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The development of new materials and their compositional and microstructural
optimization are essential in regard to next-generation technologies such as clean
energy and environmental sustainability. However, materials discovery and
optimization have been a frustratingly slow process. The Edisonian trial-and-error
process is time consuming and resource inefficient, particularly when contrasted with
vast materials design spaces'. Whereas traditional combinatorial deposition methods
can generate material libraries*?, these suffer from limited material options and
inability to leverage major breakthroughs in nanomaterial synthesis. Here we report a
high-throughput combinatorial printing method capable of fabricating materials with
compositional gradients at microscale spatial resolution. In situ mixing and printingin
the aerosol phase allows instantaneous tuning of the mixing ratio of a broad range of
materials on the fly, which is animportant feature unobtainable in conventional
multimaterials printing using feedstocks in liquid-liquid or solid-solid phases**®.

We demonstrate a variety of high-throughput printing strategies and applicationsin
combinatorial doping, functional grading and chemical reaction, enabling materials
exploration of doped chalcogenides and compositionally graded materials with
gradient properties. The ability to combine the top-down design freedom of additive
manufacturing with bottom-up control over local material compositions promises the

development of compositionally complex materials inaccessible via conventional
manufacturing approaches.

Materials hold pivotal roles inmany scientific and technological innova-
tions, and progressin developing new materials is key to the pursuit of
solutions to grand societal challenges. Combinatorial material depo-
sitions (for example, cosputtering) have enabled rapid screening of
new materials for electronics, magnetics, optics and energy-related
applications’. The sample-rich feature of these combinatorial material
libraries facilitates elucidation of the composition-structure-property
relationship and enables the rapid screening of materials over a vast
range of compositions. Nevertheless, the intrinsic high-energy nature
of laser or plasma excludes many materials (for example, colloidal
particles, thermosensitive polymers) from use in the development of
universal combinatorial material libraries. Additive manufacturing
has emerged as a versatile method to fabricate materials of complex
structure using micro- and nanoscale building blocks®°. Recently
several printingapproaches, includinginkjet printing, electrochemical
printing and electrohydrodynamic redox printing, have been proposed
for the fabrication of material libraries™ . However, these methods
still suffer from limited materials options and challenges in regard to

the universal combination of different materials and the production of
gradient material libraries, due to the lack of fast mixing mechanisms
and the inability to rapidly vary mixing ratios.

For an ideal interdiffusion system, low fluid viscosity and minimal
size of diffusion units are desired, which leads us to investigate the
potential of using aerosols for in situ mixing and printing. Previous
research on multimaterial aerosoljet printing has made steady progress
in the development of functional materials and devices'*?, although
aerosol-based printing of combinatorial gradient materials remains
challenging. During aerosol-based printing, the material deposition
rate can be affected by several parameters (aerosol ink flow rate, sheath
gas flow rate, printing speed, atomizing voltage and so on)'*", and the
interplay of these printing parameters complicates aerosol mixing
and deposition during printing. Unoptimized ink formulation and
printing conditions may lead to unstable jetting, which canintroduce
uncertainty in aerosol-based printing. To understand the collective
behaviour of aerosol mixing and the combinatorial printing process,
we systematically investigated ink formulation, aerosol mixing and
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Fig.1|The designstrategy of HTCP. a, Schematicillustration of the
combinatorial printing method based onin situ aerosol mixing. b, Orthogonal
and parallel gradient printing design strategies, and corresponding printed
gradient patterns using blue ink (food dye Blue 1) and red ink (rhodamine B),
demonstrating acompositional-modulation feature. ¢, Optical microscopy

