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a b s t r a c t 

3D printing is an emerging technology for the fabrication of energy storage devices, offering advan- 

tages over traditional manufacturing methods. However, optimization and design of such devices re- 

quires an understanding of the meso–structure formation during the 3D printing process. This study 

utilizes operando coherent X-ray scattering, X-ray Photon Correlation Spectroscopy (XPCS), to study the 

spatiotemporally-resolved far-from-equilibrium dynamics during direct ink writing 3D printing. Lithium 

Titanate (LTO) based ink is prepared and rheologically tested for its shear-thinning properties. Two-time 

intensity-intensity functions are calculated to be used in subsequent quantitative analysis, which allows 

for an overall characterization of the dynamics, description of an initial fast decorrelation and identi- 

fication of sudden rearrangements of subdomains of the sample. The results show the dynamics to be 

anisotropic, spatiotemporally heterogenous and marked by distinct rearrangement events, all of which 

impact the electrochemical performance of energy storage devices. The studied 3D printing ink is used to 

fabricate electrodes which are then electrochemically tested, showing good performance in cycling and 

retaining structural integrity. This work furthers the understanding of the far-from-equilibrium material 

dynamics during 3D printing, giving quantitative characterization of this process, and highlights aspects 

of structure formation relevant to the electrochemical performance of the resultant energy storage device. 

© 2021 Published by Elsevier Ltd. 
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. Introduction 

3D printing, also known as additive manufacturing, has revolu- 

ionized how materials are being manufactured into complex ar- 

hitectures. This rapidly evolving technology offers great opportu- 

ities to design energy storage systems with controlled and adapt- 

ble spatial geometry and with enhanced performance and func- 

ionalities. Specifically, 3D printing is particularly promising for fu- 

ure energy harvesting [ 1 , 2 ] and storage micro-devices [3–6] with 

ignificant benefits [ 4 , 7 , 8 ] including: 1) Versatility: A storage de-

ice of arbitrary shape can be printed for flexible electronics, wear- 
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ble electronics and smart fabrics [9] . 2) Performance: Unique 

rchitectures can effectively reconcile high-rate performance and 

igh energy density, leading to enhanced performance [ 10 , 11 ]. 3) 

ntegration: Power sources can be directly embedded into the 

D printed structure and devices, such as sensors and electron- 

cs [ 12 , 13 ]. However, 3D printing strategies only offer complex ar- 

hitectural designs on the macroscopic scale. The batteries’ perfor- 

ance is critically determined by the mesoscale structure within 

he printed filaments, which remains difficult to control, due to 

 significant lack of understanding of the processes involved in 

tructure formation. There is a great research need to understand 

he non-equilibrium processing - mesoscale structure relationship 

or 3D printed batteries and to control the mesoscale structures 

hrough highly non-equilibrium processing conditions. 

Amongst different 3D printing technologies, the extrusion- 

ased continuous-flow direct ink writing method attracts great at- 

ention with a broad range of applications across multiple fields 

https://doi.org/10.1016/j.apmt.2021.101075
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14] . As the colloidal ink can be prepared via physical mixing and 

hus does not depend on specific chemical synthesis conditions 

 15 , 16 ], direct ink writing remains as one of the most versatile

ethods [9] , allowing printing various materials required for 3D 

rinted batteries and multi-materials integration [17] . In most di- 

ect ink writing processes, colloidal viscoelastic inks are being ex- 

ruded via a nozzle, undergoing shear-thinning. The liquid-like ma- 

erials can then be deposited directly onto a substrate, and dynam- 

cally recover to support the layer-by-layer construction of complex 

rchitectures. Inks used in 3D printing batteries or other micro- 

evices by direct ink writing typically consist of active functional 

articles, conductive carbon, rheology-tuning agents such as poly- 

ers, and curing-agents such as solvents [ 15 , 18–23 ]. Since the ini-

ial demonstration of 3D printed lithium ion batteries [4] , var- 

ous cathode and anode materials and different energy storage 

ystems have been developed with direct ink writing. These in- 

lude printing various carbon-based materials for supercapacitors 

 24 , 25 ], lithium metal oxides for Li-ion batteries [ 3 , 4 , 26–30 ], and

eyond Li-ion batteries [31–33] . 

The current 3D printing battery developments focus on demon- 

trating better charge/discharge capacities and cycle performance 

han conventional batteries with flat electrodes. Carbon additives, 

uch as graphene oxide, were added to make composite inks to ex- 

lore the possibility of increasing the electrical conductivity while 

aintaining the physical properties such as shear thinning behav- 

or [34] . Charging and discharging 3D printed Li-ion batteries ki- 

etics have been studied and applied to Li-ion diffusion paths, 

herefore increasing the redox potentials of a 3D printed cathode 

35] . The structural integrity of 3D printed battery electrode during 

nd after printing through a nozzle were further developed espe- 

ially in 3D-structured electrodes instead of the traditional lam- 

nated structures [27] . More recently, adding Ketjenblack carbon 

articles has been integrated into 3D printed electrodes in elec- 

rolyte solutions that are lithium based [36] . Cathode materials for 

i-ion batteries have been printed with macropores, increasing the 

pportunities for electrolyte penetration with polymer networks 

hat allow for ion and electron movement [37] . These examples 

howed that in the last several years studies on additive manufac- 

uring have been rapidly exploring numerous facets of 3D printed 

atteries’ physical and electrochemical properties. 

However, 3D printing is inherently complex, both in terms of 

he materials and processes involved. Due to this complexity, our 

nderstanding of materials’ behavior under 3D printing process- 

ng conditions remains limited. Specifically, the deposition pro- 

ess in direct ink writing is driving the materials into a highly 

on-equilibrium state via shearing and solvent-evaporation. There- 

ore, controlling the internal structure during the highly non- 

quilibrium processes in 3D printing remains challenging and 

ighly empirical due to the lack of understanding of the dynamic 

rocesses in mesoscale morphological evolution. This impacts the 

equirements in battery design, where tailoring materials micro- 

meso–structure to better control the ionic and electron transfer 

hrough a dynamic chemical environment is the key to desired 

erformance [38] . Strategies to change materials micro-/meso–

tructure [ 3 , 13 , 31 , 32 , 39 , 40 ] highlight the importance of a better

nderstanding in order to control the internal mesoscale structure 

hen attempting to utilize the new 3D printing method to create 

D printed batteries. 

