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Scalable manufacturing of high­aspect­ratio multi­material electrodes are important for advanced

energy   storage   and   conversion   systems.   Such   technologies   often   rely   on   solution­based

processing  methods  where   the   active  material   is   dispersed   in   a   colloidal   ink.  To  date,   ink

formulation has primarily focused on macro­scale process­specific optimization (i.e. viscosity

and surface/interfacial tension), and been optimized mainly empirically. Thus, there is a further

need   to   understand   nano­   and   mesoscale   interactions   and   how   they   can   be   engineered   for

controlled macroscale properties and structures related to performance, durability, and material

utilization in electrochemical systems. 
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Porous electrodes are ubiquitous in various electrochemical technologies, yet their genesis still

resides mainly in the empirical domain. Similarly, printable and nano­materials processing has

seen rapid improvements in the last decade,1­3  enabling precise control over 1D, 2D, and 3D

structural   properties.   This   has   allowed   for   the   development   of   printed   microcapacitors   for

integration into flexible and wearable electronics4, 5. Broadly however, the feedstock material has

yet to be optimized fully.  Technologically, formation of electrodes encompasses a variety of

processing techniques including ink­jet printing, transfer printing, spray­coating, stamping, and

screen printing from an ink. An ink broadly encompasses a material(s) to be printed or coated

and a carrier fluid that is removed by evaporation during the solidification or curing process (Fig.

1).6 Electrodes in batteries and catalyst layers in fuel cells and electrolyzers are manufactured via

solution­processed approaches and both the ink formulation (Fig. 1b) and fabrication method

(Fig.   1c)   play   a   role   in   determining   the   microstructure,   underlying   material   arrangement,

capacity,  and activity of an electrode system.7,   8  However, detailed control of microstructure,

active and inactive material distribution, and morphology, which are needed for better utilization

and next­generation architectures,9­11  remains unlinked for the most part to the ink descriptors.

Understanding and  tailoring   the  ink  properties,  so called  ink  engineering,  allows for  precise

control over the eventual multicomponent composite structures. Herein, we highlight recent and

specific  works   that   seek   to  discern   the  governing   interactions  between   the  polymer,   active

material,   and   solvents   in   electrode   inks   and   ultimately   how   they   can   be   engineered   for

processing6, 12, 13.      
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Inks for battery electrodes and catalyst layers are similar and are comprised of an active material,

a  polymer,  and  a   carrier   fluid   (solvent).   In  batteries,   the  active  material   can  be  a   range  of

inorganic   crystalline   materials14,   15,   amorphous   organosulfur   compounds16,   or   metalloids

(silicon)17, while in fuel cells and electrolyzers the active material is an amorphous or graphitized

carbon   material   decorated   with   a   nano­catalyst   material.18    Both   electrode   systems   have   a

polymer that serves as the binder that holds individual particles together and to the substrate. The

binder can also be functionalized to provide ion or electron conductance as well as providing the

mechanical   integrity   (durability)  of   the  electrode  during  electrochemical  operation.19,   20.  The

polymer loading in a fuel­cell catalyst layer can be on the order of 40 to 60 v% (30 to 50 wt%)21,

22 while the polymer loading is typically minimized in battery applications (5 to 10wt%) (Fig.

2b).   Thus,   the   catalyst­layer   microstructure   is   polymer­driven   and   the   battery­electrode

microstructure is less affected by polymer content. In both applications however, the biphasic

and ternary nature of these dispersions induce complex interactions that affect the deposition or

coating process,23, 24  and how inks are transformed during relevant coating processes (Fig. 1b­

c)25. Furthermore, ink formulations are typically empirically optimized with parametric studies

that are often unique to these coating processes (Fig. 2a)26.  In batteries, it is important to have

good packing density and low additive content for favorable volumetric energy densities27,   28,

while in fuel­cell electrodes, the secondary pores29 are necessary to facilitate gas transport (Fig.

1d).     Controlling electrode properties during formation requires both control over interactions

between the materials in the ink phase (colloidal form) and during shear processing (printing)13.
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Within an ink, interactions include particle|polymer, solvent|particle and polymer|solvent ones.

