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Solid-state synthesis from powder precursors is the primary processing route to advanced

multicomponent ceramic materials. Designing reaction conditions and precursors for ceramic

e

synthesis can be a laborious, trial-and-error process, as heterogeneous mixtures of precursors often

evolve thmc_omplicated series of reaction intermediates. Here, we use ab initio

thermodynamics to model which pair of precursors has the most reactive interface, enabling us to

understand and anticipate which non-equilibrium intermediates form in the early stages of a solid-

r

state reaction. Using in situ X-ray diffraction and in situ electron microscopy, we observe how these

a A
initial intermediates influence phase evolution in the synthesis of the classic high-temperature

A4 4

superconductor YBa,Cu;0g. (YBCO). Our model rationalizes how the replacement of the traditional

BaCO; precursor with BaO, redirects phase evolution through a low-temperature eutectic melt,

l

facilitating the formation of YBCO in 30 minutes instead of 12+ hours. Precursor selection plays an
N
important role in tuning the thermodynamics of interfacial reactions and emerges as an important

design parameter in the planning of kinetically favorable synthesis pathways to complex ceramic

materials.
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Solid-state ceramic synthesis involves heating a mixture of precursor powders at high

temperatures (typically >700 °C) and has been used to realize countless functional materials [1-3]

a variety o rium intermediates prior to formation of the equilibrium phase “*%. These

Recent in *u ::aracterization studies have revealed that solid-state reactions often evolve through
complicgcecp ase evolution sequences are currently difficult to understand, resulting in laborious
trial-and-errgr efforts to optimize ceramic synthesis recipes. Theory and computation could help

guide synt anning, but computation has mostly been used to evaluate thermodynamic

stability oWeaction energies™ . While these quantities are valuable, they do not provide

mechanisti into which non-equilibrium intermediates will appear during phase evolution.
)

The ability alize and anticipate which intermediate phases form would enable solid-state
chemists t!design crystallization pathways that target (or avoid) specific intermediates, accelerating

the design nd energy-efficient ceramic synthesis recipes for new materials.

The complexity of phase evolution in solid-state synthesis arises from the various
pathways by an initially heterogeneous mixture of precursor particles can transform to a
homog t phase. At the microscopic level, solid-state reactions initiate in the interfacial

regions befween precursors as the system is heated. Because interfacial reactions can only occur

between tw; phases at a time, we hypothesize that by determining which pair of precursors

exhibits th active interface, we can anticipate which interfacial reaction initiates the overall
solid-st@, as illustrated schematically in Figure 1a. Once two precursors react to form a
new phasd this Mon-equilibrium intermediate will then react through its interface with other
precursors rmediate phases. By decomposing the overall phase evolution into a sequence of

pairwise reactions,_we can calculate the thermodynamics and analyze the kinetics of each reaction

<C
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step separately, providing a simplified theoretical picture to conceptualize and navigate ceramic

synthesis 729,
We strate how this concept of sequential pairwise reactions enables us to model
phase ev he ceramic synthesis of the classic high-temperature superconductor,
H I

YBa,Cu;0:M(YBCO) ?*%) Following the discovery that YBCO remains superconducting above the
boiling poig® offliquid N, (>77 K), YBCO has been synthesized many thousands of times in

laboratories d the world. The typical synthesis recipe for YBCO calls for three precursors—a

0.5/2/3 mw of Y,05/BaC05/Cu0 powders—which are ground in a mortar, then compacted,

pelletized, an d in air at 950 °C for >12 hours. Even after 12 hours, the synthesis reaction is

often incomplete, so the pellets must be re-ground, re-pelletized, and re-baked until phase-pure
YBCO is obml.

It reported that replacing BaCO; with BaO, can shorten YBCO synthesis times to 4

the need for regrinding %!, This dramatic difference in synthesis times offers

an ideal cas y to explore how precursor selection governs phase evolution in solid-state
synthesis ", In Figure 1b, we show temperature-dependent Gibbs reaction energies, AG,,,, for the

formation s YBCO with either BaO, or BaCOj; as the barium source. BaO, is less stable than BaCO;
28 5o altmth reactions are thermodynamically favorable (AG,, < 0) above ~700 °C, the
thermodyna iving force (magnitude of AG,,,) is much larger with BaO,.

