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2.3.2 IPDI/DETA R HER A GHRERLH
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REAEATRNWERIORE W RN SR BE o W7 2 75 (A% FH T A Bt S 170 55 A 2 ] PRl 2 75 15
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PEAb BT, LAME LA OD/IPDI Jit & L K AR AR A X AR A IR EE AN itk 1 HE 1 I RE I
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40 mL/min. &FF A7 FE 2 AL b TR AN TR S O R R R — 3, IR OR B SR AR PR
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K 6. XFEMEEAT DSC FAE BRI

3. ZR5itie
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5 R IR T PR s 3k T A T B A A A T A T SR T AE R BT VI E R 5 S H
ik ALRVER R RAETEA . SR FBIER S . AR CFD i BT ik, WHARANE
BAEHCT AR FFEE G S0 45 Ko FH 1 52 0715 00 SOERIR S Z R OE &R .
3.1.1 FEAFESFEZIISH

AR SR i 20 2R AR SE A 7 SRR - )\ ot T SRR R SO R . Gl 7 B, AR
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S PIAPIMESBOLER 1. 1 B B S 7 T ERBOAS [ R IH 52 70 A0 N 4 18R,
M AERT 2 S S 2R By AT B 1E

NERAE ST B B A T 5 TR 5K 1 2 R AN DR R, SR 2 U B A 3L Caa 1E R
L RNSH:

Cad=M (D)
(o)

X, pa AT BAEB JIRNEE, va R BRI, o il-/K It TH K 77

Caq R W VEAE ARG F ST K ) 005855, FLARA0m] FH 50 Wi g 5 T e AR Pk 52 1)
FREZRTY . 6 R0 I A A
3.12 FRER 5T

TE[H 58 % B TE ve=1.0x102 m/s [IZ&AF N S8 5 HOHGUE va, i Caa BEZ B H
SRR AR R M A, R E g PR IR N va/ve. MRS ELER 1, AN Caa XN B
AN 2 FIELS.

® 1 WAHM R 525

T H B GilrAD HESEAM OKAD
% p/(kg-m) 890 1000
TR W(Pa-s) 0.117 0.072

G 5% 712 86/(N-m™) 0.02 0.02




FEESM SR AT ORSF AR, 7 BRI S Caa BIBEIN 2 O V0RG 51T 32 777, A
s VR e TEA S e LTI CIE VSR Do MR N s
R 2. [H T ESEAR VLR T IR R S BUCRES

Ve Vd
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(ms)  (ms) “ 1
0.002  0.0072 0.2 BRI, TREIHEAK, T EcE >
0.004  0.0144 0.4 FaE IR, W RN I E) PR A 85 5
0.01

0.006  0.0216 0.6 WE TR, Wi & ) Fiffesh Bl e 2

0.008  0.0288 0.8 RN, IR E SRS B4
0.010 0.036 1.0 TGS ST, WS TR & & A e BE T
. oo @y° .
T +—=— 1 tios ° S0 o 0 O : ;os ° F
(a) v=0.002 (b) v=0.004 (c) v;=0.006
A I | .. N H &

1 8. 4 ORI VB0 FRER (0 07 BRI B B0 ms)

M Cag=0.0072 B, FLHITK SIARXS SR, MR AEWIZL, (Ao BUEEN g, T RUH
Bk B Caa % 0.0144 1, FVE/BIVIER 5 S ok 1k B R sl 14, 70 A
SAVEZE T3 I MK - 20045 - I 2R [0 47, T R 0] RV s 24 Caa E— P38 %2 0.0216 J LA _E T,
SYECAHRF SR HE AL ST AR T S g, 4 B 1n) FERE s, JEEP e R AR . k]
W, TR T A AR RIE T R AT IR B /) 5 SR 1 2 AR 564, AN A& i B — 14
R L 2Z2HE. B9 #—DMH 7 Bz i, AR Y, Ca=0.0072~0.0216 ¥4
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Bl P VB0 ) ] 58 T R R, LA IE i) Cag SEA RTINS A IPERER ;. 2 Caq
ZRELIE RIS, FRinak o LRI B ER IR AS,  R AR B A 4 AR RS A2