In this work, we utilized X-ray photon correlation spectroscopy 

XPCS) to address the dynamics of mesoscale structure formation 

uring the far-from-equilibrium processes of 3D printing of energy 

torage electrode materials. Hard X-ray scattering is a technique 

ell suited for investigating 3D printing processes and incoher- 

nt scattering has been applied to study in-situ polymer crystal- 

ization [ 41 , 42 ] as well as filler morphology in 3D printed epoxy-

anoclay-carbon fiber composites [43] . In XPCS, a time-dependent, 
2 
isordered system is probed with partially coherent X-rays, and 

he interference between the coherently scattered waves produces 

 time-evolving series of speckle patterns. In addition to time- 

esolved structural information, like small angle X-ray scattering 

SAXS), that is accessible by incoherent scattering techniques, XPCS 

esolves fluctuations of the nanoscale structure around its aver- 

ge configuration via time-series of coherent speckle patterns. The 

echnique thus allows probing phenomena that are not accessible 

ith incoherent scattering techniques. A wide variety of dynamic 

henomena can be quantitatively measured by analyzing the tem- 

oral correlation of the speckle intensities in XPCS, [44] includ- 

ng colloids [45–49] , aging phenomena in soft-matters [50–52] , 

heology of materials under flow [ 52–55 ], self-organization [ 65 ], 

tructural and dynamical properties of polymers and polymer- 

anocomposites [ 56 , 57 , 58 , 59 , 60 , 61 , 62 ], including industrially rel-

vant systems [63] and under mechanically induced strain [64] . 

hese phenomena can be critical in the meso–structural evolution 

n 3D printing during both the deposition and structural recovery 

rocesses. A recent development at the Coherent Hard X-ray (CHX) 

eamline of the National Synchrotron Light Source II (NSLS-II) en- 

bled the operando study of 3D printing processes using XPCS, pro- 

iding temporospatially resolved information about the nanoscale 

tructural and dynamic evolution [66] . However, to-date, the sys- 

ems studied have been limited to model mono-disperse systems 

67] , commercial thermoset [68] , UV-cured epoxy-based nanocom- 

osites [67] and ceramics [69] . This work attempts to first apply 

PCS to further the understanding of the out-of-equilibrium pro- 

essing pathways in 3D printing batteries, with an ultimate goal 

owards guiding a rational design for the next generation energy 

torage materials. The work also applies a viscosifier (rheology tun- 

ng polymer), sodium carboxymethyl cellulose (SCC), compatible 

ith the electrolyte of Li-ion batteries, such that the polymer does 

ot need to be converted to carbon via heating under high tem- 

erature (600 °C), significantly simplifying the ink processing. In- 

tead, carbon additives can be readily added as part of the ink for- 

ulation. The dynamics of printing the complex multi-phase fluid 

robed by XPCS hopefully will lead to greater impacts on a broad 

ange of technologies. 

. Methods 

.1. Ink preparation 

As shown in Fig. S 1 (b), the 3D printable inks were prepared 

y first creating a mixture of 4.5 g Lithium Titanate (LTO) pow- 

er (Sigma Aldrich, USA), 40 mL of Ethylene Glycol (Sigma Aldrich, 

SA), and 110 mL of deionized water [70] . The starting solution 

nderwent 24 h of ball milling to well disperse LTO particles in 

he solution. The solution was then centrifuged (Eppendorf 5804) 

ith a relative centrifugal force (RCF) of 1575 g for 99 min. Effluent 

as then removed from the centrifuged solution, leaving behind 

–4 ml of solution containing particles. The particle-containing so- 

ution was then mixed using an electrical mixer (Vortex mixer, 

isherbrand, USA) vortexed in the remaining effluent. The LTO wt.% 

n the well mixed solution was determined by the following steps. 

–10 drops of solution were pipetted onto a microscope slide, 

hich was then heated on a plate to 200 °C to evaporate the liq- 

ids in the solution. The slide was cooled down once there was no 

ore evaporation of solvents. The mass of the solution before and 

fter drying was measured to calculate the wt.% of LTO in the so- 

ution; this value is required to determine the quantity of additives 

nd active material in the 3D printable ink. 

Sodium Carboxymethyl Cellulose (SCC, from Sigma Aldrich, 

SA) was used as viscosifier during the ink synthesis. The SCC 

owder was diluted in deionized water to make a 3 wt.% solution 

or pre-dispersion. The conductive additive was carbon black solu- 
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Fig. 1. Time-resolved coherent X-ray scattering experimental setup: (a) Schematic of the setup portraying a nozzle extruding LTO printable battery electrode ink onto a Si 

substrate. An example path of a scattered X-ray beam is shown in solid blue with the dashed blue line representing the transmitted beam. The beam is incident on a plane 

depicting the averaged scattering pattern. The triangular shapes show the region over which angular resolved correlation functions were calculated to resolve the dynamics 

for extrusion and deposition directions. (b) Experimental setup photographed at the CHX beamline, NSLS-II showing an overview of the end-station, with close view of the 

printing setup. The print head with 3D printable LTO ink in the syringe is marked with a green rectangle. 
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ion prepared by mixing 1 g of carbon black (Timical Super C65, 

TI Corporation), 0.754 g of SCC powder, 40 mL of ethylene gly- 

ol, and 110 mL of deionized water. The carbon black mixture was 

all milled for 24 h and centrifuged with RCF 3214 g for 10 min to

emove large agglomerates, followed with RCF 1575 g for 99 min 

o collect fine particles. The remaining solution containing carbon 

lack particles was then mixed with an electrical mixer, and the 

t.% of the carbon black in the solution was also determined fol- 

owing the same procedure as for LTO. An ink precursor was pre- 

ared by homogenizing the LTO mixture, 10 wt.% SCC, 11.8 wt% 

arbon black, 27% glycerol, and solvent (ethylene glycol and water) 

y a planetary mixer (THINKY centrifugal mixer ARM-310, Thinky 

SA). The wt.% of additives were relative to the LTO solid content. 

 drying process was applied to the ink precursor to obtain a final 

olid loading, wt.% of total solid contents in 3D printing ink, ~36% 

hrough solvent evaporation at 60 °C in air. The solvent evapora- 

ion was conducted at room temperature and the ink was homog- 

nized by the planetary mixer periodically. The final ink composi- 

ion (in wt.%) includes LTO: 29.6%, SCC: 3.3%, carbon:3.2%, water: 

3.0%, ethylene glycol: 30.0%. 

.2. Ink morphology and rheology characterization 

The particle morphology of the LTO powder was imaged by 

canning Electron Microscopy (JEOL 7600F) at the Center for Func- 

ional Nanomaterials (CFN) at Brookhaven National Laboratory 

BNL). Dynamic Light Scattering (DLS) (Brookhaven Instruments 

anoBrook Omni Dynamic Light Scattering) was used to quantify 

he particle size distribution in the ink. The DLS samples for the 

TO particles were taken from the LTO mixture after being cen- 

rifuged and diluted 500 times in deionized water. The rheological 
3 
ehavior of synthetic inks was analyzed using a Discovery HR-3 

heometer (TA Instruments) at CFN, BNL, with a 20-mm diameter 

.969 ̊ cone steel Peltier plate at 25 °C . The shear storage ( G 

′ ) and

oss ( G 

′′ ) moduli were collected as a function of shear stress (10 

30 0 0 Pa) in an oscillation amplitude mode with a frequency of 

 Hz in logarithmic sweep. The viscosity data were measured as a 

unction of shear rate (0.01 to 500 s − 1 ) in a logarithmically flow 

weep mode. 

