Stabilizing tetragonal ZrO2 nanocrystallites in solvothermal synthesis
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S1 Supporting figures and text
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Figure S1. Illustration of a) monoclinic ZrO, (m-Zr0,) and b) tetragonal ZrO, (t-ZrO;) crystal structures and c,d) their calculated

PXRDs.

Page 1 of 8



a E400
— e |
s 0.4
s
S
E 0.2
Q
S * Szmv,t+m ° Szmv,t ° Szmv,m
n 0.0 e T el servrsir i s e i
0 250 500 750 1000 1250
Time (s)
b E350
’g 1.0}F° Szmv,t+m By
o * Szmv,t
bl * Szmv,m
o
S 05}
Rl
)
©
0
v 0.0k ; o e e i o e 5
0 250 500 750 1000 1250
Time (s)
c B400
’;- 0.4 Szmv,t+m
8
S
© 0.2F
o
)
‘©
0
v 0.0 ===~

0 250 500 750 1000 1250
Time (s)

o

Scale factor (a.u.)

@

Scale factor (a.u.)

—h

Scale factor (a.u.)

o
i

o
[N}

©
o

o
w

o
o

©
IS

o
N

o
o

E400

3
=
[0}
N
T ...3.65nm| V¥
L * Szmv,t ° Size; * Sizeym 43
0 250 500 750 1000 1250
Time (s)
E350
——_
- 6 g
L =l
5 (0]
N
....4.03.0m] 40
L * Szmy,t © Sizer e Sizep
0 250 500 750 1000 1250
Time (s)
B400
8 —_~
€
L 6 £
(U]
4l
B, * Symv,t ¢ Sizer e« Sizep, 42
P " 1 " P " 1 " P -
0 250 500 750 1000 1250
Time (s)

Figure S2. a,b,c) Refined scale factors weighted with mass and unit cell volume (ZMV) from PXRD refinements of t-ZrO,, m-

ZrO; and t-ZrO,+m-ZrO; for a) E400, b) E350 and c) B400. c¢,d) ZMV scale factor and crystallite size of t-ZrO; for d) E400, e)

E350 and f) B400. Note that the crystallite size of m-ZrO, was fixed in the initial part of each experiment as indicated by the

constant sizes, when m-ZrO, phase contribution is low, to ensure robust refinement. Gray dashed lines mark the maximum

of the tetragonal scale factor and onset of t->m transformation.
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Figure S3. Refined scale factors weighted with mass and unit cell volume (ZMV) and crystallite size from PXRD refinements

of t-ZrO, for a) E300, b) P400 and c) H400.
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Figure S4. Refined scale factors and coherent domain sizes from PDF refinement of t-ZrO, and m-ZrO, for a) E400, b) E350
and c) B400. Note that because of very little phase contribution of m-ZrO,, two frames were summed for B400, thus giving
4 s exposure per frame for B400 compared to 2 s for E400 and E350.
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Figure S5. a) Refined crystallite sizes from PXRD and b) refined coherent domain sizes from PDF after 1400 s of synthesis
time. Dots and triangles indicate crystallite sizes of t-ZrO, and m-ZrO, phases, respectively.
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Figure S6. Refined PDFs of E400, E350 and B400 with both t-ZrO, and m-ZrO, phases. Note that because of very little phase
contribution of m-Zr0O,, two 2 s frames were summed for B400, thus giving a 4 s exposure per refined frame for B400.

Note S1. Generally, the sizes estimated from PDF analysis are larger than those from PXRD analysis (Figure S5). This is not
too surprising, and it is often seen in studies directly comparing sizes obtained from Rietveld refinements on PXRD data and
PDF refinements on the same, but Fourier transformed real-space data.?> From the refinement results, the two methods
seem to disagree on the relative crystallite sizes of t-ZrO, and m-ZrO,. From PXRD refinement, the sizes of m-ZrO, are more
than two nanometers larger than of t-ZrO,, whereas PDF refinements yield similar sizes for the two phases after 1400 s. The
crystallite sizes from PXRD refinements are determined from Bragg-peak broadening, and since the data for this study were

. ) . N I . . .
collected in total scattering geometry, the non-ideal Q-space resolution, FQ, dictates a significant instrumental broadening.

This coupled with low symmetry of the m-ZrO, crystal structure and thus unresolved peak overlap and low phase contribution
of m-ZrO,, can all be contributing factors to why PXRD refinements yield much larger sizes than PDF. Evidently, the structural
signal in the PDFs of B400, E400 and E350 do not extend out to 70-90 A, as the PXRD sizes suggest they should.