L might anticipate that this larger driving force explains why YBCO synthesis with

a BaO, preeu proceeds faster. Here, we show that the mechanism actually proceeds in multiple

stages. First, the ioz precursor initiates an early BaO,|CuO reaction to form a crucial Ba,Cu3O¢

intermeqntermediate then directs phase evolution through a low-temperature eutectic

This article is protected by copyright. All rights reserved.
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melt, which provides fast liquid diffusion to facilitate rapid YBCO formation in only 30 minutes. BaO,

is a relatively uncommon YBCO precursor, appearing in only 8 out of 237 synthesis recipes for YBCO

(and relati ses) as text-mined from the literature 291 \whereas BaCOs is the most common Ba
precursor, f 237 recipes (all extracted synthesis recipes are shown in Table S1). By better

|| . . . L
understanding how uncommon precursors promote kinetically favorable sequential pairwise
E7 W,

reactions can build towards new design principles for precursor selection and rational

synthesis p

b |

N

A
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Figure 1. S @ of sequential pairwise interfacial reactions and overall reaction energetics for
YBCO synthe a) Schematic of the pairwise reaction concept, illustrating that phase evolution
from powd€r precursors must initiate at the shared interface between two precursor grains. (b) The
temper dent Gibbs reaction energies, AG,,,, for the formation of YBCO from precursor
mixture izi CO; (dashed line) or BaO, (solid line) as the Ba source.
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Here, we use in situ synchrotron X-ray diffraction (XRD) to characterize the temperature-
time-transformation process of YBCO formation, as well as in situ microscopy (SEM, DF-STEM) to
directlyhe spatiotemporal microstructural evolution from the three initial precursors. By
comparing@

rimentally observed phase evolution pathways against density functional

theory E)'E—ca Culated thermodynamics % aided by a machine-learned model for temperature-

Bl e both model and observe the role of interfacial reactions in

dependent Gibbs, free energies
dictating p olution in solid-state synthesis. In particular, we show how thermodynamic
caIcuIatiorwmct the relative reactivity of pairwise interfaces, and can also anticipate the first
intermedial rms at the most reactive interface. Once this first intermediate forms, kinetically
controlled es play a more significant role in the subsequent phase evolution, which is directly
observed n!ing in situ characterization. Our work here provides a theoretical foundation to model

phase evol m multiple precursors and demonstrates the importance of precursor selection

in governingth namics of phase evolution during the solid-state synthesis of complex ceramics.

In Figu we show in situ synchrotron X-ray diffraction patterns for phase evolution in
YBCO SZH’ with either BaCO; (Figure 2a) or BaO, (Figure 2b) as the Ba source, which

we compi to the thermodynamic driving force for new phase formation at each pairwise

interface c-d). Figure 2a shows that when BaCOs; is used, the precursors remain the
dominant p up to 940 °C, confirming the lack of rapid phase formation. In contrast, Figure
2b shows the formation of YBa,CuzOgin 30 min when BaO, is used as the Ba source. The XRD

- -
peaks are sharper at the end of the experiment, suggesting a significant increase in the size of

]

coherently scattering crystallites in the product phases (see Figure S2). At the end of heating, a
4

small amou BaCuOs impurity was also formed (~¥6% impurity by Rietveld analysis).

This article is protected by copyright. All rights reserved.
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We have three-precursor systems in both in situ experiments, so the relevant interfaces
are Y,03|CuO, Y,03|BaC03(Ba0;), and BaCO3(Ba0,)|CuO. In the BaCOs-containing system, no
reaction hﬁmmial driving force until >900 °C (Figure 2c). When BaCOs is replaced with
Ba0,, the ermodynamics change dramatically as the BaO,|CuO interface has large

H I
driving fors (AGx, < -200 kJ/mol) to form ternary Ba-Cu-oxides above 400 °C (Figure 2d). This is
consistent gliith ¥ situ XRD observations of barium copper oxides emerging at ~600 °C and the

consumption a0, by ~700 °C (Figure 2b).