interaction, and printing parameter optimization by combining both
experimental techniques (for example, fast cameraimaging) and com-
putational fluid dynamics (CFD) simulations. To achieve aerosol-based
mixing and printing, our high-throughput combinatorial printing
(HTCP) approach begins with atomization of two (or multiple) inks
into aerosols containing microscale ink droplets, where the combined
ink streams are then mixed in a single nozzle and aerodynamically
focused by a co-flowing sheath gas before deposition (Fig. 1a). The
aerosol jet printhead with nozzles of various sizes is applied, delivering
fine features with spatial resolution as low as around 20 pmin the x-y
plane and deposition thickness as low as approximately 100 nm (Sup-
plementary Figs.1and 2). To generate a one-dimensional (1D) gradient
material library we investigated two printing strategies—orthogonal
versus parallel gradient printing (Fig. 1b). Although both approaches
cangenerate gradient films, we found that orthogonal printing tends
to be more versatile because it can tolerate a wide range of printing
speeds. By contrast, a high printing speed in parallel gradient mode may
lead to an undesired deposition delay that causes inaccurate ink mix-
ing and deposition (Fig. 1b). By continuously varying the ink-mixing
ratio through orthogonal printing, the compositional variation of
printed materials can be achieved in a fine-gradient manner without
therequirement for clean-room facilities (Supplementary Videoland
Supplementary Table1).

Combinatorial mixing and printing

The printing of gradient material libraries relies on two hypotheses:
(1) the controllable deposition of two materials via individual modula-
tion of two ink flow rates; and (2) the mixing of two ink aerosols on the
fly. We first evaluated the effect of ink flow rates on material deposi-
tion. As shown in Fig. 1c, material deposition rate can be controlled
by adjusting ink flow rate within the stable jetting range, where the
resulting deposition thicknesses of printed films increase withink flow
rate monotonically. In an optimized range of ink flow rates (Fig. 1d),
we found that this monotonic trend can be applied to a variety of
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nanomaterial inks including Ag nanowires (AgNW), graphene, Bi,Te,
and polystyrene, although an extremely high aerosol flow rate may lead
to unstable jetting*®. Other printing parameters have been system-
atically investigated to optimize printing processes and realize high
printing reproducibility and stability. For printing and ink parameters
see Supplementary Fig. 3 and Supplementary Tables 2-5; for ink prim-
ing, Supplementary Fig. 4; for printing stability, Supplementary Fig. 5;
for batch-to-batch reproducibility, Supplementary Fig. 6; for printing
uncertainty, Supplementary Fig. 7; for correlation matrix of param-
eters, Supplementary Fig. 8; for aerosol ink flow range, Supplementary
Fig.9; forink effect onsurface smoothness, Supplementary Fig. 10; for
printing reproducibility of gradient samples, Supplementary Figs. 11
and 12; for substrate effect, Supplementary Figs. 13 and 14; and for
typical flow, Supplementary Fig. 2a. In particular, we analysed the role
of printing process variables to show the relationship between process
variability and underlying mechanisms. To minimize process variability
duetochangesinink properties, ink formulation (forexample, solvents
and surfactants) needs to be engineered to ensure long-term chemi-
cal stability” and colloidal stability. It is also important to optimize
printing process parameters to control the key flow characteristics and
ensure stable jetting with low variability for aerosol-based printing.In
addition, fast cameraimaging was utilized to understand the behaviour
of aerosoljetting of inks, where we observed the effect of Saffman force
onaerosol droplets with a strong collimating effect that helps narrow
the passage of ink aerosols (for sheath flow effect see Supplementary
Fig. 15 and Supplementary Video 2; for time-dependent jetting, Sup-
plementaryFig.16; and for aerosols of fluorescent inks, Supplementary
Fig.17). Furthermore, CFD simulations were conducted to understand
the underlying aerosol-based ink-mixing mechanisms under differ-
ent sheath gas flow conditions. CFD analyses, combined with mixing
index calculations, show considerable enhancement in the mixing of
two aerosol ink flows when increasing sheath gas flow rates (for CFD
model see Supplementary Fig. 20; for ink mixing versus sheath flow,
Supplementary Fig. 21; for mixing index and flow profile, Supplemen-
tary Figs. 22 and 23; and for simulation parameters, Supplementary
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Fig.2|Rapid printing of combinatorial materials with gradient
compositions. a, Fast cameraimage showing the aerosol deposition process of
photoluminescent inks (blue) under visible light and ultraviolet light of 365 nm
wavelength.Scalebar, 2.5 mm.b, Typical gradient profile of the HTCP process.
SEMimages demonstrate the morphology changes in Ag/Bi,Te;composites
withincreasing Agink flow and decreasing Bi,Te, ink flow. The fabrication