Page 5 of 8



‘087 dWely dA0ge A|93.) paulyay JUSWUIRI [e13uanbas 1SNCOJ 24NSUD 0} 087 dWeJ) MO|] PaxId

"JuswaulyaJ [eluaNbas Ul paxiy pue (aseyd ZQuz-1 1S0W) Oy T SWed) 18 paulay

‘06TT SWedy SA0Ge Aj33.4 PaULY “JUSWSUYSI [e13USNDIS ISNCOJ 2INSUS 0} OGTT SWEI) MO|S] PaXI4

"JudwaulyaJ |elpuanbas ul paxiy pue (aseyd ZQJz-1 1S0W) 009 dWed) 1e pauldy

"JuswWaulyaJ [e1IUSNDAS Ul PaXI) PUE SWeJ) [euly 1B PaulRY

'SjUSWaULRI [|B Ul PaxId

#

(S)Lv's (s)8T°S «(S)T'6 (8)vz9 x(6)29°L (9)69'v +(0T)Z89 (S)tLv (€)86°€ (wu) az1s 2| jeasAi
) ) 450 450 450 ) ) 450 450 (xy) °*"g
+(9T)9€L°0 +(97)969°0 +(9)6€°0 «(2)99°0 +(9T)T67°0 s(er)eron «(v1)85%°0 +(vT)0Z6°0 +(€T)£80°T (xy)7*"g
«(6)9050°0 «(0T)£050°0 - «(21)0050°0 - +9)8v50°0 - o(£)¥2S0°0 £(9)6950°0 ‘70z
06 06 06 06 06 06 06 06 06 (o)A

06 06 «(v)LT 66 06 «(TT)vT'66 06 «(PT)95T°66 06 06 () g

06 06 06 06 06 06 06 06 06 (J)®
(eT)o9gT’S (€T)9L8T°S (z)gees (€T)L¥8T°S «(L)eT8€E'S (8T)T6¥T'S «(9)9v9€’s (v1)99zT's (z1)tETTS (y)2
(v)evoe (v)609°€ (e)eLts (v)9009°€ «(L)90vT'S (9)8g9'€ «(9)6TCTS (s)szoe (v)oteoe (y)a
(v)ev9e (v)609°€ (z)ests (¥)9009°€ «(L)sg0T's (9)8€9°€ «(9)v881°S (s)szoe (¥)9Te9e (y)e
00T 00T (€)z's9 (e)g've (z)o'69 (z)o'te (e Ls (tak: ka4 00T (%) suonaely 1ysivm

s0T- (£)0s2'T | <0T-(zT)ovoT 50T-(2)s0'C | <0T- (0T)19°T +0T- (€)6T'Y 50T (9)20°8 50T- (£)9%'8 | <OT- (9T)5¥9°C 501+(2)09°S ('n"e) Jo1dey ajeds
20z-1 ‘0dz1 ‘0dz-w ‘041 toiz-w ‘0iz1 ‘0dz-w ‘041 ‘04z-1 aunonis [eishi)
«(8)€€T00- «(8)vzT00- «(0T)00TO0- «(L)tzeoo- «(8)80T0°0- «(£)9€T0°0- Juawade|dsip 0497
65L L 669 6911 65T 9,01 awely

S 00YT S 00YT S 00YT S 00YT S 00T S 00YT Buneay Jaye awi)

4 4 sz ST ST ST aJnsodx3

WOo'T WOo'T WOo'T WNO'T WO'T NO'T [12Z]

edIN ST BdIN ST edIN ST edIN ST edIN ST edIN ST a.nssald

2. 00 2. 00 2. 00t 2. 00 2. 0S€ 2. 00€ ainjesadwal
|0-T-uexaH |0-T-uelusd |0-T-ueing |oueyiy |oueyly |oueyly JUaA|0S
00vH 00vd oovd oov3 0s€a 00€3 a1 uawiadx3

*9]qe1 mojaq uaAIg uoleue|dxa pue S|oqWAs Ylim payJew aJe 9say] ‘siuawaulyal |eljuanbas
Sulnp paxiy pue sswely d14129ds 1B pauljas U3 dARY S19loweled SWOS 1eY) 910N 'SI9SeIep ||e J0) (UlW €Z.) S 00PT 4918 SIUSWLULAL P]aAISIY WoJ) si91aweled paulyal Jo 1sI7 *IS d|qelL

