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Note S1 Simulations of synthetic variables
The finite element method (FEM) was used to model a hot-injection and heat-up process using COMSOL Multiphysics package. Three governing physics includes heat transfer via conduction and convection, mass transfer of ions, and laminar flow. By combining those three equations, the Multiphysics modeling was performed. The heat transfer is considered as follows


, where the  is the density, u is the velocity vector, Cp is specific heat capacity. On the left side of the equation, the first term represents the change in temperature over time. The second term is for convection, which is the change in heat under the action of a reaction rate field. The third term is for heat conduction. Where q = –k▽T is Fourier's thermal conductivity, which is the change in heat under the action of the effective thermal conductivity.
In hot-injection method, the temperature of the externally injected Cs(oleate) soltuion (based on 1- octadecene (ODE) solvent) was set to 90 °C, while the internal PbX2-solubilized solution (based on ODE solvent) was set to 180 °C [1]. In heat-up method, the temperature inside was set to 110 °C and the temperature of the heat source was set to 130 °C to simulate the temperature region where CsPbBr3-QPNCs are formed.
	The mass transfer equations account for the transport of chemical species by diffusion (Fick’s law) and convection. It is used to simulate the migration of ions mixed in the ODE in the hot-injection method, which affects the concentration. The Stokes-Einstein equation was used to calculate the diffusion coefficient of the injected Cs ions involved in the reaction:

, where η is the dynamic viscosity, r is the radius of the spherical particle. Using the diffusion coefficient from the above expression. After determining the diffusion coefficient, a mass balance equation was utilized, incorporating transport mechanisms associated with diffusion and convection:


where  is the diffusion coefficient of chemical species and  is concentration,  is flux,  is a reaction rate expression,  is mass averaged velocity vector.
The Laminar Flow model is used to compute the velocity and pressure fields for the flow of a single-phase fluid in the laminar flow regime. The model was used to simulate the hydrodynamic changes that would occur to the existing fluid if an injection were to occur externally. The injection speed is 0.1~0.6 m/s to consider the difference in fluid flow according to the injection speed. In this study, the Navier-Stokes equations were employed to describe the single-phase flow theory utilized:

where ρ is the density, u is the velocity vector, p is pressure, I is identity tensor, K is the viscous stress tensor and F is the volume force vector.
	We used the FEM modeling to simulate the changes in temperature and concentration distributions after the Cs(oleate) solution during the hot-injection methods over time, assuming a consistent injection rate (Fig. S1). We observed that both temperature and concentration are not uniformly spread, but form serious gradients and distributions. The distribution of temperature and concentration showed similarity, indicating that heat and mass transfers by injection are primarily driven by convection rather than diffusion. Moreover, these transfer processes vary with the injection rate, but it was independent of the initial spread. As the injection approached saturation, the temperature and concentration gradients gradually decreased, but their uniformity remained imperfect due to the presence of partially concentrated areas. It is suggested that achieving a homogeneous temperature and concentration distribution via the hot-injection methods is challenging and quite tricky.
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Fig. S1 FEM simulations of hot-injection synthesis of CsPbX3-QPNC. a temperature and b concentration distributions as a function of time (t), assuming the injection speed (v) of Cs(oleate) solution to be 0.6 m/s. These FEM simulation results were partially extracted to organize Fig. 1b. c temperature distributions as a function of the injection speed, assuming time to be 1 s after the injection of Cs(oleate) solutions
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[bookmark: _Hlk141390293]Fig. S2 FEM simulations of temperature distributions in heat-up synthesis of CsPbX3-QPNCs. The detailed modeling methods for this FEM simulation of heat-up synthesis are explained in Note S1.
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Fig. S3 Crystallographic property of heat-up CsPbBr3-QPNCs. All the X-ray diffraction peaks of heat-up CsPbBr3-QPNCs are indexed as the photo-active and cubic α-phase of CsPbBr3 perovskite.
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Fig. S4 Nano-scale morphologies of RX-CsPbBr3-QPNCs. a–l Low-magnification and enlarged HR-TEM images of RX-CsPbBr3-QPNCs, measured at various randomly selected positions from three different synthetic batches: a–d, e–h, and i–l
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Fig. S5 Nanometer-scale morphologies of PbX2-CsPbBr3-QPNCs. a–d Low-magnification and enlarged HR-TEM images of PbX2-CsPbBr3-QPNCs, measured at various positions randomly selected
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Fig. S6 Reproducibility of PL features of RX- and PbX2-QPNCs. Histograms of a PL peak positions, b FWHMs, and c PLQYs of RX- and PbX2-QPNCs, each synthesized over 15 batches