Table 6), whichis consistent with our experimental observations from
fast cameraimaging. This is animportant finding because it provides
apreviously unexplored avenue to dynamically control ink mixing on
the fly using sheath gas flow-induced aerodynamic focusing without
the need for a complicated external mixer. In addition, CFD results
indicate that a smaller nozzle diameter can enhance the convergence
and mixing of aerosols (Supplementary Fig. 24), although an overly
small nozzle (under 50 pm) may increase the probability of clogging
during the printing process.

Asademonstrationof the HTCP process, we printed a metal/semicon-
ductor nanocomposite using two inks containing zero-dimensional (OD)
Ag nanoparticles of around 60 nm in diameter and two-dimensional
(2D) Bi,Te; nanoplates of around 1 um in lateral size. Once a narrow
stream of mixed aerosols was formed by the optimized aerody-
namic focusing, we gradually increased the metal-to-semiconductor
ink-mixing ratio and observed a clear morphological transition from
aBi,Te, nanoplate-rich phase to a well-blended composite phase and
then to a Ag nanosphere-rich phase (Fig. 2b). Changes in chemical
composition were confirmed by energy-dispersive X-ray spectroscopy
(EDS), as shown in Fig. 2c. A clearly increasing trend of Ag content in
the printed combinatorial film was observed (Fig. 2d). Similar to the
cosputtering method!, HTCP is not aimed at generation of strictly
linear-gradient compositions in combinatorial materials; instead, it
isintended to produce gradient sample features in a fast, monotonic
and high-throughput manner. Whereas certain process variations exist
inHTCP printing, asindicated by the error barsin EDS measurements,
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process takes approximately 1 min. Scalebars, 1 pm. ¢, Compositional
characterization of Ag/Bi,Te;composites with SEM (top) and EDS (bottom).
Scalebars,100 um.d, Elemental distributions of Ag/Bi,Te;composites over
gradientdirection. Error barsrepresents.d. fromthree gradient samples.

e, TEM of Ag/Bi,Te; composites showing the interface between Ag nanoparticles
and Bi,Te;nanoplates. Scale bar,2 nm.

amonotonic compositional gradient and distinct compositions of
roughly 25 umspatial resolution are observed along the gradient print-
ingdirection (elemental distribution, Fig. 2d; sample-to-sample repro-
ducibility, Supplementary Fig. 18; transmission electron microscopy
(TEM) of Ag/Bi,Te, showing chemically fused nanocomposites after
thermal sintering, Fig. 2e; TEM-EDS analysis, Supplementary Fig.19).

In general, composite fabrications involve a process that mixes
one or several filler materials into a matrix material to achieve syn-
ergistic properties. A conventional trial-and-error approach often
requires extensive processing time, which not only causes difficulty
with high-throughput fabrication but also may lead to undesired side
reactions fromthe mismatch of starting materials related to their sur-
face charge, pH values and ionic strength??, For example, MXene and
Sb,Te; nanoparticles exhibit opposite surface charges in a certain pH
range?, leading to the formation of large aggregates with poor colloidal
stability (Supplementary Fig. 25). By contrast, the HTCP technique
enables the rapid fabrication of combinatorial samples with gradient
compositions, which minimizes undesired side effects (for example,
aggregation). Aerosol-based HTCP uses nitrogen as the carrying gas,
which forms a protective ‘gas barrier’ between ink droplets such that
MXene and Sb,Te, will notinteract/react until being deposited onto the
desired location of substrates. Consequently a dense, uniform com-
posite film of MXene/Sb,Te, was successfully printed (Supplementary
Fig. 26). Thus, the combinatorial printing of seemingly incompatible
materials is particularly unique and different from previous printing
methods.
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Fig.3|HTCP with broad range of material options. a, Elemental mapping of
various printed combinatorial systems covering abroad range of elements.
Scalebars, 300 pm. b, SEM images of various combinatorial materials printed
directly using OD, 1D and 2D nanoparticles. Scale bars,1 pm. ¢, Combinatorial