Poly(vinylidene) fluoride (PVdF), carboxymehtyl cellulose (CMC), and polyvinyl alcohol (PVA)

are   common  polymers  used  as  binders   in   battery   applications30,   31  and  a  proton   conducting

polymer   (e.g.,   perfluorosulfonic   acid   (PFSA))32  or  hydroxide­conducting   ionomer   is  used   in

catalyst   layers.    A good polymer for electrochemical  applications is  characterized by a high

adhesion strength in order to avoid delamination and an ability to swell and uptake electrolyte for

effective ionic transport19. Electrode durability and performance in battery systems is dependent

on achieving a homogeneous distribution of the polymer throughout the electrode volume.33, 34

While   in   catalyst   layers,   better   performance   is   obtained   with   precise,   percolated   ionomer

distribution.35, 36 The polymer can inhibit solid­electrolyte­interphase growth at the covered active

material   surfaces.37    Also,   active   materials   with   surface   functionalities   that   induce   strong

hydrogen­bond interactions have been shown to increase binder distribution throughout the bulk

of electrode systems.33, 38, 39 This was observed when comparing PVdF and a hydroxyl­modified

PVdF binder in graphite electrodes systems.  The hydroxyl­modified PVdF system led to more

homogenous structure due to stronger interactions with the graphite in the ink phase.33 

Polymer|solvent   interactions   can   affect   the   formation   of   effective   three­phase   boundary

interfaces   in  catalyst   layers  during  coating  processes.  There  have been significant  efforts   to

optimize and innovate the polymer in terms of properties (conductivity), structure, molecular

weight, durability, and cost.19 In addition, recent research efforts include discerning the effect of

the solvent on the structure and functional properties in electrode systems31.  Specifically, the

mobility of the polymer in a solvent,40 the degree of chain entanglement in the solvent,41 and the
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colloidal morphological form of the polymer42 have all been identified as important properties for

creating   effective   catalyst   layers.  The   dielectric   constant   ( ε ¿   of   a   solvent   can   result   in

different polymer conformations which can change the structural morphology of the polymer in

both solution and cast phases. PFSA forms a solution  ( ε>10¿ , a colloid ( 3<ε<10¿ , or a

precipitate ( ε<3¿  35, 43 based on the designed solvent. 

However, PFSA does not exhibit true solution behavior. Rather, with the aid of small

angle neutron scattering (SANS), it was demonstrated that  high ε solvents can produce different

PFSA conformations depending on solvent choice: random coils in NMP; large, swollen clusters

in  water   propanol  mixtures;   and   cylindrical   particles   in   glycerol.44  Furthermore,  Kim et   al.

correlated the solvent  in Nafion dispersions to cast film mechanical properties41.  They found

three different gelation modes (thermally reversible gelation in most aprotic solvents, thermally

irreversible   gelation   that   formed   a   precipitate   in   water/monohydric   alcohol   mixtures,   and

thermally irreversible gelation that forms a film in pure alcohols) upon solvent evaporation, and

found good agreement of critical gelation concentration (CGC) with mechanical toughness for

the different gelation modes. CGC is related to the degree of chain entanglements, which they

identified as the main indicator of mechanical toughness, rather than percent crystalline area.41, 44,

45    

Furthermore, PFSA as a colloid can preferential interact with Pt active sites rather than

carbon surfaces and thus results in localized distribution of the polymer. These observations have

been supported by DFT measurements that estimate a lower adsorption energy for sulfonic acid

functional groups on platinum than carbon46. Shin et al. further showed that PFSA in a colloid

form   led   to   higher   porosities   in   the   electrode   structure  which  demonstrated   reduced   mass­
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transport  and ohmic resistances.36  Uchida et  al.   similarly found  that   this  preparation method

increased the surface area between the platinum and the ionomer, and had greater continuity of

the ionomer network yielding higher catalyst utilization.35 However, other groups have analyzed

solution   and   colloidal   Nafion   and   found   solution­based   forms   to   exhibit   the   highest   cell

performance  due   to   even   ionomer  distribution.47,   48  Discrepancies  between   the  groups  could

possibly be explained by casting process differences; the groups that found colloidal Nafion to be

preferable   cast   their   catalyst   layers   on  gas  diffusion  media,  while   the  groups   that   saw   the

opposite   cast   on   the   membrane   or   a   decal.   Regardless,   this   underscores   the   necessity   of

understanding individual interactions between components in an ink and global ink properties

(rheological   behavior)   are   important   for   manufacturing   electrodes   with:   (1)   high   adhesion

strength, (2) low tortuosity, and (3) processability. 