Table S1 Summarized fluorescence features of QPNCs prepared by diverse synthetic methods on a gram scale reported to date. Among the diverse synthetic methods using PbX2 or RX precursors, the heat-up method using RX precursor exhibited the narrowest FWHM of 16.5 nm and the highest PLQY of 96.3%, as shown in Fig. 2c
	Product
	Synthesis method
	Production
volume (mL)
	Production
yield (g)
	PL center
(nm)
	FWHM
(nm)
	PLQY
(%)
	Ref.

	CsPbBr3 nanocubes
	Room-temperature reaction using PbX2
	900
	-
	515
	24
	-
	[2]

	CsPbBr3 nanoplatelets
	Microwave-induced reaction using PbX2
	330
	7
	458
	22
	29
	[3]

	CsPbBr3 nanocubes
	Heat-up 
using PbX2
	115
	0.3294
	525
	18.2
	73.56
	[4]

	MA/FAPbBr3 crystals
	Ball milling 
using PbX2
	-
	10
	533
	-
	24.9
	[5]

	CsPbBr3 nanocubes
	Heat-up using PbX2 in single reactor
	480
	1.795
	-
	19
	-
	[6]

	Mn:CsPbCl3 nanocubes
	Hot-injection using PbX2
	460
	1.78221
	-
	-
	-
	[7]

	CsPbBr3 nanocubes
	Hot-injection 
using RX
	172.5
	2.6598
	514
	20.5
	86
	[8]

	CsPbBr3 nanocubes
	1)LARP 
using PbX2
	480
	-
	516
	21
	-
	[9]

	FAPbBr3 nanocubes
	Ultrasonication-induce reaction using PbX2
	500
	11.2189
	530
	23
	88
	[10]

	CsPbBr3 nanoplatelets
	Room-temperature reaction using PbX2
	800
	-
	460
	18
	78
	[11]

	CsPbBr3 nanocubes
	LARP 
using PbX2
	300
	0.780
	510
	20
	69
	[12]

	CsPbBr3 nanocubes
	Microwave-induced reaction using PbX2
	100
	0.165
	515
	-
	94
	[13]

	CsPbBr3 nanocubes
	Heat-up 
using RX
	300
	1.387
	517
	16.5
	96.3
	This 
work


1)Ligand-assisted re-precipitation
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Fig. S7 Non-uniform size distribution of LS-PbX2-CsPbBr3-QPNCs. a–c Low-magnification HR-TEM images of LS-PbX2-CsPbBr3-QPNCs, measured at various randomly selected positions
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Fig. S8 Uniform size distribution of LS-RX-CsPbBr3-QPNCs. a–c Low-magnification HR-TEM images of LS-RX-CsPbBr3-QPNCs, measured at various randomly selected positions
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Fig. S9 Characterizations of white-color products obtained after room-temperature reaction without applying additional thermal energy. a XRD patterns and b UV–Vis absorption spectrum of white-color products obtained after room-temperature reaction for 10 hours