Toexplore the full capacity of the HTCP method, we fabricated awide
spectrum of films with gradient compositions including metals, oxides,
nitrides, carbides, chalcogenides and halides, containing elements from
s-block (groups IA-1I1A) and p-block (groups IlIA-VIIA) of the periodic
table (Fig.3a). We also printed inks containing several d-block elements
into combinatorial material libraries, including transition metal chalco-
genides (for example, MoS,) and transition metal carbides (for example,
MXenes) (Supplementary Fig.27). Moreover, the HTCP approach also
exhibits excellent tolerance to material dimensions and morphology,
asdemonstratedina printed OD/1D composite of polystyrene (PS)/Te
nanowires, a1D/2D composite of Te nanowires/Bi,Te; nanoplates and a
0D/2D composite of PS/Bi,Te; nanoplates (scanning electron micros-
copy (SEM) images, Fig. 3b). SEM analyses on fractured cross sections
of 0D/2D composite of Ag/Bi,Te, reveal ahomogeneous distribution of
nanoscale building blocks without phase separations (Supplementary
Fig.28).Inaddition toinorganic nanomaterials, temperature-sensitive
polymers (including biopolymers and semiconducting polymers) were
tested (Fig. 3c). The Raman spectra of combinatorial polymer films of
chitosan and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfon
ate) (PEDOT:PSS) show a peak evolution at approximately 1,094 cm™
for chitosan** and at approximately 1,434 cm™ for PEDOT:PSS?, indi-
cating a clear compositional transition from chitosan to PEDOT:PSS.
Similarly, cellulose nanocrystals (CNC) and PEDOT:PSS were printed
into agradient material library and the compositionally varying feature
was verified using Raman analysis. These results demonstrate the versa-
tility of HTCP in the rapid fabrication of abroad range of inorganic and
organic combinatorial materials, substantially expanding the material
options for high-throughput additive manufacturing.

HTCP of functional systems

Toexplore the potential of using the printed material library to accel-
erate materials screening and optimization toward the desired
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properties, we demonstrated a high-throughput combinatorial dop-
ing strategy for thermoelectric applications (Fig. 4a). Due to high
scalability and design freedom, thermoelectric (TE) printing has been
extensively pursuedinthe past decade inthe development of flexible
or 3D conformal devices for energy harvesting and cooling. However,
therelatively low performance (typically 10>-10° pyW m™ K 2in power
factor® ) of printed n-type materials has thwarted the prospect of
realizing broad impacts of printed thermoelectrics. To improve
printed n-type materials, HTCP was used for rapid optimization of
sulfur doping concentrationsin printed Bi,Te, ,Se, ; materials, where
samples of gradient doping concentrations were printed and tested
inasingle combinatorial gradient film. With increasing sulfur doping
concentration, the Seebeck coefficient of printed Bi,Te, ;Se ; film
sharply increased from-130 to-200 pV K™ (at about 0.5% S) and then
reached aplateau ataround -213 pV K™ (at about 1.0% S; Fig. 4b). Such
profound change could have originated from the increased density
of states (DOS) effective mass mj,s enabled by sulfur doping®. The
combinatorial doping of a Bi,Te, ;Se, ; film shows a peak thin-film
power factor at an optimal sulfur doping concentration of about
1.0 atomic weight percentage (at.%) (TE property versus doping; Sup-
plementary Fig. 29). This printed material library is primarily aimed
atidentification of the optimized doping composition as opposed to
achieving absolute property values. Because the electrical conductiv-
ity of the aerosol jet-printed films is limited by the requirement of
using low-viscosity inks with relatively low particle concentration, an
extrusion printing technique was applied to convert highly concen-
trated Bi,Te, ,Se, ; inks to thick films for practical device applications.
Subsequent TE property measurements show a maximum room
temperature power factor of 1,774 pW m* K2 at 1.0% sulfur doping
(Supplementary Fig. 30), which is substantially higher than most
printed n-type TE materials (Fig. 4c and Supplementary Table 7)%%2,
Fromafundamental perspective, we also explored the combinatorial
feature of HTCP to understand the compositional effect on Seebeck