(@) BARCay (b) B Cay © BECay
REMRBKE O
REK AR S| AU, {enmesyomoe HAHB| MR B, REAR  BEERETEEAEEN, BR/RRE

| BERHED: REERESNSRERSNOTERE |

Bl 9. 52 PR AMOEE b T 32 7 58 4 RSN (K00 R ER LB R 5 1

3.2 FELR A BRI % Bl B VR FRERAT R SR B R AE

ufESe CED Firdeis i« S 32 /1-0M A" K R, R SR AR S A R AR Sl o
2 AN MG EAT 58 B AW o SR FH S0 W 4 T 6 1) S s BSUR E B RN B AR SR BUU R R AR . CV
EAAE BT, T IR A2 75 A0 TN R ) W L R A, RS SR LI 10,
BE & o EOH RS i, PARAR EH 77.6 pm B 2 136 um A1 194.9 pum, [F] B 35 A AR
B0, 8IS R (L 25 48 5 S VR A W AT T I B S 9K, 5 CFD R R
T A — 2.

o8 (b) ©

B 10, 7ELR MR AR T PRk Bl 0 45 S o
BE— P I BUE AR TE 0.01 m/s. 43 BUHIRE 0.005 my/s HEAT SL56 A0 B (BT 11D
TG AR LR AR AR B0 T RiAE 196.6 pm CV 1 1.88%, SZIGH R AL RRS:.
VUL A= s A TR ST BRSO R AE 2 T H R PR 8 79 T — SO D S T 52 4 R
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BRORS I A4t 7B sL IR eiE, M2 gl Timik &t T 2340,
(a) = g ()

0.8

05F 4
0.7
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06
-0.5F 1 0.5
Ak 4 0.4

=15+

25f

B 11, PRk 2 7 S 45 RS S IR IR

3.3 HMRBEMAERE S5 EMWRIE

N3 Hr IPDI/DETA WC EEXS 3R IR 52 5 T B S WU ZE TE SR SR, 6 AN TR B o 4% 1)
W FEEAT SEM RAE, 45K WK 12 Frox. BEAE IPDI A FHESE I, TR 3 SRR
B i 12 (a) Fros IPDI BRI, A G o R IR 2 ASHEINRIORE | il 453 45 R A
FEPER, oMK R HAEE R EE A BRIR: K 12 (b Fios, &4 E IPDI
L), A SEBEBRRILAC BE B0 ZE W A 22, o ROk ] O R A P, (B m] Rl 2120
BEEFUAN FIRE: Wl 12 (o) Bvny 4 IPDI H S — D3I 2 0& m s Fle, K
IR R IR IR, R AAEBRONES:, FURLL FEE W, AR 5 I 5 0 5 sk
o ZABGERE, S AE R IPDEE B AR N R SR A PR £ -NCO £, (FH 5K
FIH ¥ DETA 7850 S, AT 3t T MR AE I - /K SRR FR 20T, TR IESE . 523155
2.

4 IPDI AHXS AR, 225 FLH RS OB -NCO B, AR s SRR Mk DA 52 42
078 OD Y, BRI TP B B R AN E L 5722, FEUARL OD M52 ZEkIAAEH, W
K12 (D FioR. MIsE OD iR FR AR, e G e, gl iEd gl
ECRURENE . RERFEE e, X 5K 12 (e-D) MERMASKIEURL K A I GARS B o SR
ZEREH, 4 DETA WFEE{#E N 4 wt%. OD/IPDI JRE AT 7: 11, P 3 5 4k
B FE A B, SRR R MECNESE, RS E] I B ASMIE; 4 OD/IPDI i &L
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Synthesis of Phase-Change Microcapsules via Microfluidic Interfacial
Polymerization and Their Thermal Energy Storage Properties
Zhenyu Feng, Xingyou Ai