Synthesis of YBCO using a BaCO; precursor usually requires >12 hours with intermittent

[24]

LES

re-grindin it is not surprising that YBCO did not form in our 30 min in situ experiment

(Figure 2allf At temperatures >850 °C, traces of a Y,Cu,05 phase are observed, even though the

[

BaCO3z| CuQgi ce has the larger thermodynamic driving force to react (Figure 2c). BaCO;
decompos eported to have a substantial activation barrier of 305 kJ/mol [32], and the
thermo ic_driving forces for all Y,03-BaCOs-CuO interfacial reactions have AG,, less
negati kJ/mol up to 800 °C, which is evidently too small to overcome this kinetic

barrier. Tliese poor reaction kinetics, coupled with a small thermodynamic driving force,

underlie the synthesis of YBCO when starting from a BaCOs precursor.
The formation of YBCO when starting from BaO, originates from the large
thermo i jving force at the BaO, | CuO interface, which is ~200 kJ/mol larger than at the

Bacoglmce at 600 °C. We previously demonstrated in the synthesis of Na,MO, (M =

Co, Mn) that the first phase to form in an interfacial reaction is the compound with the largest

L

iy . . 10 .
compositio constrained reaction energy from the precursors 1% Here, our results in the

This article is protected by copyright. All rights reserved.
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YBCO system provide further evidence for this theory. We calculate that Ba,CusO¢ has the
largest reaction energy to form at the BaO,|CuO interface, and indeed this is the first observed
ternary ph hich is accompanied by evolution of O, gas. Between 600 °C and 850 °C,
Ba,Cus0¢ a to form BaCuO, and CuO (Figure 2b). The preferential reactivity of the
H I
BaOz|CuOSinterface—instead of the Y,03|Ba0, or Y,03|CuO interfaces—provides another
example t tRg first phase to form in an interfacial reaction is the phase with the largest
thermodyna driving force, and further suggests that when multiple competing interfaces

exist, the w with the most exergonic compositionally-unconstrained reaction energy will

initiate the soIid—Sate reaction.

OuUr approach here assumes that thermodynamics plays the dominant role in selecting

which paimerface is most reactive, but kinetic considerations are also important. In

previous stddi f diffusion couples between metal-silicon and metal-metal interfaces, both
reaction eE’ and interdiffusion rates governed initial phase formation®>3°], Transport
kinetic i intimately coupled with thermodynamic considerations, as thermodynamic

driving for!es appear in Fick’s first law as the chemical potential gradient. When different
pairwise int s exhibit large differences in driving forces, as they do here in the Y,05-Ba0,-
CuO syste modynamic considerations are likely to dominate the relative kinetics of
interdifﬂweven when the thermodynamic terms are comparable between different
interfacWexplicit treatment of diffusion kinetics cannot be avoided. Because transport

arises fro@bination of bulk, dislocation, and surface diffusion mechanismes, it is today

challenging to :mpute the relative interdiffusion kinetics between different interfaces.

This article is protected by copyright. All rights reserved.
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However, in the limit where reactions are thermodynamically controlled, our model offers a

tractable way to anticipate which pairwise interface will be most reactive in a given precursor

mixture, a ich phase is most likely to form at those interfaces—information which is
invaluable is planning.
I I
[ |
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Figure 2. Phase evolution during YBCO synthesis compared to reaction thermodynamics. (a) in situ
synchrotrogy XRD pattern for heating of the Y,0; + BaCO; + CuO precursor mixture. The triangles
mark peak ,0s. Individual XRD patterns at select temperatures are provided in Figure S1. (b)
XRD pattern for heating of the Y,0; + BaO, + CuO precursor mixture. Individual