.3. In situ printing experiment with time-resolved coherent X-ray 

cattering 

The printing experiment with in situ time-resolved coherent X- 

ay scattering was conducted at the CHX beamline (11-ID) of NSLS- 

I, Brookhaven National Laboratory. An in-house built extrusion- 

ased direct ink writing printer was used operando to study the 

ehavior of 3D printable electrode inks [66] . A schematic illus- 

rating the experimental setup is shown in Fig. 1 . The experiment 

haracterized the printing processes including the deposition and 

he consecutive material recovery. 

3D printable electrode inks were deposited using a pressure- 

ontrolled syringe-piston system (Ultimus V, Nordson) as part of 

he printer setup, with a 580 μm inner diameter conical nozzle. 

he extrusion pressure was set to 50 psi and the printing velocity 

as set to 0.5 mm s −1 . A silicon substrate was used as the de-

osition substrate and an initial test print was used to optimize 

he setup, including determining permissible radiation dose, data 

cquisition parameters and height of the filament; the surface of 

he substrate and the height of the printed filament were deter- 

ined via absorption scans. To ensure the results are dose inde- 

endent, the effects of dose on the measured dynamics and struc- 
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ure were analyzed systematically, according to an established pro- 

edure [71] . For the samples used in this study, a dose limit corre- 

ponding to ≈5 s of exposure with the unattenuated beam at a flux 

f 2 × 10 11 photons per second was established. The radiation dose 

eceived by the samples during data acquisition was controlled by 

 millisecond shutter and an attenuator system based on double- 

ided polished silicon wafers. 

To conduct the time-resolved coherent X-ray scattering experi- 

ent, a partially coherent X-ray beam was used, with the incident 

-ray energy set to 9.647 keV. The X-ray beam was focused by re- 

ractive optics to a 10 × 10 μm 

2 beam cross-section (full width 

t half maximum, FWHM) at the sample position. Coherent X-ray 

cattering patterns were collected using a photon-counting pixe- 

ated area detector (Eiger X 4 M, Dectris Inc.) with frame rates up 

o 750 Hz. During the in situ printing experiment, the printhead 

f the printer was moved along the deposition direction ( Fig. 1 ), 

eeping the print-bed and deposited filament stationary during 

ata acquisition. The X-ray data acquisition started prior to the 

rinthead crossing the X-ray beam and thus captured the scat- 

ering intensity rise associated with the filament being deposited 

cross the beam, which is defined as the on-set of printing time, 

efined as t age = 0 s [71] . 

The filaments were probed in situ by the X-ray beam at 5 dif- 

erent heights (h) evenly distributed from the near-substrate po- 

ition (30 μm from the substrate surface) to top of the filament. 

t each height, four scans were collected at different sam ple ages 

o characterize different stages of the printing processes. The first 

wo scans were measured during in situ printing, collected with 

wo different exposure times to capture the dynamics at differ- 

nt timescales. These scans are labeled as “in-situ-fast” (1.34 ms 

er frame), and “in-situ-slow” (50 ms per frame). Each scan’s to- 

al dose was kept lower than the previously characterized dose 

hreshold level; consequentially, the in-situ-fast scans captured ~

.4 s of the printing process, whereas the in-situ-slow scans cap- 

ured ~150 s. Following the in-situ slow scan, two additional post- 

rinting scans were conducted on the as-printed electrode filament 

o capture the dynamics during the recovery phase shortly after 

rinting. Labeled as “post-printing-1 ′ ’ (followed right after the in- 

itu-slow scan) and “post-printing-2 ′ ’ (5 min after printing) scans, 

oth post-printing scans were collected under the same rate as 

he in-situ-slow scan. The sample position was shifted by 50 μm 

orizontally between these consecutive scans (in-situ slow, post- 

rinting-1, post-printing 2) to avoid accumulation of X-ray dose. 

he deposition process was also monitored via several optical cam- 

ras during the in situ X-ray experiment. 

.4. Electrochemical testing 

For comparison, LTO electrodes were prepared by both 3D 

rinting and conventional blade casting. For the electrodes pre- 

ared by printing, single and triple-layered patterns of LTO elec- 

rodes were printed using the same in-house built printer used 

uring the in situ coherent X-ray scattering experiment with a 200- 

m conical nozzle to optimize the electrochemical performance. 

he conventionally casted electrodes were prepared by casting the 

TO ink on aluminum foil (MTI Corporation) through an adjustable 

lm coating doctor blade (MTI Corporation) with a gap of 200 μm. 

lectrochemical performance of synthetic LTO ink was carried out 

ith CR2032 coin cells assembled in an argon-filled glove box. 

or each coin cell, a Celgard membrane was used as the sepa- 

ator and a disk of lithium metal was used as the counter and 

eference electrode. The electrolyte (MTI Corporation) was 1 M 

iPF6 dissolved in EC:EMC with a volume ratio of 3:7. Electro- 

hemical charge/discharge tests were performed with a potentio- 

tat (VSP300, Bio-Logic) in a voltage window from 1 V to 2 V (vs

i + /Li) by galvanostatic cycling. 
4 
. Results and discussions 

.1. Ink and printed structure characterization 

The formulated LTO electrode ink exhibits shear thinning be- 

avior, as demonstrated by the rheology results shown in Fig. 2 

a-b). The viscosity of the ink reduces as a function of shear rate 

ig. 2 (a). The shear storage modulus (G 

′ ) and shear loss modulus 

G 

′′ ) show a transition from solid-like to liquid-like behavior as the 

hear stress increases, indicated by the crossover of G 

′ and G 

′′ in 

ig. 2 (b). This shear thinning behavior enables the printing process 

s the solid-like ink turns liquid-like under shear during the ink 

eposition, and then recovers its solid-like behavior after deposi- 

ion. A photograph of the 3D printable ink can be found in Fig. S 

(a) in the supporting information. 

The surface morphology of the printed and cured LTO electrode 

as characterized by SEM imaging, shown in Fig. 2 (c). The LTO 

article size is uniformly distributed, with size ~ 100 nm. Small 

mount of LTO particle aggregates can be observed, consistent with 

he dynamic light scattering (DLS) results of the LTO particles ob- 

ained from centrifugation (Fig. S 1(b)). Larger carbon black addi- 

ive particles are randomly distributed within the LTO network, en- 

ancing the electrical conductivity. 