Note S2 Proton nuclear magnetic resonance (1H-NMR) measurements
1H-NMR measurements were carried out to investigate the degree of SN2 reaction of Br-8 during the heat-up synthesis of CsPbX3-QPNCs under various conditions (as-blended without any reaction, reacted at room temperature for 10 h, and heated-up to 60, 80, 100, and 120 ℃, respectively). All samples were diluted in chloroform-d solvent with a same concentration. The chloroform-d solvent contained tetramethyl silane (TMS) with a volume ratio of 0.03%. The full 1H-NMR spectra of the respective samples were normalized using the areas of the respective TMS peaks appearing at 0 ppm, and provided in Figs. S10–S15. The degree of the SN2 reaction can be estimated by tracing the amount of alkyl−nucleophile organic compounds (i.e., 2nd amine and ester compounds) generated with the same molar quantity as the halide anions. The 2nd amine and ester compounds can be detected using the characteristic α-CH2 resonance peaks related to their functional groups (labelled with light-blue-colored C1 and C2 for 2nd amine compounds and pink-colored C1 and C2 for ester compounds in Figs. S10–S15 [14]
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Fig. S10 1H-NMR full spectrum of as-blended precursor solution used for heat-up synthesis of CsPbBr3-QPNCs. This 1H-NMR spectrum of an as-blended precursor solution shows no α-CH2 resonance peaks related to 2nd amine and ester compounds (labelled with light-blue-colored C1 and C2 for 2nd amine compounds and pink-colored C1 and C2 for ester compounds)


[image: 스크린샷이(가) 표시된 사진

자동 생성된 설명]
Fig. S11 1H-NMR full spectrum of the sample, reacted at room temperature for 10 h. This 1H-NMR spectrum of the sample reacted at room temperature for 10 h shows higher α-CH2 resonance peaks related to 2nd amine and ester compounds (labelled with light-blue-colored C1 and C2 for 2nd amine compounds and pink-colored C1 and C2 for ester compounds), compared to those of the as-blended precursor solution (Fig. S10)
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Fig. S12 1H-NMR full spectrum of a RX-CsPbBr3-QPNCs synthesized by heating up to at 120 ℃. This 1H-NMR spectrum shows higher α-CH2 resonance peaks related to 2nd amine and ester compounds (labelled with light-blue-colored C1 and C2 for 2nd amine compounds and pink-colored C1 and C2 for ester compounds), compared to those of the sample reacted at room temperature for 10 h (Fig. S11)
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Fig. S13 1H-NMR full spectrum of the sample prepared by heating up to at 60 ℃. This 1H-NMR spectrum shows higher α-CH2 resonance peaks related to 2nd amine and ester compounds (labelled with light-blue-colored C1 and C2 for 2nd amine compounds and pink-colored C1 and C2 for ester compounds), compared to those of the as-blended precursor solution (Fig. S10)
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Figure S14 1H-NMR full spectrum of the sample prepared by heating up to at 80 ℃. This 1H-NMR spectrum shows higher α-CH2 resonance peaks related to 2nd amine and ester compounds (labelled with light-blue-colored C1 and C2 for 2nd amine compounds and pink-colored C1 and C2 for ester compounds), compared to those of the sample prepared by heating up to 60 ℃ (Fig. S13)
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Fig. S15 1H-NMR full spectrum of the sample prepared by heating up to at 100 ℃. This 1H-NMR spectrum shows higher α-CH2 resonance peaks related to 2nd amine and ester compounds (labelled with light-blue-colored C1 and C2 for 2nd amine compounds and pink-colored C1 and C2 for ester compounds), compared to those of the sample prepared by heating up to 80 ℃ (Fig. S14)