XRD patte 2ct temperatures are provided in Figure S2. Mixed powders were heated in quartz
tubes under aif atmosphere at a heating rate of 30 °C/min. Diamonds markers indicate peaks for
YZBaCuﬂreaction energies for the lowest energy reactions at each interface in the Y,03 +
BaCO; sor mixture. The reactions are Y,03;|BaCO; = 1.5 Y,05;+ 1.5 BaCO; > 1.5 BaY,0,+
1.5 COZW 1.5 Y,0; + 3 CuO - 1.5 Y,Cu,0s; BaCO3|CuO = 12/7 BaCOz+ 18/7 CuO + 3/7 O,
- 6/7 Ba,Cus0¢+ 12/7 CO,, (d) Gibbs reaction energies for the lowest energy reactions at each
interface in the Y,@; + BaO, + CuO precursor mixture. The reactions are Y,0;|Ba0, = 2 Y,0;+ 2 BaO,
- 2 BaY,0 03| CuO = 1.5 Y,05+ 3 CuO - 1.5 Y,Cu,0s, BaO,|CuO = 2.4 Ba0O,+ 3.6 CuO > 1.2
Ba,Cusz06 + O ¥ The coefficients of each reaction are normalized to be consistent with the

This article is protected by copyright. All rights reserved.
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formation of 1 mol of YBa,Cu3zO0ss in an atmosphere open to O,. As such, the products of each
reaction form 6 mol of non-oxygen atoms. See the Supplementary Information for more details.

{

Wh in situ XRD measurements track the temperature-time-transformation
evolution , in situ SEM/DF-STEM provides direct spatiotemporal observation of the
H I

microstrudfural evolution during the solid-state reaction. We next monitored the synthesis of
YBCO fro ,03%Ba0,-Cu0 on a hot stage using in situ electron microscopy (SEM/DF-STEM:

Hitachi HF50 Ithough the in situ microscopy used here cannot identify crystal structure, the

SG

reaction c i (temperature, heating rate, precursors) are similar to those characterized by

in situ XRD (Figur@ 2b). One difference is that the in situ microscopy heating was conducted in

)

vacuum a d to air, but we show in Figure S3, that this does not significantly affect the

I

thermody ving forces in the initial pairwise reactions. For this reason, we anticipate that

a

the tempefat E e-transformation progression between the two methods (XRD and electron
micros mparable. We also characterize the elemental distribution in the sample using

energy-di e X-ray spectroscopy (EDX) before and after the in situ microscopy experiment

M

(our EDX instrument can only operate at room temperature). In Figure 3a, we show DF-STEM

I

snapshots rticles during heating along with EDX before and after heating. A video of this

reaction isfe ided as Supplementary File 1.

O

Atfroom temperature, EDX shows that the three precursor powders are in intimate
contact. quorta,ly, it is clear from EDX that all three potential pairwise interfaces (Y,03|Ba0O,,
Y203|Cu0,32|Cu0) exist in the sample. As the stage is heated to 500 °C, the initial BaO,

and CuO precursors react at the BaO,|CuO interface, which according to the in situ XRD

This article is protected by copyright. All rights reserved.
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experiments, results in Ba,Cus0s. Meanwhile, the Y,0; particle remains inert, as does its

interface with BaO,. From 650 °C to 800 °C, we observe the ejection of small bubble-like

{

particles, whiek. corresponds to the reaction: Ba,CusO¢ - 2 BaCuO, + CuO + 0.5 0,. In a
separate i ing experiment, we confirm with SEM and EDX measurements that this
H I

initial reaqion occurs strictly in the Ba-Cu-O subsystem (Figure S4). The observed reactivity of
the BaO,|@UO Spterface and inertness of the Y,0s-containing interface aligns with our

thermodyna redictions from Figure 2d.

Fro igdre 1b, we calculated the total thermodynamic driving force of 0.5 Y,03 + 2

BaO, + 3 CuO YBa,Cu30g5 + O, to be approximately —200 kJ/mol. For the formation of

LSC

BaCuO,, ate a reaction energy of -130 kJ/mol (2 BaO, + 2 CuO - 2 BaCuO; + 0,),

N

meaning that ~2/3 9 of total reaction driving force is consumed before Y,03; becomes involved in

the reacti ~70 kJ/mol remain to drive the reaction to form YBCO. This is more or less

o

compa the overall reaction energy from Y,05;, BaCOs; and CuO (Figure 1b), indicating this

therm ic driving force does not account for the quick formation of YBCO when BaO, is

M

used. Thus, we anticipate kinetic selection to play the primary role in the formation of the next

I

phase. Ind€ed, kinetic mechanism is provided by the melting of BaCuO, and CuO at ~900 °C.