.2. In situ printing study by time-resolved X-ray scattering 

The time series of coherent scattering patterns contain infor- 

ation about the evolution of the nanoscale structure of the fil- 

ments, identical to a time-resolved SAXS experiment. The SAXS 

urves are mostly featureless, except for a weak and broad struc- 

ure factor peak arising from the average nearest neighbor distance 

f the LTO particles. The LTO particles itself are too polydisperse to 

ive rise to any form factor oscillations. An example for the ob- 

ained SAXS curves and their analysis is shown in Fig. S 3. The 

tructure factor was determined as S ( Q,t age ,h ) = I ( Q,t age ,h )/ I dilute ( Q ),

here I dilute ( Q ) is the SAXS curve obtained by a dilute (2 wt.%)

uspension of LTO particles. The nearest neighbor distance (2 π / Q c ) 

nd domain size (2 π / Q 

FWHM 

c ) are obtained by fitting S ( Q,t age ) to

 pseudo-Voigt profile with center Q c and corresponding FWHM 

 

FWHM 

c , shown in Fig. S 2 (a) and Fig. S 2 (b), respectively.

he Porod regime of I ( Q,t age ,h ) were fitted with the power law

 ( Q,t age ,h ) ∝ Q 

N . The obtained exponent is plotted in Fig. S 2 (c).

ere the nearest neighbor distance obtained in SAXS, 60–65 nm, 

orresponds to the particle-to-particle distance; this distance is 

ess than the size distribution (peak ~ 100 nm), obtained in the 

LS, which measures the size of the clusters formed by these pri- 

ary particles. 

The nanoscale dynamics of the ink during and shortly after 

rinting a single filament was investigated using XPCS. The XPCS 

ata analysis was carried out using Python-based software avail- 

ble at CHX beamline [72] . Based on the collected time-series of 

peckle patterns, two-time intensity-intensity correlation functions 

 were calculated (separately for each filament height h ) according 

o [73–75] : 

 ( Q, �, t 1 , t 2 ) = 

〈 I ( t 1 ) · I ( t 2 ) 〉 Q, �

〈 I ( t 1 ) 〉 Q, � · 〈 I ( t 2 ) 〉 Q, �

, (1) 

here < …> Q, � indicates an average over a range of detector pix- 

ls corresponding to wave vectors with amplitude centered around 

 ( ±0.002 Å 

−1 ) and angles � ( ±10 °) around the extrusion ( �E )

nd deposition ( �D ) directions. The wavevector Q in the employed 

AXS geometry is defined as: Q = 4 πsin ( θ/ 2 ) /λ, where θ is the 

ngle between the X-ray beam and the trajectory of the scattered 

adiation ( Fig. 1 ) and λ = 1.285 Å is the wavelength of the inci-

ent X-rays. I ( t 1/2 ) is the number of photons in a detector pixel at

imes t and t , respectively. t = t = 0 s was determined in the
1 2 1 2 
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Fig. 2. LTO ink characterization: Rheology analysis of the ink showed a shear thinning behavior, including (a) viscosity vs. shear rate, and (b) the storage modulus and loss 

modulus vs. shear stress. (c) The SEM images of a single-layer printed LTO electrode structure after printing and curing, showing an overview of the surface and a zoom-in 

view of the particles within the printed electrode. 

Fig. 3. (a) Examples of two-time correlation functions for the deposition direction ( �=�D ) at a filament height h = 270 μm from two in-situ scans and two scans after 

deposition, respectively. Green lines represent the time slices used to produce the one-time correlation functions. (b) Normalized one-time correlation functions for different 

sample ages produced from the slices of two-time correlation functions for Q = 0.00326 ̊A −1 , �=�D and h = 504 μm. (c) Linear fits of the Q-dependence of the relaxation 

time for different ages for �=�D and h = 504 μm. (d) Height- and Q-averaged time evolution of the stretching exponent γ for both the deposition ( �D ) and extrusion ( �E ) 

direction (shaded regions represent the standard deviation). 
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in-situ’ dataset by the intensity rise cause by the filament being 

eposited across the X-ray beam, corresponding to an average age 

ime t age = ( t 1 + t 2 )/2 = 0 s. Examples of two-time intensity-intensity

orrelation functions are shown in Fig. 3 (a). 

For a quantitative analysis, ‘aged’ one-time intensity-intensity 

orrelation functions were used. These were obtained from G as 

 74 , 76 , 77 ]: 

i

5 
 2 ( Q, �, t age , τ ) = 〈 〈 I (t age − τ
2 

)
· I 

(
t age + 

τ
2 

)〉 
Q, �

〈 I (t age − τ
2 

)〉 
Q, �

· 〈 I (t age + 

τ
2 

)〉 
Q, �

〉 t age , (2) 

ith lag time τ = | t 2 -t 1 |, average ‘age’ t age = ( t 1 + t 2 )/2 and

here the average < …. > t age is taken over a small time interval

 age ± �t age over which G describes quasi-stationary (that is age- 

ndependent) dynamics. 
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This is effectively taking a “slice” of the two-time intensity cor- 

elation function, extending perpendicular from the t 1 = t 2 diago- 

al, with width 2�t age . (see Fig. 3 a)) As seen in previous work on

olloidal systems [77] , the one-time intensity correlation function 

s well-modelled by the Kohlrausch-Williams-Watts (KWW) form 

74] : 

 2 ( Q, �, t age , τ ) = 1 + βe −2 ( τ/ τ0 ) 
γ

, (3) 

here β is a contrast factor which depends on the experimen- 

al setup. It might be smaller than the contrast β0 observed for 

 static reference sample, if the sample exhibits dynamic modes 

aster than the minimum lag time ( τ ) accessible in the experi- 

ental setup ( β0 ≈ 0.17–0.18 in this study, determined by a static 

orous glass sample, CoralPor®, SCHOTT), τ 0 is the characteristic 

elaxation time and γ is the stretching/compression exponent. Ex- 

mples of aged one-time intensity-intensity correlation functions 

nd their fits according to Eq. (3) , are shown in Fig. 3 (b). 

