several commercial inks containing Pd and Ag nanoparticles 
exist for screen printing applications, and similar Ag or Pd inkjet-printable formulations have been 
developed, 8,19,102,104-110,112,113,117,118 but to our knowledge, both metals have never been simultaneously 
inkjet printed together from nanoparticulate inks. 

Solution based inks exploit the known ability of many noble metal compounds to decompose 
under mild conditions.26,94,95,187,188 These types of ink can be grouped into two broad groups based on 
their chemistry and solvent base: organic26 and inorganic.25 Organic inks often utilise air- and water-
sensitive metal complexes dissolved in a suitable organic solvent, which break down at elevated 
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temperatures to form the desired metal.26,94,95,187 These are sometimes called metal organic 
decomposition (MOD) inks. The decomposition chemistry of these types of reagent is often related 
to that of CVD precursors, though in some cases incomplete decomposition of the metal complex can 
leave impurities in the film.26 One notable example of this is the work of Black et al, whereby a 
toluene-based ink containing a silver hfac complex in conjunction with isopropyl alcohol as a co-
reductant forms a composition stable at room temperature, but which activates to reduce to the metal 
at elevated temperatures (Equation 3) This method is advantageous in that all the decomposition by-
products are volatile and the produced films are free of impurities.26  

2[Ag(hfac)(COD)](org) + iPr-OH(org)  2Ag(s) + 2H-hfac(g) + 2COD(g) + (CH3)2CO(g)  (3) 
Inorganic inks typically use tailored aqueous chemistry, often based on that of electroless 

plating, such as the work of Walker,25 which utilises a solution stable at room temperature, but which 
activates to reduce the contained metal complex to the metal under elevated temperatures. The 
aforementioned example utilises a modified Tollens’ process (Equation 4), which is activated upon 
heating. Due to the reversal of the electrode potentials in the system at elevated pH and the 
complexation of the metal, the solution is rendered inert at room temperature.189,190 This solution is 
available commercially. As per the work of Black,26 all of the reaction by-products are volatile at the 
temperature of the reaction.25 Thus conductive traces can be produced by simply printing the reactive 
ink onto a heated surface.  

2[Ag(NH3)2]OAc(aq) + CH2O2(aq)   2Ag(s) + CO2(g) + HOAc(g) + 4NH3(g)   (4) 
While combined PdAg films have not been inkjet printed simultaneously from a single 

component reactive ink, a range of solutions exist for both metals individually with differing degrees 
of processing conditions and practical viability. The challenge for this type of system would be 
ensuring simultaneous precipitation of both elements to eliminate the need for lengthy high 
temperature annealing.  

3.3. Alloying, Sintering and Oxidation 

Achieving a uniform alloy is essential to the performance of PdAg alloys and their thin films. 
This requires homogenous deposition of Pd and Ag or heating to alloy sufficiently for the desired 
conductive or catalytic behaviour to be achieved,99 though co deposition can be challenging due to 
the differing chemistries of the two elements. 

In the case of particulate systems, the high surface energy of nanomaterials results in rapid 
agglomeration of unstabilised NPs to form larger species.191 Smaller particles have higher surface 
energies,99 best illustrated by the significant reduction in melting point with reduction in particle size 
below 10 nm for the majority of metal NPs.191 In systems where Pd and Ag are combined together in 
pre-alloyed particulates, the necessity for extensive heat treatment can thus be avoided beyond those 
necessary to anneal the particles together.18.19 In solution based systems, the different 
electrochemistries of Pd and Ag can mean that one metal or the other can be reduced before the other 
depending upon the reaction conditions used.20 Generally, higher curing temperatures result in 
higher conductivities from more complete alloying. This is thus a balance between the substrate, film 
deposition chemistry and reaction time for optimum performance.117,118 

Several researchers have demonstrated that sintering can be conducted using microwaves18,19 or 
plasma106 instead of thermally. This can be advantageous, as surface oxidation of Pd to PdO during 
thermal annealing (Equation 5) can be detrimental to the final performance of the film or 
membrane.57,139  

2Pd(s) + O2(g)  2PdO(s) (5) 
The oxide is unstable with respect to the metal and decomposes back to elemental Pd by 900 

oC.57,192 Introduction of Ag into the PdO system hinders oxidation and lowers the decomposition 
temperature of PdO.57 

4. Applications of PdAg Thin Films and Membranes 
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The key properties of PdAg alloys are outlined above, and the scope of his review does not 
extend to bulk or free or supported (nano)particulate PdAg systems, so these will not be discussed 
further here. The vast majority of research investigating PdAg thin films can be divided into two 
categories: chemical separation, catalysis, and sensing. In both cases, this primarily exploits the 
known chemistry of Pd (and its alloys with Ag) with H2, though this is not exclusive.  