Note S3 Quantitative calculation of Br– yields
The degree of the SN2 reaction and the production yield of Br– during the heat-up synthesis of CsPbX3-QPNCs under various reaction conditions (as-blended without any reaction, reacted at room temperature for 10 h, and heated-up to 60, 80, 100, and 120 ℃, respectively) were quantitatively calculated by using the triplet α-CH2 resonance peak areas corresponding to the 2nd amine and ester compounds (light-blue-colored C1 for 2nd amine compounds and pink-colored C2 for ester compounds in 1H-NMR spectra), respectively, and the quintet β-CH2 resonance peak areas corresponding to Br-8 (green-colored C2 in 1H-NMR spectra) in the respective 1H-NMR spectra shown in Figs. S10–S15 [14]. The area of each resonance peak divided by the number of the included hydrogen atoms was proportional to moles of each organic molecule (i.e., 2nd amine and ester compounds, and Br-8). The area of each resonance peak was quantitatively calculated by integrating the corresponding peak in the respective 1H-NMR spectra. The amount of each 2nd amine and ester compound produced is equal to the amount of each nucleophilic OLA and oleate that participated in this SN2 reaction. The total of the 2nd amine and ester compounds produced is equal to the total yield of Br– produced in the SN2 reaction because the amount of alkyl−nucleophile organic compounds is generated with the same molar quantity as the halide anions. The sum of the amount of released Br– and the amount of unreacted Br-8 is equal to the initial feeding amount of Br-8. By using the ratios of each amount of 2nd amine or ester compounds to the initial feeding amount of Br-8, the number of moles of Br– released by OLA and oleate, respectively, were calculated from the following equations:

 (1)
 (2)
 (3)

where [2nd amine] is the area of α-CH2 resonance peak of 2nd amine compound (light-blue-colored C1) divided by 4, [ester] is the area of α-CH2 resonance peak of ester compound (pink-colored C2) divided by 2, and [Br-8] is the area of β-CH2 resonance peak of Br-8 (green-colored C2) divided by 2, because the light-blue-colored C1 moieties of the 2nd amine compound have 4 hydrogen atoms, the pink-colored C2 moiety of the ester compound has 2, and the green-colored C2 moiety of Br-8 has 2, as shown in Figs. S10–S15. By dividing [Moles of Br– released by OLA], [Moles of Br– released by oleate], and [Total yield of Br–] by the volumes of synthesis solutions (approximately 30 mL if following the synthesis scale in experimental procedures), respectively, we determined the molarity of the 2nd amine and ester compounds and Br– produced under the respective reaction conditions (Table S2 and Fig. 3g)


Table S2 Molarity of 2nd amine and ester compounds and Br– anions produced under the respective reaction conditions. These quantitative calculations were achieved by integrating the related resonance peaks in the 1H-NMR spectra of the respective samples (Figs. S11–S15), as explained in Note S3
	Derivatives
	R.-T. reaction
for 10 h
	Temperature steps in heat-up process

	
	
	60 °C
	80 °C
	100 °C
	120 °C

	2nd amine compounds (mM)
	68.7
	21.7
	46.1
	78.4
	154.2

	Ester compounds (mM)
	4.0
	0.7
	6.0
	12.3
	32.0

	Yield of Br– (mM)
	72.7
	22.4
	52.1
	90.8
	186.2
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Fig. S16 Molarity of 2nd amine and ester compounds and Br− anions produced at each temperature step duting the heat-up process of the mixture containing only Br-8, OA, and OLA. a 1H-NMR spectra of a mixture containing only Br-8, OA, and OLA obtained at each temperature step during the heat-up process to 120 °C. b Plot of molarity of 2nd amine and ester compounds and Br− anions produced at each temperature step during the heat-up process of the mixture, obtained based on Table S3


Table S3 Molarity of 2nd amine and ester compounds and Br− anions produced at each temperature step during the heat-up process of the mixture containing only Br-8, OA, and OLA. These quantitative calculations were carried out, as detailed in Note S3
	Derivatives
	Temperature steps in heat-up process