Nature | Vol 617 | 11 May 2023 | 295



Article

a b O Seebeck coefficient © Sulfur doping c
-220F 18 2,000}
Dopant Matrix BN o & © ; 116 o 4d %
q - & timized dopin
< 200} . B 114 — L 100 P Ping
2 %’ Y 3 TE Undoped
5 _1s0} 12 & 2 1.200f Pl N
2 $ {10 & 2 *
|5 S 5 800t
S 160} 2 ° Jlos § 3 9
- % 3 los 2 % 400l 9
ombinatorial doping % 140} . <) 3 g ) %0
2 10.4 kS o 8
(7] ot
12| - - : : .2 y T T y
00 2 4 6 8 0 2010 2013 2016 2019 2022
Sample position (mm) Year
d e O Red intensity O Green intensit; f
Stiff Soft i Y 200
material material
Stiff Soft 5 27 um _
- 120+ 1150 ?, % 70Fo, resolution
8 s <100}
> 2 3 b
= 2 =
g 9ot 1100 & 3 ‘
E £ E
Combinatorial 3 < hg 10¢
i ; o 150 ¢
functional grading 60+ 5 3
>
. . . . . . g 1
0 1 2 3 4 5 6 0 1 2 83 4 5 6
Sample position (mm) Sample position (mm)
g Starting h i
Reagent material
4 so g0
12} i % t L
9 +
-, *
Q
[a) | +
Combinatorial reaction 08} % %
06rh o u "
i 0 20 40 60 8 100
Material A Material B Relative position (%)

-
Lo

ooy, el
&-{"&3::‘9 Uﬁ& E
Combinatorial ey z’t = -
b sl > 'A)ﬂ‘ 2
?

microstructuring

s

Fig.4 |HTCP enables combinatorial doping, functional grading, chemical inks coloured by two dyes, with the inset showing a photoluminescentimage.
reaction and compositional microstructuring.a, Schematic of combinatorial ~ Scalebar,1 mm.f, Local Young’s modulus versus sample position measured
doping.b, ABi,Te, ;Se, ; filmwith gradient sulfur doping concentrations and with spatial resolution of about 27 pm. g, Schematic of combinatorial chemical
resulting local Seebeck coefficient changes. Error barsrepresents.d. from reaction. h, Optical microscopicimage of a GO/rGO gradient film. Scale bar,
two experimental replicates for Seebeck coefficient and six experimental 0.5 mm.i,Raman analysis showing the D:G band ratio at different sample

replicates for sulfur doping concentration. c, Room temperature power factor  locations, with the inset showing an opticalimage of agradient film following
comparisons between our printed Bi,Te, ;Se, ; with optimized doping (red)and  overnightreaction.Scale bar,1 mm.Errorbarsrepresents.d.fromthree