Page 6 of 8



JUBWAUIaJ [e1uaNbas Ul PaXI) PUB SWEU) [BUL) 1B PRUIDY 4

« (V)18 (LTt «(6T)T¥8'S (9)2¢°s J{61)¥8C'S (#)09°S | (wu) azis uiewop ua43yo)
«(TT)8S°€ «(TT)85°€ «(TT)85°€ «(TT)85°€ «(T1)85°€ «(TT)8S°€ (zy)°>a
«(v)8T°0 +(2)€90 «(€T)zzv o «0'T «(6)vOV'0 +(21)618°0 (xy)#>g
- « (LT)T290°0 - «(9)8¥50°0 - «(z1)6€50°0 20z

06 06 06 06 06 06 (o)A
+(¥)0E'66 06 «(7)0E'66 06 «(0T)L6T°66 06 ()9
06 06 06 06 06 06 ()
(2)zee's (tT)ze6T'S «(£)196€°S (£1)ossz's «(S)¥89€'S (ot)sseT’s (y)o
(z)86T'S (€)sv09°€ «(L)6L5T°S (5)59v9°€ «(9)9t€T'S (€)89¢29°€ (y)a
(2)zor's (€)sv09°€ «(L)8€TT'S (5)59v9°€ «(9)1T6T'S (€)89¢29°€ (y)e
(9)8'1€ (9)z'89 (Q)zeL (z)8'9t (2629 (Q)tLe (%) suooedy ys1oM
0T-(TT)ETY 0T (£)€9°'6 +OT-(€)TSt'Y +0T-(¥T)9£29'T +0T- (9T)LL¥'T +0T-(8)09%'T ('n'e) Jo1oey 3|eIS
t0iz-w t0Jz-1 t0aZ-W t0Jz-1 t0IZ-W 0471 24n30nJ3s |e1sAi)
669 6911 6SHT awely

S 00vT S 00YT S 00YT Buneay uaye awi)

St ST ST aJnsodx3

WOo'T NO'T WNO'T [42]

edIN ST BdIN ST edIN ST a.nssald

2. 00 2. 00 2. 0S€ ainjesadwal

|0-T-ueing joueyl3 |joueyly JUDA|0S

oovg oov3 0s€3 al wawuadx3

*9|qe1 Mojaq uaAIg uoljeue|dxa pue S|oquwAs Ylim padJew aae 9say] ‘siuawaulyal |ernuanbas uunp paxiy pue sswedy d14129ds
1e pauljdJ Usaq aney sialdweled awWoOS 1ey) 910N ‘S19SeIep ||e 4o (Ul €7.) S 00FT 4234 Sjuswaulal 4Qd wouy sia1aweled paulyal Jo 1si] ¢S d|qeL

Page 7 of 8



Table S3. Input parameters and R,, for fit of dimer model to the room temperature PDF of Zr propoxide in ethanol. Hydrogen

atoms have not included in the model, and oxygen atoms are a proxy of RO"/ROH molecules.

Dimer model

Parameter Value

Qdamp 0.0316

Rw 0.661

Atom x coordinate y coordinate z coordinate
Zr(1) 5.744 2.944 2.095
Zr(2) 6.573 -0.404 1.133
0(1) 4.961 1.096 1.184
0(2) 4.134 4.443 2.139
0(3) 5.194 2.297 3.884
0(4) 6.295 3.590 0.307
0(5) 7.358 1.439 2.048
0o(e) 6.532 4.789 3.009
0(7) 6.024 -1.059 2.919
0o(8) 8.203 -1.524 1.223
0(9) 5.592 -1.899 0.284
0(10) 7.122 0.249 -0.654

Table S4. Input parameters and R, for fit of trimer model to the room temperature PDF of Zr propoxide in ethanol. Hydrogen

atoms have not included in the model, and oxygen atoms are a proxy of RO/ROH molecules.

Trimer model

Parameter Value

Quamp 0.0316

Rw 0.672

Atom x coordinate y coordinate z coordinate
Zr(1) 5.744 2.944 2.095
Zr(2) 6.573 -0.404 1.133
Zr(3) 4.920 6.295 3.046
0(1) 3.292 7.418 2.946
0(2) 5.471 6.937 1.256
0(3) 5.194 2.297 3.884
0(4) 5.903 7.794 3.886
o(5) 4.961 1.096 1.184
0o(6) 4.134 4.443 2.139
0o(7) 6.295 3.590 0.307
0(8) 7.358 1.439 2.048
0(9) 6.532 4.789 3.009
0(10) 4.367 5.656 4.837
0(11) 6.024 -1.059 2.919
0(12) 8.203 -1.524 1.223
0(13) 5.592 -1.899 0.284
0(14) 7.122 0.249 -0.654
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