This liquic ) melt is then rapidly consumed into the Y,0; particle to form YBCO. In the

EDX take he experiment, the morphology of the Y region remains similar to the

beginning gf the experiment, but now Ba and Cu signals are found in the final particle.

{

In , we overlay the observed phase evolution sequence onto the pseudo-binary

U

Ba0,-CuO slice I of the overall Y,03-Ba0,-Cu0O phase diagram to reveal how the BaO,

A

This article is protected by copyright. All rights reserved.

12



WILEY-VCH

precursor enables rapid YBCO synthesis. The first reaction occurs before 500 °C and proceeds at

the Ba0,|CuO interface to form Ba,Cuz0s. This is consistent with our calculations in Figure 2d,

1

where we the BaO,|CuO interface to be the most reactive among the three precursor

interfaces ¢ to be the phase with the largest driving force to form at this interface.

||
Above 70Q8C, Ba,Cus0s undergoes peritectoid decomposition into BaCuO, and CuO, which was

observed t jection of small bubble-like particles in Figure 3a. BaCuO, and CuO are

G

unreactive u the temperature is increased to their eutectic point at 890 °C, after which

S

BaCuO, a elt into one another. This liquid melt becomes a self-flux, providing fast

kinetic transport @f Ba and Cu into Y,03 for the rapid formation of YBCO at the Y,0s|Ba-Cu-

Ul

O(liquid) i

11

To verity the role of BaCuO, and the BaCuO,|CuO eutectic in enabling rapid YBCO

synthesis, Wwe & ormed an additional in situ synthesis starting from Y,03, BaCuO,, and CuO,

d

which ds to rapid YBCO formation above ~890 °C (Figure S5). A deviation between

the to s of crystalline phases and the thermogravimetric measurement of the total

M

sample mass that precedes rapid YBCO formation again confirms that a liquid phase mediates

YBCO for .

If @ sults the Y,05-CuO or Y,03-Ba0O, phase diagrams [37], the lowest liquidus

or

temperatuff€s in these systems are > 1095 °C, which is above the temperature at which YBCO

g

decomposgs (100g °C) B8 Bao, therefore plays a crucial role in directing the phase evolution

{

through t o-binary Ba0O,-CuO subsystem—where a low-temperature liquid self-flux

U

provides t iffusion kinetics that facilitates the formation of YBCO in 30 minutes. This is in

Al

This article is protected by copyright. All rights reserved.
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contrast to when BaCOs is used as the Ba source, where the slow decomposition reaction

kinetics at the BaCOs|CuO interface forces the overall reaction to proceed through the Y,05;-CuO

{

P

subsystem high liquidus temperature of 1095 °C obstructs any liquid-mediated transport

ation 71,

kinetics fo
[ |

Altfiough the overall reaction energies shown in Figure 1b suggest that the larger

thermodyfiamic dgiving force is why a reaction with the BaO, precursor proceeds more quickly

C

than with BaC@sawe emphasize here that the magnitude of the overall reaction energy is not

S

the origin tRe fast synthesis time. Instead, it is the initial selection of the Ba0O,-CuO

subsystem, whergithere is a low-temperature eutectic below the decomposition temperature of

3

YBCO, tha rapid YBCO synthesis by forming a self-flux. This finding highlights the need

3

to consider computations beyond the phase stabilities of the target or overall reaction energies

in order t mechanistic insights into the reaction pathways by which phases can evolve

a

during S

Author M
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Figure 3. ILtUroscopy of YBCO formation from Y,0;, BaO,, and CuO particles and the observed

phase i uence mapped onto the BaO,-CuO phase diagram. (a) /n situ DF-STEM and EDX
images s eating of 0.5 Y,0; + 2 BaO, + 3 CuO from 27 °C to 940 °C at 30 °C/min. The markers
in the up gt corner of select panels are for comparison to panel B. A video of the reaction is
provide mentary File 1. /n situ SEM and EDX for a shorter run to capture the initial

formation of Ba,Cu;Og is also provided in Figure S4. (b) Observed phase evolution sequence in the
context of e pseudo-binary phase diagram for BaO,-CuO, adapted from Ref. ¢!,