other printed n-type materials over the past decade?*™2, where our undoped experimentalreplicates.j, Left, schematic of combinatorial microstructuring.
Bi,Te,;Se,;is coloured orange for reference. d, Schematic of combinatorial Right, examples of Ag/MoS, with periodic structures of submicron resolution
printing of functionally graded materials. e, Fluorescentimage showingredand  alongthe thicknessdirection (false-coloured SEM showing Moinred and Agin
green lightintensities of agradient polyurethane film printed with two PUD blue; scalebars,300 nm) and printed 3D arrays of salt crystals (scale bar, 300 um).
coefficientand charge carrier transport behaviour (ternary Sb,Bi, . Te, In addition to material screening, we explored the potential of

and quaternary Sb,Bi g 36,7y T€ x40y 5€, alloys; Supplementary Fig. 31).  HTCP in the fabrication of functionally graded materials. As proof of
These results demonstrate the data-rich feature of HTCP in efficient  concept, we printed gradient polyurethane films using two polyure-
identification of optimized material compositions for achieving the  thanedispersion (PUD) inks with different elastic moduli (Fig. 4d). The
desired properties. resultant gradient mixing can be visualized via fluorescent imaging by
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incorporation of the two PUD inks with red and green fluorescent dye,
respectively (Fig.4e, inset). Asubsequentred, green and blue analysis
ofthe functionally graded polyurethane (FGP) shows amonotonic trend
of the compositional gradient with fluorescent intensity measured
every 22.8 um over the entire 6-mm-long film (Fig. 4e). To measure
the mechanical property of the FGP, a tensile test accompanied by
the 2D digital image correlation (DIC) method was used to map the
strain field, and thereby to obtain the distribution of Young’s modu-
lus with a spatial resolution of around 27 pm. As shown in Fig. 4f, with
increasing mixing ratio of soft to stiff PUD inks, FGP shows a mono-
tonic decrease in Young’s modulus over two orders of magnitude (from
103 to 1.2 MPa). Materials with such a gradient modulus may cover
arange of biomaterials (tendon, skin, muscle and so on)** and may
find applicationsin such as interface materials between components
of different mechanical properties (Young’s modulus versus bioma-
terials, Supplementary Fig. 32; stretchability test, Supplementary
Fig.33). These resultsindicate the ability of HTCP to achieve monotonic
gradation of both compositions and properties at 20-30 pm spatial
resolution.

Besides printing stable inks, we investigated HTCP using reactive
inks and their combinatorial reaction behaviours (Fig. 4g). During
this process, reactive ink materials may undergo chemical/biochemi-
cal reactions triggered by the convergence of two inks and/or stimuli
such as light, heat or catalysts. As proof of concept, graphene oxides
(GOs) were coprinted with ascorbic acid (AC) under a gradient mixing
ratioinwhich AC reduces GO to reduced graphene oxide (rGO). As the
reaction proceeds, itis evident that a higher AC concentration causes
amore rapid change in GO colour, from light yellow to dark brown,
in the AC-rich region (Fig. 4h). Once the gradient-reduction reaction
had reached completion, the inset of Fig. 4i shows the combinatorial
filmwithagradientappearance fromlight yellow (GO) to black (rGO).
Ramanspectroscopy (Fig.4iand Supplementary Fig.34) shows aclear
change in D:G band ratio with increasing AC ink flow. This indicates
that thereduction in GO decreased the average size of the sp* domains,
because new graphitic domains were created with smaller sizes and
larger quantities compared with those in the unreduced GO*. The
HTCP method can also enable heterogenous fabrication of materials
with compositionally complex structures by alternately depositing two
ink materials layer by layer, leading to combinatorial microstructuring
(Fig.4j). Anadvantage of aerosol-based ink depositionis the ability to
quickly switch from one material to the other due to the low viscous
drag (for example, the Ag/MoS, nanocomposite with periodic struc-
tures showninFig. 4j), achieving submicron spatial resolution (roughly
100 nm) along film thickness direction, which is difficult to realize
using other multimaterial printing methods (for example, extrusion
printing). The Ag and MoS, inks for compositional microstructuring
were formulated to be immiscible, to minimize diffusion between dif-
ferent layers. The microstructure patterning can also be applied to
achieve 3D structures with a high aspect ratio (for example, the 3D
pillars shown in Fig. 4j).