The γ exponent characterizes the overall dynamics, in that 

= 1 corresponds to Brownian diffusion while γ < 1 and γ > 1 

escribe sub-diffusive and hyper-diffusive dynamics respectively 

 78 , 79 ]. Right upon deposition of the filament, the nanoscale evo-

ution is governed by sub-diffusive dynamics ( γ < 1), that around 

 age ≈ 5 s (see Fig. 3 (d)) transitions to become hyper-diffusive ( γ > 

). After reaching peak values of γ ≈ 1.75 around t age ≈ 10 s, γ
rends towards values around 1.5 for t age ≥ 400 s. The observed 

volution of γ as a function of t age was found to be largely in- 

ependent of Q and filament height h and only differs mar ginally 

etween the deposition and extrusion direction. A Q-independent 

alue of γ = 1.5 is consistent with the hypothesis that the struc- 

ural dynamics at later ages ( t age ≥ 400 s) stems from relaxation 

rocesses of internal stresses built up in the material and which 

an cause a complete decay of the dynamic structure factor even 

or a fully developed solid [ 47 , 80 , 81 ]. Such Hyper-diffuse dynamics,

haracterized by γ > 1 is a common feature in the aging regime of 

oft condensed matter systems [80–85] . Transitions from γ < 1 to 

> 1 on time scales in the range t age ≈10–100 s were observed in

revious studies during the printing of colloidal gels [ 67 , 68 , 69 , 71 ]

nd interpreted as the recovery of the gel from the shear thinning 

xperienced during extrusion and deposition. 

From the contrast β , obtained by a fit of the correlation func- 

ions according to Eq. (3) , the presence of initial fast dynamics on 

ime scales shorter than those accessible in this experiment can 

e evidenced from β < β0 . Since the contrast obtained for the ink 

ample is smaller than β0 for the static reference sample, some 

ecorrelation must have occurred on timescales faster than the 

inimum lag-time of 1.34 ms covered by the data series. 

It is well known [ 50 , 76 , 84 , 86–90 ] that in dense colloidal sus-

ensions semi-localized fast particle motions, like the localized 

attling of particles within a ‘cage’ formed by nearest neighbor 

articles, causes non-ergodic dynamics. The intermediate scat- 

ering function F ( Q, τ ) = 

√ 

(1 − g 2 ( Q, τ ) / β0 decays to an initial 

lateau value of 
√ 

β/ β0 , the so-called non-ergodicity factor, before 

ther relaxation processes, such as structural relaxation of internal 

tresses at larger τ cause g 2 ( Q, τ ) → 1 . The ergodicity factor pro- 

ides a measure of the degree of structural arrest on short time- 

cales and takes the form of a Debye-Waller factor: 

/ β0 = f 2 0 exp 

(
−1 

3 

Q 

2 r 2 0 

)
, (4) 

ith the fraction f 0 of particles whose dynamics is localized in 

apid motions restricted to the localization length r 0 . By fitting this 

unctional form, the localization length r 0 of the fluctuations and 

he localized particle fraction f 0 were determined for each height, 

irection and t age < 10 s (at larger t age the deviation of β from β0 

ecame negligible). Fig. 4 shows the evolution of r and f with av- 
0 0 

6 
rage age at the location of the measurements within the filament, 

s well as representative data and fits to Eq. (4) . 

As a general trend, the localization length r 0 decreases with 

ncreasing t age , which is indicative of the ink’s storage modulus 

 

′ increasing upon ink deposition [ 77 , 87 , 91 ]. Near the substrate

 h ≈ 33 μm), the localization length in the deposition direction is 

ignificantly smaller than in the rest of the filament. This observa- 

ion implies that the ink-substrate interaction affects the nanoscale 

ynamics by suppressing the fast dynamic modes quicker than in 

he bulk of the filament, or in other words, G 

′ recovers faster or is 

ess affected by the complex shear profile the ink experiences dur- 

ng extrusion and deposition. In the extrusion direction β/ β0 ≈ 1, 

or h ≈ 33 μm (near the substrate), thus no localization length 

ould be determined, meaning that this mode of dynamic motion 

localized rattling – is suppressed by the interaction with the sub- 

trate in the extrusion direction. Apart from the substrate, the cen- 

er of the filament ( h ≈ 270 μm) is distinctly different in that r 0 
emains > 200 Å up to t age ≈ 6 s, for both directions. At this height,

he X-ray beam is probing predominantly the bulk of the filament, 

hich is least affected by substrate and free surface effects. Inter- 

stingly, this distinction between bulk and surface/interface of the 

lament is also observed in the fraction of localized particles f 0 , 

hich is between 0.8–1.0 in most parts of the filament over the 

ange of ages covered by the data, whereas in the center of the 

lament f 0 is slightly lower at around 0.6–0.7. 

For the studied ink, the measured dependence of the relax- 

tion time τ 0 on Q is τ0 = ( v d · Q ) −1 , where v d is the drift ve- 

ocity characterizing the dynamics [81] . Such linear Q -dependence 

f the relaxation time, often in combination with hyper-diffusive 

 γ > 1) dynamics is commonly observed in jammed soft condensed 

atter systems, such as concentrated colloidal gels and emulsions 

 80 , 81 , 84 ]. 

The drift velocity was determined for both principle directions 

extrusion vs . deposition), filament height ( h ) and average sample 

ge after deposition ( t age ). Maps of the drift velocity, bilinearly in- 

erpolated for the entire range of heights and ages are shown in 

ig. 5 (a-b) . Note that the distribution displayed here in the drift ve- 

ocity maps corresponds to the dynamics of the particles, and not 

o the amount of the particles. The maps for both directions show 

 near height independent drift velocity at early ages, with values 

ecreasing faster at the filament-air ( h ≈ 500 μm) and filament- 

ubstrate ( h ≈ 0 μm) interfaces. For t age > 100 s the profiles show 

igher values of v d around h ≈ 10 0–20 0 μm, while in particular 

n the deposition direction significantly lower values are observed 

ear the substrate ( h ≈ 33 μm), compared to any other height for 

00 s < t age < 250 s. This trend is reversed at later ages, for which

 d is larger near the substrate compared to the rest of the fila- 

ent. A possible explanation for this time- and spatial evolution of 

 d is interaction between the ink and the substrate, which might 

nitially speed up the recovery of the ink’s gel structure upon de- 

osition, whereas at later ages pinning between the ink and the 

ubstrate hinder the structural relaxation, whereas the other parts 

f the filament are more free to adapt for instance to the vol- 

me changes accompanying the solvent evaporation. Such sub- 

trate effects, which depend on the ink’s surface tension and the 

ubstrate’s surface energy and mechanical properties, were previ- 

usly observed for colloidal inks [71] . Overall, at any given age and 

eight, the values of v d are slightly larger in the deposition direc- 

ion than in the extrusion direction, which might be indicative of 

ome settling of the filament. Within the model of dipole stress 

elaxation, v d is proportional to the rate of change of the stress 

ource strength and the number of active stress sources [80] . At 

he slow extrusion/deposition speed (0.5 mm s −1 ) in this study, the 

tresses associated with filament settling appear thus to be domi- 

ant in the ‘aging regime’ ( t age ≥ 400 s), compared to the stresses 

nduced in the sample during extrusion and deposition. Note that 



C.-H. Lin, K. Dyro, O. Chen et al. Applied Materials Today 24 (2021) 101075 

Fig. 4. (a), (b) Localization length r 0 of the early age fast dynamics for the deposition ( �D ) and extrusion ( �E ) directions as a function of age t age and filament height h . (c), 

(d) fraction f 0 of localized particles. Note that in the extrusion direction β/ β0 ≈1, for h ≈ 33 μm (right above the substrate), thus no localization length could be determined. 