Up @ g the sample down from 940 °C at a rate of 5 °C/min, in situ XRD shows in

Figure 4 a al transition from tetragonal to orthorhombic YBCO at 620 °C, indicating the

uptake O, into YBa,Cusz0¢ to form YBa,Cus0e.,, consistent with reports from the

literature :!t“w] e synthesized product exhibits a strong diamagnetic signal below 77 K (Figure
)

4c), indic

<C

successful synthesis of superconducting YBCO. From a thermodynamic

This article is protected by copyright. All rights reserved.
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perspective, it is well-characterized that YBa,CusOe., is metastable at low temperature with

respect to decomposition (1] by the reaction:

Yﬂ+ 0.50, > 0.5 Y,05 + 1 Ba,Cu304 AG,,, = =100 kJ/mol at 27 °C

Howevey, Mi-state decomposition is kinetically limited during cooling. On the other hand,

oxygen dihs highly mobile in the YBCO framework (42, 43) indicating that this final

topotactic@}f 0, gas at the YBCO|O,interface is a kinetically mediated non-equilibrium

reaction.

Time (min)

[ |
a 0 25 50 75 100 ¢
[ | _ 0+
6000 g 1A
o
YBCO(110)-tet YBCO(110)-ort . To 2 -
—— ] =
YBCO(103)-tet YBCO(013)-ort § g— 34 i
Y;BaCuOs = 4 - H = IILO O'e
0 20 40 60 80100
Y,BaCuOs 500 J Temperature (K)
o
‘Q
000 00 o oooOOE r %cooling in0O,
P,
oa ob ac/3 :OOOOOO L ?% ?% (o4
! 00

tetragonal %»b orthorhombic

a

Temperature (°C)
Figure 4. Tw 0, uptake and phase transition during slow cooling. (a) in situ synchrotron XRD
j f Y,03 + BaO, + CuO precursor from 940 °C to 400 °C at 5 °C/min. “tet” refers to
al structure and “ort” to the orthorhombic structure. (b) Changes in lattice parameters

during : agnetic susceptibility of synthesized YBCO exhibiting superconductivity above
quuidusHmperature. (d) The tetragonal and orthorhombic crystal structures for YBCO,

where bluﬁ areY, green are Ba, orange are Cu, and red are O.
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In Figure 5, we summarize how phase evolution during YBCO synthesis can be understood

as a sequence of pairwise reactions that result from an interplay between thermodynamics and

1

kinetics. Thegitial mixture of three precursors—Y,0s, BaO, and CuO—produces three possible
reactive i e calculated in Figure 2d that the BaO,|CuO interface possesses the
H I

largest th@gmodynamic driving force to react, and predicted Ba,Cus0Os to be the first reaction

intermediat@, h was confirmed by in situ XRD (Figure 2b) and in situ electron microscopy

G

(Figure 3a re S4). The formation of Ba,Cuz0¢ below 600 °C consumes ~2/3rd of the overall

S

reaction gdlorce, meaning the ensuing reactions necessarily occur with smaller driving

forces. Using in sifu DF-STEM we observed that after the peritectoid decomposition of Ba,CusO¢

Gl

into BaCu , there is no further phase evolution in the system until the formation of a

n

eutectic e BaCuO,|CuO interface. This liquid melt serves as a self-flux, providing fast

Ba and Cuftra t into the thus-far immobile Y,0s, forming YBa,CuzO¢ (Figure 3). Finally, fast

d

topota uptake at the YBa,Cu3zOg|0, interface upon cooling vyields the

supercon Ba,Cus0¢.x phase (Figure 4), which persists kinetically as a metastable phase

M

to room temperature, instead of decomposing to the equilibrium Y,03 + Ba,CusOg phases.