	
	60 °C
	80 °C
	100 °C
	120 °C

	2nd amine compounds (mM)
	6.7
	16.6
	41.5
	127.5

	Ester compounds (mM)
	0.3
	1.4
	8.1
	18.8

	Yield of Br– (mM)
	7.0
	18.0
	49.6
	146.3
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[bookmark: _Hlk168077829]Fig. S17 HR-TEM image of the sample synthesized at 130 °C. Cuboidal RX-CsPbBr3-QPNCs and 2D CsPbBr3-NPLs were mixed, as confirmed by the UV–Vis absorption spectra in Fig. 4a
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[bookmark: _Hlk168077889]Fig. S18 SN2-based heat-up synthesis maintaining respective target temperatures below 120 °C. UV–Vis absorption spectra of respective synthesis solutions, measured in the respective heat-up processes with different target temperatures of a 115 °C, b 110 °C, c 100 °C, and d 95 °C
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Fig. S19 Out-of-plane profiles extracted from six respective 2D grazing-incidence wide-angle X-ray scattering (GIWAXS) patterns measured at 110 °C, 112 °C, 114 °C, 116 °C, 118 °C, and 120 °C during the SN2-based heat-up process. Over time, the intensities of the (100), (110), and (200) diffraction peaks increased, revealing the crystal growth and QPNC formation, consistent with the UV–Vis absorption spectra and TEM images in Fig. 4a, b


Note S4 Effect of Cs:Pb feeding ratio
	To investigate the effect of the Cs:Pb feeding ratio on the SN2-based heat-up synthesis, we performed the heat-up synthesis by increasing the Cs:Pb molar ratio from 1:9 to 1:3 while maintaining the total moles of Cs(oleate) and Pb(oleate)2. For ~30 mL-scale synthesis, 17.3 mL of Br-8, 10 mL of OLA, 0.6 mL of OA, 0.7 mL (0.5 mmol) of Cs(oleate) stock solution, and 1.5 mL (1.5 mmol) of Pb(oleate)2 stock solution (moles of Cs(oleate) + moles of Pb(oleate)2 = 2 mmol) were input into a single reactor, and heated up to 100 ℃ and 120 ℃ (Fig. S20). As-synthesized NCs were collected using the centrifugation process, as detailed in experimental procedures.
Subsequently, HR-TEM, XRD and UV-Vis absorption spectrum measurements of the collected NCs were performed. Based on the results, Cs4PbBr6 nanopolyhedrons formed at 100 ℃, and they were still present in the resultant solutions that were heated up to 120 ℃ (Fig. S20). This indicates that the higher Cs:Pb molar ratio of 1:3, compared to 1:9, leads to increasing the amount of Cs+ released through thermolysis of Cs(oleate), and results in the production of the Cs-rich Cs4PbBr6 nanopolyhedrons at ~100 °C
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Fig. S20 Formation of Cs4PbBr6 NCs resulting from high Cs:Pb molar ratio of 1:3. a Photograph images of heat-up process using alkyl bromide with Cs:Pb molar ratio of 1:3. b HR-TEM images and c XRD patterns of respective products obtained at 100 ℃ and 120 ℃ during the heat-up process with Cs:Pb molar ratio of 1:3. d UV–Vis absorption spectrum of resultant products obtained after the heat-up process to 120 ℃.
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Fig. S21 QPNC size adjustment by varying concentration of metal precursors. Size distribution histograms of RX-CsPbBr3-QPNCs with varying feeding molarity of metal precursors (i.e., Cs(oleate) and Pb(oleate)2) from a 67.0 mM to b 45.7 mM, c 34.7 mM, d 23.4 mM, and e 14.2 mM, respectively. The size distribution histogram corresponding to 67.0 mM was estimated from the HR-TEM image in Fig. 1e, and the size distribution histograms corresponding to 45.7 mM, 34.7 mM, 23.4 mM, and 14.2 mM, respectively, were estimated from the respective HR-TEM images in Fig 5b
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Fig. S22 RGB color gamut realized by RX-QPNCs. The International Commission on Illumination (CIE) 1931 color space chromaticity diagram showing CIE color coordinates (white lines) of green-emitting RX-CsPbBr3-QPNCs (yellow star), blue-emitting RX-CsPbBr3-NPLs (yellow diamond) and red-emitting RX-CsPbI3-NPLs (yellow circle), compared with the standard Rec. 2020 color space (black circles and lines). These single-halide-composition RX-QPNCs realized high-color-purity RGB emissions fully covering the standard RGB color gamut proposed by Rec. 2020 without mixed halide compositions that can induce halide segregation.
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