Aside   from   polymer|solvent   interactions,   polymer|particle   and   solvent|particle   interactions

govern the aggregation size, processability, and materials arrangement in an electrode system.

For  example,  molecular­dynamics  studies  have shown  that   ionized  graphite   sheets  are  more

likely to adsorb ionomers (PFSA) than bare graphite sheets, and the ionomer coverage is solvent­

and polymer equivalent weight­dependent.49   Within the field of organic field­effect transistors,

polymer side­chain engineering has been explored as a route for altering the physical properties

of organic devices and there is the same potential in electrochemical systems to tailor polymers

for controlled interactions. The potential to control these interactions may provide a means for

spatial control over polymer and solid materials within electrodes via polymer­mediated self­

assembly3.  
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Furthermore,  one must  consider  not  only   the  zero­time composition  of   the   ink,  but  also   its

stability to improve and allow for reproducible coatings.13, 50 Recently, it was shown that the high

polymer loading in carbon­based inks can increase the shelf­life or stability, which suggests that

the polymer (perfluorosulfonic acid in fuel cells) acts as a stabilizing agent.51   From a colloidal

perspective, stability describes the ability to disperse a nano­material within a desired solvent

which can be accomplished by controlling the energy exchanged between colliding particles in

an ink or colloid systems52,  53.   In electrochemical systems, the ink needs to be engineered for

colloidal   stability   as  well   as  material   stability.    Oxidation  or  dealloying  of   the   solid   active

material in an ink phase prior to coating or manufacturing processes can decrease the energy

storage capacity or power density of an electrode54. Koh et al., demonstrated that liquid aqueous

catalyst inks displayed optimal electrocatalytic properties after being aged for 24 to 48 hours54

and showed performance decreases after 48 hours. The increase in performance was attributed to

increased wetting of the active sites, and decreases in performance over time was attributed to

aggregation and phase separation of constituent components. While there are extensive studies

which elucidate aging in dry materials, there are far less that probe ink aging.   For advanced

materials processing an understanding about the underlying ink interactions is important.

Inks as colloidal materials are considered far­from­equilibrium material systems and require a

suite of characterization techniques to probe effectively their structure, function, and properties

at  multiple   lengthscales.  While  individual   ink components are extensively characterized,   less

characterization is completed on the ink as a whole. This is in part because inks cannot be probed
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with   traditional   imaging   or   stationary   interrogation   techniques   due   to   their   opacity   and

multiphasic nature.   Despite these limitations, numerous techniques have emerged as effective

strategies   for   characterizing   key   ink   properties   (see  Fig.   3):   viscosity,   surface   tension,   ink

structure,   material   morphology,   and   solid   material   aggregation   size.   Broadly,   material

characterization techniques can be divided into direct and indirect techniques. Direct techniques

refer to methods that produce data that is completely observable, whereas indirect techniques

typically require empirical models   to evaluate material  properties.  Recently,  Takahashi et  al.

used cryogenic scanning electron microscopy (cryo­SEM) to observe both ink aggregation55 and

ionomer distribution within the ink56. They confirmed that cryo­SEM measurements matched the

particle  size distribution obtained by  laser  diffraction,  and  that  water/propanol  based  inks  at

concentrations   studied   exhibited   bimodal   aggregate   sizes.   Furthermore,   they   observed   the

ionomer   in   inks  with  and without  platinum and noted  an  increased   ionomer  density  around

particles   containing   platinum   compared   with   those   of   pure   carbon.   Despite   these   findings,

cryogenic­based   visualization   methods   pose   two   primary   challenges:   (1)   solvent   loss

(compositional uncertainty) and (2) the introduction of structural artifacts due the growth of ice

crystals that can be somewhat minimized by plunging into liquid ethane or similar solutions.

Two   other   techniques   that   can   enable   direct   structural   observations   under   non­equilibrium

conditions include synchrotron x­ray tomography57  and confocal laser scanning microscopy,58

but   they   are   limited   to   micrometer­level   lengthscales   and   are   thus   primarily   useful   for

understanding segregation, aging, and aggregation phenomena. For smaller feature probes, one

can   use   small   angle   x­ray   scattering   and   neutron­scattering   methods.47,   59­61  Functional

characteristics  like the particle size,  morphology, and size distribution can be obtained from
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fitting   the   Porod   and   Gunier   regions   of   the   intensity   profiles   with   models.     Additionally,

advanced   neutron   scattering   techniques   that   combine   standard   rheological   techniques   with

neutron   scattering   (Rheo­SANS)  provide  unique   insight   into   ink  properties.62  Most  of   these

techniques still rely on interpretation and average sizes; direct imaging techniques remain a need.