Author
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O
- v—
(@) AG << 0 drives
c interfacial reaction
S (T = 500 °C)
E
| BaCuQ,|Cu0
: It3a20u396 eutaec’:iJc: ?r|1e=1ting
intermediate Y20:3 (T ~ 900 DC)

) R
BaCuO, CuO Y,0,|Ba-Cu-0 (liquid)

O, uptake to form /
superconductor Self-flux
(T :%_ YBa,Cu,0,|0, yields YBCO

(T = 940 °C)

YBa,Cu,O : . .
S Kinetic regime

Diffusion rate

Figure 5. Phase evolution pathway for the formation of YBCO dictated by sequential pairwise
reactions. CO synthesis pathway is shown here along two qualitative axes — the

thermodyngaaai iving force to form new phases along the vertical axis and the diffusion rate of

reactive spécias
in‘eit

ng the horizontal axis. Within this framework, we understand reaction events

a thermodynamic regime, where driving forces or diffusion rates are sufficiently
products are observed, or a kinetic regime, where ion transport is sufficiently

slow or drivin s sufficiently small such that the system becomes unreactive or non-equilibrium

rmed.

O\s investigation here provides a general conceptual framework to approach the solid-
state synt complex multicomponent ceramics. A ceramic synthesis reaction that begins
from N pre s will exhibit yC, pairwise reaction interfaces. We showed here that in the early
stages of gthesis, when thermodynamic driving forces are large, the first reaction will occur
betweewprecursors with the largest compositionally unconstrained reaction driving

force. This initialfireaction interface determines which pseudo-binary subsystem the ensuing

phase %oceeds from, and we showed that this initial interface can be anticipated
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from ab initio calculations. For YBCO, starting with a BaO, precursor leads to a large driving

force to form Ba,Cus0¢ at the BaO,|CuO interface; whereas starting from the traditional BaCO3

{

precursor r in slow BaCO3; decomposition kinetics, forcing the reaction through the Y,0;3-
CuO subs re slow diffusion kinetics means manual regrinding is necessary to
H I

reintrodug® interfaces between unfinished reaction intermediates.

Infigeneral, the replacement of oxide/carbonate precursors with peroxides may be an

C

effective Vi redirect the synthesis of multicomponent materials through different

LS

subsystems. In Figure S6, we show that the energy required to disproportionate alkali(ne)
peroxides j lly less than their corresponding oxides/carbonates. By thoughtfully choosing

. 27, 44 . . . . . .
the starti precursors[ I'to control which pairwise interface is the most reactive, one can

N

deliberatel phase evolution through whichever pseudo-binary subsystem exhibits the

o

best kineti y to the target material. Today, it remains difficult to anticipate which kinetic
mechanis available in a given subsystem, especially when thermodynamic driving forces

are si

V]

n different interfaces. In the near term, in situ characterization remains the

most productive approach for rationally designing solid-state synthesis recipes. In the future, a

[

theoretical framework that embeds nucleation, diffusion, and crystal growth kinetics within a

thermody scription of sequential pairwise reactions will pave the way towards a

O

complete €omputational platform for predictive solid-state ceramic synthesis.

h

Aut
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Methods

In-situ synchrotron powder X-ray diffraction

s

Yz&Kojundo Kagaku), BaCO3(>99.9 %, Kojyundo Kagaku), BaO, (>80%, Jyunsei

H I
Kagaku), (>99%, Wako Chemical) were weighed in a molar ratio of for Y/Ba/Cu =1/2/3, and
loaded inthia pot with zirconia balls with a diameter of 4 mm. The starting materials
were mech

emically milled by planetary ball milling for 3 h over 150 rpm. The mixed

powder w into a quartz capillary with a diameter of 0.3 mm.