Conclusions

The HTCP method enables high-throughput fabrication of versa-
tile material libraries with gradient compositions utilizing rapid
aerosol-based mixing and modulation of the mixing ratio. This insitu
mixing and printing method may spark multiple potential research
directions. First, HTCP can fabricate gradient films of metals, nitrides,
carbides, chalcogenides, halides and even seemingly incompatible
materials, enabling combinatorial materials screening and optimiza-
tion with vastly expanded material options. Second, HTCP can produce
functionally graded materials with unique compositional/structural
arrangements and superior properties surpassing their constitutive
materials with homogenous compositions. In addition, the combi-
natorial printing of reactive materials offers new possibilities toward

high-throughput exploration, experimentation and characterization
of chemicals/materials syntheses. The next phase of research will focus
on leveraging the fabrication freedom and data-rich nature of HTCP,
along with machine learning- and artificial intelligence-guided design
strategies, which are expected to accelerate the discovery and develop-
ment of abroad range of materials with intriguing and unprecedented
properties for emerging applications.
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Methods

Nanoparticle synthesis

Colloidal nanoparticles were prepared via either bottom-up synthesis
or top-down exfoliation. For example, metal chalcogenides were syn-
thesized via the bottom-up methods reported in our previous work°>¢,
Taking Sb,Te; synthesis for example, a mixture of ethylene glycol and
diethylene glycol in a proportion of 1:2, with a volume of 150 ml, was
combined with12 mmol of SbCl;, 18 mmol of TeO,, 3 gofNaOHand 0.8 g
of polyvinylpyrrolidone withamolecular weight of 40,000 g mol™. The
mixture was heated under reflux at 190 °C for 15 hand the precipitates
separated by centrifugation at 5,000 rpm. To remove any remaining
impurities, the precipitates were washed with ethanol three times.
Similarly, Bi,Te, synthesis was achieved using different metal precursors
(for example, bismuth(lll) nitrate pentahydrate). The Ti,C,T, MXene
nanosheets (T represents surface termination, suchas—0,—-OH or —F)
were synthesized by selective etching of aluminium from the MXene
precursor, Ti;AlC,, using a combined hydrofluoric acid/hydrochloric
acid mixture and lithium chloride for delamination, as described previ-
ously”. For carbon-based nanosheets, liquid-phase exfoliation methods
were used. Additional details on material synthesis are availablein the
Supplementary Information.

General ink formulation

Inatypical aqueousink formulation amixed solvent of water and eth-
ylene glycol was used to disperse nanoparticles, in which ethylene
glycol serves as a cosolvent to improve ink stability and printability.
Depending on the ink type, a small amount of isopropyl alcohol may
alsobe added as adefoamer to suppress the formation of foam during
the ultrasonic atomizing process. To avoid aggregation and ensure
uniform dispersion of the inks, they were sonicated for 15 min (Hil-
sonic bath sonicator, 300 W). Typical ink composition can be found
in Supplementary Table 2. The concentration of nanomaterial was
determined by the drying weight method. Commercially available
inks, including indium tin oxides (30 wt.% in isopropanol), molyb-
denum disulfide (in terpineol/cyclohexanone) and aluminium oxide
nanoparticle (20 wt.% in H,0), were purchased from Sigma-Aldrich.
Silver nanoparticle ink (PRELECT TPS 50G2) was obtained from
Clariant Specialty Chemicals. For nonparticle inks, molecular or salt
precursors were directly dissolved in solvents before the printing
processes.