4.1:. H2 Separation and Catalysis 

The major application of PdAg thin films is the separation of H2 from other 
gases.4,14,20,22,28,31,33,42,51,76-92,126,135,193-207 This known property can be combined with thermal 
heterogeneous catalytic activity, either from the film itself or from additional catalysts. These are 
generally continuous processes,14,22,28,33,42,81-83,202,203,205 as overall process efficiency compared to the 
batch mode is increased as selective removal of one or more species in catalytic equilibrium processes 
serves to drive the reaction(s).81 PdAg alloys of x = 0.2-0.3 are the optimum formulation range for H2 
permeable membranes,14,32,33,35,80,81,89-92,201,207 with x = 0.23 providing the highest hydrogen 
permittivity.31 An extensive volume of extant literature provides deep insight into the use of PdAg 
films in membrane reactors.81,196,197 Here, we present a brief overview.  

The H2 permittivity of PdAg membranes is sensitive to a number of factors.14 Larger metallic 
crystallites tend to increase permittivity,135 while increased Ag content (x = 0.35) forms smaller 
crystallites, lowering permittivity.126 This size of crystallites is sensitive to production method.126 
PdAg membranes are often supported on porous supports of either stainless steel  or ceramic 
construction.14,22,28,31,74-89,199,200 Chemical pre-treatment of ceramic supports has been demonstrated to 
improve membrane-support bonding,126 though expansion during annealing can result in 
delamination of the membrane from the support if reactor construction (PdAg membrane internal or 
external of the support) is not considered.80 The effect of annealing conditions on permittivity has 
been extensively studied, and incomplete annealing or segregation of Ag and Pd results in reduced 
permittivity.24,208  

PdAg films for separation or catalytic purposes are commonly prepared using mechanical 
methods8,9,32,84,90-92,202,203 or electroless deposition14,28,31,74-89,199-200 on the aforementioned porous 
substrates or supports, though PVD can provide greater control over film properties and has found 
some use in this application.81,135 Supports allow membranes to be thinner and thus more efficient 
and cost-effective than self-supporting ones.14 More traditional mechanical techniques have also been 
employed for the preparation of such membranes.  

The hydrogen flux through pure Pd and PdAg membranes have been investigated 
extensively.79,81,199,200,203 The hydrogen flux is inversely proportional to membrane thickness,79,199,200,209 
proportional to a half power of both temperature,199,200,209 and pressure.91,201 Such processes are very 
sensitive to start up conditions, however,204 and hydrogen flux is limited below 200 oC.79 The optimum 
operating temperatures for PdAg membranes are above 300 oC,79,209 with higher temperatures 
increasing H2 permittivity.204 Surface oxidation can improve the H2 permeation of PdAg membranes 
by 90%,91,92,199,200,206 and reduce the deleterious effects CO poisonging can have on H2 
permittivity.207,210,211 H2O has been demonstrated to hinder H2 permeation through PdAg membranes 
through competitive binding, though this process is reversible and of lower effect at higher 
temperatures.202,203,207 Species such as H2S can permanently poison membranes,84-86 though doping 
PdAg with a small amount of Au reduces this effect. The reduction in performance by competitive 
CO, H2S or H2O binding is reduced at higher temperatures.207 Higher Pd content in PdAg membranes 
results in higher resistance to sulphide deactivation while increasing hardness.1 The inclusion of Ag 
to Pd films doubles the effective lifespan of the membrane.82 The selectivity of a PdAg membrane for 
hydrogen depends upon the composition of the gaseous mixture in question, but selectivity from 
similarly light species such as He approaches 4 orders of magnitude.133 

One of the primary applications of PdAg membranes is the separation of H2 from other gases 
produced from the steam reforming and water-gas shift reaction (Equations 6 and 7).32,42,75-

78,81,83,202,203,.205 

CH4 + H2O  CO + 3H2 (6) 
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CO + H2O  CO2 + H2O (7) 
These reactions are commonly conducted over a nickel or oxide catalyst at high temperatures 

and,81 as equilibrium processes, removal of hydrogen through the selective PdAg membrane drives 
the (continuous) reaction processes to the right hand side.205 The excellent review of Dittmeyer et al,42 
provides good diagrammatic overviews of such processes.  

Various other catalytic reactions have been explored in combination with the selective H2 
permittivity of PdAg films including hydrogenations, dehydrogenations, oxidation, reduction, and 
decomposition processes.14,81,90,202,203 The catalyst in these processes can either be the film itself14,22,42 or 
an additional heterogeneous species.22,32,42,83,205 Such examples of membrane catalysis include a low-
pressure methanol reforming process using a PdAg membrane (x = 0.23) to separate the produced 
H2.81,90  

4.2. Sensing 

4.2.1. H2 Sensing 

One of the earliest applications of PdAg alloy thin films in sensing was explored by Shaver.131 
This research noted a 100 um bimetallic PdAg (x = 0.25) strip thermally bonded to Fe with a Cu 
separator changes conformation when exposed to H2. Since then, advancements in electronic 
equipment have allowed the development of solid state devices which exploit changes in the 
resistance of PdAg alloys when exposed to H2 to allow for detection of the gas over wide ranges (ppm 
to ppt).12,15,36,66-73,122 Optical sensors containing PdAg films as the active sensing component have also 
been explored.73 These sensors can employ a range of substrates,122 but the PdAg films are commonly 
deposited using PVD sputtering methods,12,36,66-73 or more rarely CVD.122 The range of PdAg alloys in 
these applications typically varies from x = 0.2 to 0.3,73 as this limits the hydrogen embrittlement 
observed with pure Pd membranes and electrodes. 