Similar to experimental diagnostics, modeling of the formation process and interactions within

the inks is still in its infancy for these processes. DLVO theory has been used to describe ink

stability   and   interactions51,   63,   yet   it   does   not   necessarily   account   for   rheological   effects.

Similarly,   coarse­grained   models   of   catalyst­layer   inks   have   revealed   that   as   the   dielectric

constant of the solvent increases, the agglomerate size (solid material) decreases within an ink

due to decreases in the ionomer cluster size,64 although experimental evidence of this fact is less

conclusive (Fig. 2c).51, 56, 60, 65­71  This highlights the need for more detailed experiments to inform

the  model  physics   and  parameters.  For   the  complete  process  of   ink   to   casting   to   electrode

microstructure, there is a need for a multiscale, multiphysics description. Of note is the recent

modeling  work  of  Wheeler   and  coworkers72  that   attempts   this   for  battery  electrodes  and   is

promising; more efforts like these are required to help uncover the key processes and interactions

and strive towards predictive models.  

As  noted,   it   is   not   just   the   inherent   dispersion   interactions  within   the   ink   that   control   the

electrode formation, but also the casting method. There are several means for processing high

areal electrode systems including, but not limited to, painting, doctor blade, ink­jet, slot­die, and

spray coating. Each of these processes can be transformed into or already exist at roll­to­roll
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scale. Under these different methods, the inks undergo many different shear regimes (see  Fig.

4c), since depending on the polymer and solid content loading, electrode inks can be considered

viscous or viscoelastic materials. Generally, the processing technique introduces two limits: ink

viscosity and achievable process speed (Fig. 4a). Moreover, each of these processes subject the

'ink'  to different shear environments ranging from low shear rate processes such as brush or

rolling to high shear environments such as spray coating. The primary deformation mode for

spray processing methods is  extensional  (not shear),  whereas  traditional coating mechanisms

based on roll or blade coating are subject to standard shear dynamics (Fig. 4b).  For Newtonian

inks or liquids, the extensional forces are only ~3X that of shear viscosities, but for complex

fluids (non­Newtonian) the extensional viscosity can be 104 times greater than the shear rate73­75

and can result in polymer alignment and different material properties (Fig. 4c). Furthermore,

viscosity studies have previously been used to model fundamental binary interactions76, but not

much work has been done applying this to fuel cell or battery inks. These rheological impacts

have only recently begun to be examined in a systematic fashion.

In   summary,   there   is   a   growing  need   for   fabricating  porous   electrodes  with  unprecedented

control   of   layer   composition77.   Key   to   this   is   knowledge   of   the   underlying   physics   and

phenomena   going   from   multicomponent   dispersions   and   inks   to   casting/processing   to   3­D

structure. While there has been some recent work as highlighted herein, a great deal remains to

be   accomplished   in   order   to   inform   predictive   and   not   empirical   optimizations.   Such

investigations have occurred in other fields such as semiconductors and coatings and dispersions

in general, but this has not been translated to thin­film properties and functional layers as occur
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in electrochemical devices. Overall, ink engineering is an exciting opportunity to achieve next­

generation composite  materials,  but  requires  systematic  studies   to  elucidate design rules and

metrics and identify controlling parameters.   
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Figure 1. (a) Characteristic battery or catalyst ink composed of an active material, a polymer, and a working solvent.
Ink engineering involves tailoring (b) material interactions within an ink (c) for specific processing conditions. (d) 
Battery and fuel cell catalyst have display similarities and differences that govern their ideal microstructure (d).
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Figure 2. Ink formulations for electrodes for battery and catalyst layer applications (a) and 
polymer:solid content loading (b). The primary component in an ink is the solvent, and the solid 
aggregation size has been connected to the dielectric constant of the solvent. Data plots extracted 
from references 6,12,13,34,36,51,55,56,66,69-72, and 77.



Figure 3. Multiscale processing techniques available for ink systems.
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Figure  4. Examples of different processing methods relevant to electrode manufacturing (a) and the
subsequent shear regimes exposed to the ink (b). High shear-rate processing characteristics of spray
coating applications can lead to extension flow dynamics (c).
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