(e), (f) examples of data and fits according to Eq. (4) . 

Fig. 5. Drift velocity interpolated for the entire range of filament height s and ages for (a) the deposition ( �D ) and (b) the extrusion ( �E ) directions, respectively. ( c ) Log-log 

plot of the time dependence of v d with the split power law fits for three selected filament heights in the extrusion ( �E ) direction. Data has been shifted along the y-axis by 

factors of 1 ( h = 33 μm), 100 ( h = 386 μm), and 10 4 ( h = 504 μm). (d) Power law exponents m 1 and m 2 for all heights and both directions. 

7 
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he stresses associated with extrusion are originally along the ex- 

rusion direction; however, the filament undergoes a 90 ° turn dur- 

ng deposition, so these stresses should to a large degree end up 

n along the deposition direction as well, due to the interaction 

ith the substrate and the viscosity of the ink. The observed spa- 

iotemporally heterogeneous solidification profile showed a faster 

lowing-down rate in the dynamics at the surface of the printed 

lament as well as the interface between the printed filament and 

he substrate. Since the extrusion and deposition are both highly 

ime-dependent processes, the time scale of the slowing-down dy- 

amics shown in Fig. 5 (a-b) is thus a critical consideration while 

rinting larger multi-filament structures of the electrodes. Espe- 

ially at the region of the filament-filament interface, mobile parti- 

les with high drift velocity are required to assist the interlayer dif- 

usion to maintain the continuity of the structure [92] . This struc- 

ural continuity is necessary to provide good electrical and ionic 

onductivities for a 3D-printed electrode to facilitate its electro- 

hemical function. 

The time dependence of the drift velocity for a particular height 

s well-described by a split power law with two different expo- 

ents for different time regimes, m 1 and m 2 : v d ∝ t 
−m i 
age with i = 1

or t age < t c and i = 2 for t age > t c , respectively. Remarkably, this 

odel fits the data well with the same transition time t c ≈ 13 s 

or each height, suggesting a transition between two mechanisms. 

Generally, the initial decay of v d is faster than the subse- 

uent decay ( m 1 > m 2 ). The notable exception to this is that for

he 2 nd height measured from the top of the printed filament 

 h = 386 μm), the data is consistent with a single power law (the

econd exponent is within one standard deviation of the first ex- 

onent). These findings are shown in Fig. 5 (c). The height depen- 

ence of the power-law exponents m 1 and m 2 are shown for both 

irections in Fig. 5 (d). Except for the above-mentioned height of 

86 μm, the power-law exponent m 1 of the initial decay is gener- 

lly larger than that of the second decay ( m 2 ), by up to a factor of

. Notably, the transition time t c is quite similar to the timescales 

n which the compression exponent γ reaches its maximum value 

nd the localization length r 0 decreases to near zero. Overall, the 

ata supports the existence of two distinct relaxation mechanisms 

ominating the dynamics at different ages. Such combination of a 

ast and slow relaxation mechanism has been reported for colloidal 

lasses and gels [ 81 , 83 , 85 , 93 ] as well as for a colloidal gel under-

oing UV curing during in-situ 3D printing [67] . In these studies, 

he slower relaxation process for large t age followed a power-law 

ependence with exponents between about 0.4 and 1.5 originating 

rom aging processes, involving slow, cooperative rearrangement 

vents on the nanoscale. In this study, m 2 ≈1 in the bulk of the fil-

ment, corresponding to a full-aging behavior [82] . Contrary, 0.24 

 m 2 < 0.58 near the bottom and the top of the filament, thus the

nk exhibits sub-aging near the interfaces. 

In order to determine whether the fast relaxation mechanism 

s driven by solvent evaporation, we tracked the weight of a de- 

osited filament by means of a semi-micro balance (Mettler Toledo 

B135-S/FACT). The weight loss corresponds to the evaporation of 

ater, as this is the only ink component with relevant vapor pres- 

ure at room temperature. Based on the known composition of the 

nk, the weight loss for waiting times ( t w 

) ≤ t c is estimated to re-

uce the water content of the ink (around 33 wt.%) by < 0.1 wt.% 

see Fig. S 6). This small compositional change cannot be the main 

ause for the observed slowing of the dynamics by more than two 

rders of magnitude over the same time interval. We therefore at- 

ribute the first relaxation mechanism to the recovery of the struc- 

ure from the shear force that the filament experienced during ex- 

rusion and deposition. Within the t w 

covered by the experiment, 

he water content of the ink reduces to about 29 wt.% due to evap-

ration and this change in composition likely contributed to the 

econd, slower relaxation process. 
8 
The slowing of the dynamics for t age ≥ 400 s where τ 0 ∝ Q 

−1 

nd γ ≈1.5 can be interpreted as a decrease in the rate of change 

f the stress source strength, or by a change in the number of ac- 

ive stress sources [80] . With the relaxation of stresses in the ma- 

erial through local reorganizations, new stress sources might be 

reated with a longer lifetime, thereby giving rise to longer relax- 

tion times and smaller displacement velocities. In addition, the 

ample might still undergo some hardening at these ages due to 

ngoing evaporation of solvent (water). 

The ink in this study is a colloidal system with high volume 

raction of nanoparticles. For ages beyond the initial fast decrease 

n v d ( t age ≥10 s) the ink dynamics has similar characteristics 

s the ones found for colloidal gels, namely slow relaxations via 

allistic-like structural re-arrangements that obey a non-diffusive 

0 ∝ Q 

−1 relationship [ 80 , 90 , 94 ]. Solvent evaporation after the de-

osition might cause volumetric shrinkage, thus further increas- 

ng the particle volume fraction and driving the system towards 

 jammed state, where the dynamics is dominated by stress re- 

axation processes, that might lead to temporally heterogeneous 

ynamics [95] . Generally, dynamical heterogeneities are caused by 

andom rearrangement events of subdomains of the sample, when 

he number of statistically independent objects becomes less than 

he number of particles, as discussed for instance for colloidal gels 

77] . Such temporally heterogenous dynamics can be characterized 

y the normalized variance of the instantaneous degree of correla- 

ion [74] : 

χ( Q, �, t age , τ ) = 

〈 G 

2 ( Q, �, t age , τ ) 〉 t age ±�t age 
− 〈 G ( Q, �, t age , τ ) 〉 2 t age ±�t age 

[ g 2 ( Q, �, t age , τ = 0 ) − 1 ] 
2 

, (5) 

s are being calculated over a range of t age +�t age for which the 

ynamics is approximately stationary, that is τ 0 ≈ const. Fig. 6 (a) 

hows an example of dynamical heterogeneities along the deposi- 

ion direction for Q = 0. 00326 Å 

−1 (corresponding to a length scale 

f approximately 190 nm) at height h = 33 μm above the substrate. 