Thme in crystalline phases were examined using synchrotron powder X-ray

diffraction@LOZBZ beamline of SPring-8 (proposal numbers 2019A1101, 2019B1195 and
2020A1096 quartz capillary with powder mixture was settled in a furnace in air

atmosphe ng started after setting in the furnace operated at 100 °C at the heating rate

of30° itill 940 °C. The sample kept 10 min at 940 °C and then started cooling at 5 °C /min
till 400 iffraction data of 2@ range from 8.9° to 15.5° with a step of 0.02° were collected
using a high-resolution one-dimensional semiconductor detector (MYTHEN)[4S]. The wavelength

of the radiation beam was determined using a CeO, standard. Rietveld refinement was

performet@AN—FP[46], and the crystal structure was visualized using VESTA software.’!
In an Ar—ied glove box, BaO, powder (>80%, Jyunsei Kagaku) was mechanochemically

milled by plan ball milling for 8 h over 150 rpm. The powder was sieved to remove particles

This article is protected by copyright. All rights reserved.
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larger than 20 um. In ambient atmosphere, Y,03(>99.9%, Kojundo Kagaku), CuO nanopowder

(>99%, Alderich), and above BaO, powder were weighed in a molar ratio of for Y/Ba/Cu =1/2/3,

=

and loade in into a zirconia pot with & 4 mm zirconia balls. The powder was
mechanoc ixed by planetary ball milling for 3 h over 150 rpm. The sample was
H I

dispersed i dehydrate ethanol, and ultrasonicated. This suspension was dropped onto a silicon

nitride TEV@

Mm and compositional change were observed by transmission electron
microscopy : HF-5000 Hitachi High-Tech Corporation). The accelerate voltage was 200 kV,
and pressmpproximately 2x10~ Pa. The sample was initially heated at 300 °C, and then

heated tillmat 30 °C /min. The apparatus allows to record three images simultaneously:

microscope (SEM), bright-field scanning transmission electron microscopy

(BF-STEM), k-field scanning transmission electron microscopy (DF-STEM) images. Before
and after heating the sample, compositional distribution was examined by energy-dispersive X-

ray (EDX) mapping at room temperature.

Magnetrsurement

M*netization was measured using a superconducting quantum interference device

(sQuiD) rrEweter (Quantum Design MPMS-3) with an applied field of 10 Oe, in order to

check Mej effect of synthesized sample.

This article is protected by copyright. All rights reserved.
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Computational

Standard Gibbs formation energies, AG}(T), for gaseous species were obtained from

NIST 8, for the synthesis atmosphere (air), Gibbs formation energies of a given

pi

|| . .
gaseous species, AG ¢(T), were obtained as:

[

AG(T) = AGF(T) + RTIn(py)

where Ri asiconstant and p;approximates the activity coefficient of gaseous species, i. The

$C

only gase es evolved or consumed in reactions discussed in this work are O, and CO,,

U

where po; en to be 0.21 atm and pco, = 0.0004 atm.

1

tate compounds, formation enthalpies (at 0 K) were obtained with density

functionalfth DFT), utilizing the SCAN meta-GGA density functional B9 Each structure was

d

[49]

obtain Materials Project database and optimized using the Vienna Ab Initio

Simulatio e (VASP) % and the projector augmented wave (PAW) method BY a plane-

Y

wave energy cutoff of 520 eV, and 1000 k-points per reciprocal atom.

I

Standard Gibbs formation energies, AGof(T), for each solid-state compound were then

obtained

O

ing the DFT-calculated formation enthalpies, the machine-learned descriptor

introducedfin ©, and experimental Gibbs energy data for elemental phases as described in B,

§

The activity of all gplid phases was taken to be 1, so AG{(T) = AGof(T).

{

Gibbs readtion energies, AG.,(T) were obtained as:

H

This article is protected by copyright. All rights reserved.
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MM = Y AGT) = ) AGT)

products reactants
The coeffici f each reaction were selected such that 6 moles of non-oxygen atoms appear
in the pro f each reaction. This was done to normalize the comparison of AG.,(T)

H I
across a diwverse set of reactions, and because the reacting mixture was assumed to exchange

freely wit@e synthesis atmosphere.
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Multicomponent ceramics are often synthesized in a ‘black-box’ reactor, with Ilittle
understanding of how multiple precursors evolve into a target material. We use ab initio
modeling and in gitu observations to interrogate the phase evolution of YBa,CusOg.,(YBCO),
highlighWitical role of precursor selection in designing kinetically favorable synthesis
pathways.
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