4.2.2. Other Sensing 

The capability of PdAg films to absorb species other than H2 allows for the sensing of alternate 
low-molecular weight compounds.15,20,40 Ghosh et al noted a ZnO supported PdAg film operates 
effectively as a sensitive, low-temperature, highly selective CH4 sensor in the presence of competing 
gases.38,212 The PdAg film in this research was prepared using PVD.  

4.3. Other Applications 

Though sensing and hydrogen permittivity are the primary applications, other applications of 
PdAg thin films such as electrochemistry have been explored. 

4.3.1. Electrochemistry 

Pd electrodes have been utilised for many years for a wide range of electrochemical processes 
due to their versatile reactivity and corrosion resistance. Introduction of Ag into these electrodes can 
be used to tune reactivity and/or increase resistance to certain poisons within a given system.24,129 

Oliveira demonstrated both alkaline ethanol oxidation and oxygen reduction reactions using 
PdAg (x = 0.21) electrodes for use in fuel cells.45 Similar electrodes have been used for methanol 
reduction,128 and have been prepared using screen printing from nanoparticulate PdAg inks. A 
combined electrolysis and separation system has been demonstrated by Pozio et al, whose research 
utilised a hollow PdAg membrane cathode to produce ultrapure hydrogen from an electrolysis cell.60  

4.3.2. Minor Applications 

Markowski et al demonstrated a device containing a PdAg film screen-printed from a 
commercial PdAg nanoparticulate ink and cured at high temperature for thermoelectric generation 
applications.170 Chiang investigated the antimicrobial efficacy of PdAg films,213 demonstrating that 
such alloys possess a similar activity to Ag.214 Choudhary demonstrated the use of sputtered PdAg 
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films as part of a complex system for the direct preparation of H2O2 in high yield from the constituent 
elements.215 

4.4. State-of-the-Art Developments and Research 

A summary of the developments in the most recent literature (within the 12 months preceding 
publication) of PdAg films is presented. While the primary focuses of research remain as previously 
outlined: hydrogen-permeable membranes,216-220 and sensors.221 Advanced analytical methods have 
also been used to explore the properties and reactions of PdAg film.222,223 New advancements in 
additive manufacturing technologies, such inkjet chemistries, could provide additional routes to 
PdAg films with appropriate engineering.224 

Surface modifications of primary PdAg alloy hydrogen-permeable films with other metals and 
morphologies, such as Zn,216 and nanoporous surfaces respectively,217 have been demonstrated to 
improve hydrogen permittivity and lower effective temperatures and pressures, via reduction of rate-
limiting reactions.216,217 Sequential heat-treatment methodologies have been investigated and proven 
to increase hydrogen permittivity for thinner (<5 um) membranes.218 Advancements in preparative 
technologies have also been investigated, including high-powered magnetron sputtering-based PVD 
methods,219 and plasma methods.220 Long-term studies investigating the performance of PdAg 
membranes over time have also been undertaken under varying reaction conditions, determining the 
maximum operational temperature of the materials for optimal longevity is 450 oC.225 

Spun-cast PdAg film sensors have been demonstrated as sensitive for the detection of E-coli 
bacteria in liquid media.221 The reaction of hydrogen with PdAg films has been mechanistically 
explored using state-of-the-art ambient-pressure XPS analysis, providing additional insight into 
permittivity processes,222 and computational simulations of such processes undertaken.223 

5. Conclusions 

In this review we have explored the manufacture and applications of the industrially important 
palladium silver alloy films. While the use of PdAg membranes for hydrogen purification has been 
known for many years and still represents the current research paradigm, further exploration of the 
capabilities of these materials in this and related applications have been undertaken. The most recent 
developments in the use of PdAg films are in highly selective sensing applications, primarily for the 
detection of H2, but also other low molecular weight species such as CH4. Electrocatalytic applications 
have also been explored, where the corrosion resistance and absorption behaviour of PdAg is suitable 
for use in fuel cells in particular.  

Investigation of the preparative routes of PdAg membranes highlights opportunities beyond the 
conventional approaches used nowadays, namely additive manufacturing. While Pd and Ag films 
have been separately prepared using additive manufacturing routes, the preparation of PdAg films 
using this cutting edge technology has thus far remained elusive. Using an understanding of how Pd 
and Ag films can be prepared using AM, we have highlighted several potential routes to both PdAg 
thin films and porous structures. Additive manufacturing could allow for greater control and 
flexibility in the preparation of PdAg films for many applications, and of complex 3 dimensional 
morphologies of the same material for uses beyond those of membranes. 
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