Dynamical heterogeneities were identified by the presence of a 

eak in χ for ages in the time-window 200 s < t age 300 s, where

he dynamics is stationary enough (see Fig. 6 (b)) to rule out signif- 

cant contributions to χ from evolving timescales of the dynam- 

cs. While at the bottom ( h = 33 μm) and top ( h = 504 μm) of

he filament dynamic heterogeneities were also identified at ages 

 500 s, they appear to the absent for intermediate heights. Due 

o the geometry of the scattering experiment, the scattering sig- 

al when probing the top or bottom of the filament predominantly 

tems from the outer layer of the filament, while the filament bulk 

ominates the signal when probing the heights in between (see 

ig. 1 for the experimental setup). Thus, such finding could point 

owards the existence of an outer (skin-) layer and/or a substrate 

ffect, where the filament exhibits different viscoelastic properties 

lose to its outer perimeter compared to the bulk. However, it is 

oteworthy that each measurement at a different height requires 

he deposition of a new filament, thus it is in principle possi- 

le that the time window in which the dynamic heterogeneities 

ccur shows some degree of variation from filament to filament. 

evertheless, the occurrence of dynamical heterogeneities is repro- 

ucible and thus can be considered to be an inherent part of the 

elaxation process during filament solidification. 

For the identified dynamical heterogeneities, the position τ ∗ of 

he peak χ ∗, determined from a fit with an asymmetric pseudo- 

oigt profile [96] , is comparable with the relaxation time τ 0 within 

bout a factor three ( Fig. 6 (c)) and follows the same Q 

− 1 depen-

ence. This supports the supposition that random rearrangements 

f larger sample subdomains, rather than rearrangements on the 

ingle particle level, take over as the dominant mode of structural 

ecorrelations after a certain filament age. The onset of dynamic 
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Fig. 6. (a) Normalized χ and g 2 as a function of lag time τ ( h = 33 μm, Q = 0.00326 ̊A −1 , deposition direction). A clear peak is visible roughly around τ = 35 s indicating 

the presence of dynamical heterogeneit ies . Red solid line is a fit to an asymmetric pseudo-Voigt profile, used to determine peak height χ ∗ and position τ ∗ . (b) Corresponding 

two-time correlation-correlation function, showing quasi-stationary dynamics. (c) Comparison of the relaxation time τ 0 and the position τ ∗ of the peak χ ∗ of the dynamical 

heterogeneity, both following the same Q − 1 dependence. 

Fig. 7. (a) The representative discharge-charge curves of printed and casted electrodes with 0.1C cycling rate. (b) and (c) Rate-dependent cycling performance of printed 

single layer electrode from 0.1C, 0.2C, 0.5C, 1C, 2C and back to 0.1C. (d) The surface morphology of the printed electrodes shown by SEM images at different magnification. 
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eterogeneities can be possibly linked to the sample transition- 

ng from a liquid-like state right upon deposition, to a more solid- 

ike state that can accumulate microscopic stresses that eventually 

et released in abrupt mesoscopic rearrangement events. This phe- 

omenon can lead to an inhomogeneous particle distribution and 

 locally uneven stress/strain distribution that cause the forma- 

ion of defects such as voids and cracks in the printed structures 

71] . Such cracks have been found to impact the performance of 

atteries in a complex way: it is possible that they contribute to- 

ards the degradation of the electrodes, leading to capacity fades, 

ut they also could potentially facilitate the ionic diffusion within 

he electrodes, thereby enhancing the rate capability [97] . More- 

ver, the transition to these mesoscopic rearrangement events is 

riven by the rheological properties of the ink, recovering its gel 

tructure after being shear-thinned during extrusion, and the evap- 

ration of the high vapor pressure solvent (water) after filament 

eposition. As the solvent evaporates during the printing process, 

he materials are arrested in an intermediate state, which could 

ead to residual stresses. These residual stresses may cause crack 

ormation later during the electrochemical cycling. The dynamical 

eterogeneity thus provides us insights to probe the onset of the 

otential defect formation during printing. While the observed dy- 

amic heterogeneities are relatively small, they may be connected 

o larger meso– to macroscale rearrangement effects such as the 
9 
nhomogeneity of particle distribution and the residual stress, and 

ight ultimately lead to the formation of structural defects in the 

rinted filament [71] . 

.3. Electrochemical performance testing 

To demonstrate the electrochemical performance of the syn- 

hetic ink, LTO half cells were fabricated with two types of elec- 

rodes: 1) blade-casted ink on current collectors, for testing the 

aseline performance of the ink without printed pattern and 2) 

irect extrusion printing on lower coin cell casings with 1 and 3 

ayer structures. The cycling profiles and rate performance of the 

wo types of electrodes were examined within the voltage window 

f 2.0–1.0 V and are shown in Fig. 7 . Fig. 7 (a) shows the discharge-

harge curves of printed electrodes versus casted electrodes cy- 

led at 0.1C. The printed single and triple layer electrodes deliv- 

red ~120 mAh g −1 charging/discharging capacity and have a bet- 

er agreement with the theoretical capacity of LTO, 175 mAh g −1 , 

han the casted ones, which delivered a slightly lower capacity of 

3.2 mAh g −1 , under 0.1C rate. Fig. 7 (b) and (c) presents the rate-

ependent cycling performance of a single layer electrode with 

arious C rates in the sequence: 0.1C, 0.2C, 0.5C, 1C, 2C and back to 

.1C. The 3D printed electrodes demonstrated a good electrochem- 

cal cycling performance at different rates where casted electrodes 
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annot be fabricated with the same thickness as printed electrodes. 

he surface morphology of the printed electrodes was examined 

y SEM ( Fig. 7 (d)), which showed that they retained their struc- 

ural integrity upon electrochemical cycling. The stable printing 

tructure and good cycling performance show the improvement of 

lectrochemical performance and enhance the potential of addi- 

ive manufacturing in electrode synthesis. The better performance 

f the printed electrode is likely mainly due to the higher ac- 

ive material utilization. The casted ink is a uniform film casted 

y a blade gap of 200 μm, which is the same as the nozzle size

ut is relatively thick compared to conventional casted electrodes 

tens of microns in thickness). Therefore, the amount of accessi- 

le active materials is believed to be lower in the casted electrode 

han in the printed structure. This is because the printed pattern 

rovides better accessible ionic diffusion pathways. In conjunction 

ith the different amount of material utilization, the dynamics of 

 thin film electrode during casting and curing, as well as the re- 

ulting structure could also differ from a printed structure, thereby 

urther contributing to the varying electrochemical performance. 

tudying the dynamics of the casting process via XPCS can be a 

uture research direction to further understand the origin of this 

rocessing-structure-property correlation. Overall, with further un- 

erstanding of the dynamic structural evolution during printing, an 

ptimal 3D-printed battery could be realized by designing the elec- 

rode materials, ink synthesis, and printing variables tailored for 

pecific applications. 