HTCP printing

The motion control graphical user interface (GUI) controls the x, y,
zmotion stages of the printer. Real-time position and velocity were
tracked for x, y, z during the targeted move and jogging operations.
Both aerosolink flow rates were actively controlled with respect to stage
positiontoachieve gradient and voxelated films. For all high-resolution
printing, the inks were first primed under sonication for 30 min and
then atomized via ultrasonication before transfer to the printhead. A
sheath flow was used to focus the aerosolized ink stream to achieve
high printing resolution. Before printing, substrates (such as glass,
mica, Kapton and so on) were precleaned with isopropyl alcohol and
treated with plasma to improve surface hydrophilicity. During the
HTCP process, a heating stage was used to evaporate the ink solvents
to minimize undesired drying effects. Depending on the type of combi-
natorial materials, additional thermal sintering was adopted to achieve
the desired microstructures and properties.

Thermoelectric property characterization

The Seebeck coefficient and electrical conductivity were measured
using a custom-built scanning probing system consisting of two fine
40 AWG k-type thermocouples placed about 1 mm apart and a heater
placed about 1 mm away from one of the thermocouples. Two elec-
trodes through which current was sent for electrical conductivity

measurement were placed at both ends of the printed film. At each
measurement location, electrical conductivity was measured based on
alinear four-probe principle at thermal equilibriumbefore measuring
the Seebeck coefficient. During Seebeck coefficient measurement,
heating power was slowly increased and Seebeck voltage between
the two thermocouples was collected continuously along with ther-
mocouple temperatures. The absolute Seebeck coefficient of the
film was calculated by taking into account the Seebeck coefficient
of the thermocouple wire. The measurement system was validated
by measuring a bulk constantan film with known thermoelectric
properties. In addition, the printed gradient films were also meas-
ured using a custom-built scanning probe instrument at the National
Institute of Standards and Technology®. The Seebeck coefficient
was measured in 0.5 mm increments using a pair of independently
spring-loaded type R thermocouple probes spaced 3 mm apart, using
the quasisteady state condition of the differential method. Measure-
mentuncertainty (1s.d.) for Seebeck measurement is +6.5%. Details of
these thermoelectric measurements can be found in Supplementary
Information.

Mechanical property mapping of gradient polyurethane films
Toobtain Young’s modulus distribution of a printed gradient polyure-
thane film, we used the 2D DIC method to track strain and displacement
distributionsunder uniaxialstretch. Thespecimenhadalengthof12 mm,
width of 2 mm and a gradient composition. The force-displacement
relation was recorded by uniaxial stretching of the specimen up to 50%
strainatarate of 0.1% s ' viaan Instron universal machine (model 5944)
with a 50 N load cell. The specimen was mounted in a pair of tensile
grips, leaving a gauge length of 8 mm. The ratio of length to width (4)
is sufficiently high to ensure that the majority of the specimen under-
goes uniaxial tension with negligible edge effects. To measure strain
distribution by the DIC method we sprayed ink (Koh-I-Noor Rapidraw)
with an airbrush (Badger, no. 150) to generate high-quality speckle
patterns on the specimen. To enhance optical contrast, a whiteboard
was used as background and a white light LED light was shot on the
sample during testing. Changes in speckle patterns were recorded by
aCanonESO 6D DSLR camerawithaCanon100 mmF/2.8L macro lens
atroughly every 1% strain. The resolution of each image was around
6.8 um per pixel, and we output data every four-pixel length. Images
were analysed by Ncorr*®, an open-source 2D DIC Matlab software, to
obtainthe strain and displacement distributions of the middle region
of 6 mm (L) x 2 mm (W). We tested the specimen four times to eliminate
natural error and, after eachloading and unloading, the specimenwas
placed onahotplate at 35 °C for 5 min, and at room temperature for a
further 10 min, to fully release any residual stress. Based on the meas-
ured strain distribution, we calculated Young’s modulus distribution
in the elongation direction under the assumption of linearly elastic
material and no gradient modulus along the width (Supplementary
Information).

Data availability

Thedatasets generated or analysed during the current study are avail-
able from the corresponding author on request.
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