. Conclusion 

In this work a 3D printing ink with a viscosifier for the use in

he printing of energy storage devices was prepared and investi- 

ated. Rheological testing confirmed the necessary shear-thinning 

roperty of the ink and ascertained that it recovers its gel structure 

fter deposition. The cluster size distribution of the active func- 

ional component, LTO, was found to be uniform with some small 

ggregates. 

Based on the behavior of the stretching exponent in the KWW 

orm describing the one-time correlation function, the dynamics 

an be characterized as hyper-diffusive after the transition from 

ub-diffusive dynamics at sample age of around 5 s. The observed 

WW fitting is consistent with the relaxation of internal stresses 

uilt up in the deposited material. 

Evidence for initial fast dynamics on time scales shorter than 

hose accessible in this experiment is found from the compari- 

on of the reference contrast factor to the initial contrast factor in 

he KWW form fit to the one-time correlation function. This ini- 

ial decorrelation, interpreted as semi-localized fast particle mo- 

ions within a nearest neighbor particle “cage”, was characterized 

y a spatiotemporally resolved localization length and a localized 

article fraction. The results suggest a distinction between bulk 

nd surface/interface of the filament – the rattling motion is sup- 

ressed near the substrate, likely due to substrate-ink interaction, 

hile the localization length in the middle of the sample decreases 

lower than the general trend for all heights. 

It was found that the wave vector is inversely proportional to 

he relaxation time, along with a stretching factor of around 1.5, 

hich is a typical indicative of jammed soft condensed mater sys- 

ems. The proportionality constant – the drift velocity – was calcu- 

ated for all heights and sample ages and then interpolated to pro- 

uce spatiotemporally resolved velocity dispersion maps for each 

irection. These maps show near height-independent velocity dis- 

ersion at early sample ages with higher velocity dispersion near 

he substrate at later sample ages, again suggesting the significance 

f the substrate-ink interaction. 

The time dependence of the drift velocity was found to be well- 

escribed by a split power law with an initial decay generally 
10 
aster than the subsequent decay. Notably, the transition time be- 

ween the two modes of velocity dispersion decay is the same for 

ifferent heights and directions. This constitutes evidence for the 

xistence of two distinct relaxation mechanisms. 

By analyzing dynamic susceptibility – the normalized variance 

f the instantaneous degree of correlation – the presence of dy- 

amic heterogeneities at specific times and heights was found. A 

eak in dynamic susceptibility not associated with changing time 

cales of the dynamics indicates a random rearrangement event of 

ubdomains of the sample. Since the occurrence of these dynamic 

eterogeneities was found to be reproducible, they must be inher- 

nt to the relaxation process. 

Electrodes fabricated with the investigated ink showed good 

erformance in cycling at different rates. Characterization of the 

urface morphology of the electrodes through SEM indicated that 

he electrodes retained structural integrity even after electrochem- 

cal testing. A comparison between casted and printed electrodes 

emonstrated the potential for improving electrochemical perfor- 

ance through the deliberate design of the battery architecture by 

 specific printing pattern. The anisotropic dynamics, spatiotem- 

orally heterogeneity, and rearrangement of subdomains revealed 

y XPCS showed the impact a highly anisotropic, far-from equi- 

ibrium processing method such as 3D printing can have on the 

ano- to meso–scale structure of the electrode. These events play 

mportant roles in the interaction among the active materials, con- 

uctive agents, and viscosifiers, and thus impact the defect forma- 

ion, the mechanical stability, and the electrochemical functional- 

ty. Therefore, understanding the nano- to meso–scale dynamics of 

eposited structures during the printing process has the poten- 

ial to enable rational designs of 3D printed energy storage de- 

ices with tailored internal structures. However, future work is 

eeded to further connect the nano-/meso–scale dynamics with 

he electrochemical performances, such as by establishing funda- 

ental physics models that could parametrize the complex engi- 

eering printing process, as well as by further characterizing the 

esulting structures of the printed electrodes. Notably, the dynamic 

roperties can be highly composition-dependent and may vary in 

ifferent battery materials. With the rising demands of next gener- 

tion batteries, such as high mass-loading electrodes, fast charging- 

ischarging capability, aqueous electrolytes for enhanced safety 

nd solid-state batteries, various printing inks and more complex 

rinting structures are required. Further work is also needed to 

ake direct quantitative comparison of XPCS analysis results be- 

ween different types of ink-deposition techniques. It might even 

e possible to obtain comparative results for blade-casted elec- 

rodes using a grazing scattering geometry. The understanding of 

ow different battery fabrication methods manifest themselves in 

he characteristics of the dynamics that governs the mesoscale 

tructure formation could further guide the design of batteries. 

hus, we hope that this work is the beginning of fundamentally 

nderstanding the dynamic evolution of printing structures to en- 

ble the design of the ink and printable battery properties. 

Overall, the far-from-equilibrium processes involved in 3D 

rinting of energy storage devices were characterized in detail for 

 specific 3D printing ink used to fabricate working batteries. This 

haracterization has implications for the informed fabrication of 

igh-performance energy storage devices that are both direct –

) the spatiotemporally heterogenous solidification profile, as ob- 

erved in the velocity dispersion maps, suggests that understand- 

ng filament-substrate and filament-filament interactions is crucial 

o fabricating complex multi-filament architectures and b) meso–

o macroscale rearrangement events investigated through the anal- 

sis of dynamic susceptibility could be related to defect formation 

n the printed filament which is known to affect the electrochemi- 

al performance – and indirectly – the mesoscale structure and, by 

xtension, the electrochemical performance of a 3D printed energy 
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torage device is at least in part determined by the first step in its 

abrication, the printing process. The results of this study motivate 

urther investigations of the dynamics of the 3D printing of energy 

torage devices to firstly, disentangle the observations that gener- 

lly apply to similar soft matter systems and the observations that 

re particular to the used ink composition and manufacturing pro- 

ess and, secondly, to establish and further connections between 

he 3D printing dynamics and mesoscale structure formation (and 

ltimately, the electrochemical performance of the energy storage 

evice). 
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