Abstract

Mobile electronic terminals are evolving towards thinner, more highly integrated, and higher
computing power devices. With the widespread adoption of artificial intelligence and:. edge
computing power, chip heat flux density continues to rise, and local heat accumulation-hassbecome
has become major challenges to device reliability, service life, and computational performance.
Conventional active cooling methods struggle to meet the low-carbon and high-efficiency
requirements for next-generation terminal thermal management. Passive thermal storage based on
phase-change microcapsules therefore represents a promising strategy for mitigating localized
heat accumulation. Phase-change microcapsules with uniform, and controllable sizes can
effectively suppress temperature peaks, while their heat storage performance depends critically
on the stable formation of droplet precursors, formation of the polyurea shell, and shell
confinement. However, microcapsules prepared by conventional mechanical stirring methods
generally exhibit wide particle size distribution;weak controllability of shell structure, and batch-
to-batch variability in heat storage performance. More importantly, these methods provide limited
control over shell architecture at the level,of interfacial polymerization.

In this article, microfluidic “interfacial polymerization was employed to prepare n-
octadecane@polyurea phase-change microcapsules using isophorone diisocyanate (IPDI) and
diethylenetriamine (DETA) as reactive monomers. Well-dispersed droplets were generated,
constructing a highly uniform oil-water reaction interface. The addition polymerization of IPDI
and DETA to occur exclusively at a well-defined and controllable liquid-liquid interface. This
enabled effective.control over the interfacial polymerization process and the resulting polyurea
shell structure. By-combining computational fluid dynamics (CFD) simulations with real-time
microscopic image recognition, this article quantitatively characterized the particle size and
distribution of the droplet precursors, focusing on the control mechanisms governing the stable
formation of droplet precursors, formation of the polyurea shell, and phase-change behavior of
the octadecane core. The core chemical question is to reveal how the interfacial polymerization
reaction of IPDI and DETA at the oil-water interface determined the structure of the polyurea
shell.



The results indicated droplet morphology was governed by the balance between viscous and
interfacial forces, as characterized by the capillary number. When the dispersed phase capillary
number Cag ranges from 0.0072 to 0.0216, stable spherical droplet precursors can be formed,
providing a uniform reaction template for interfacial polymerization. IPDI and DETA undergo
stepwise addition polymerization at the oil-water interface, forming a dense and
continuouspolyurea shell. The crosslinking stability of the polyurea shell was directly related to
the n-octadecane-to-IPDI feed mass ratio (OD/IPDI). As the octadecane (OD)/IPDI ratio increased
from 3:1 to 7:1, the crystallization temperature of the octadecane core raised from 17.8<C to
20.8<C, and the melting enthalpy increased from 151.1 J/g to 202.2 J/g. Essentially, the change in
the feed ratio altered the shell confinement of the octadecane core, thereby.regulating the overall
phase-change enthalpy of the microcapsules. After 100 heating—cooling cycles, no significant
attenuation of the phase-transition peak or enthalpy was observed; indicating excellent structural
stability of the polyurea shell andsustained shell confinement of the octadecane core. This article
established a controllable preparation method for ‘phase-change microcapsules through
microfluidic interfacial polymerization, and revealed the continuous action mechanism from
droplet formation to confined phase-change.-The findings offer a promising route toward the
controlled fabrication of high-performance phase-change energy-storage microcapsules and

provide a basis for their potential application in passive thermal management.

Keywords: Microfluidics; Interface Polymerization; Polyurea Microcapsules; Shell Confinement;

Phase-Change Behavior
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1. Introduction

With the rapid advancement of mobile communications and artificial intelligence, mobile
devices such as smartphones and laptops are becoming thinner, more highly integrated, and
more computationally powerful. Meanwhile, the widespread adoption of Al-based edge
computing and high-frame-rate rendering has further increased the heat flux density of chips,
batteries, and power-management modules [1]. At the same time, the space available for heat
dissipation continues to shrink as devices become thinner. As a result, localized heat
accumulation has become an important factor limiting device stability, service life, and the
sustained utilization of computational performance [2,3].

The current thermal management for terminals relies on active. thermal conduction
solutions such as fan cooling, metal heat sinks, and heat pipes,-which remain essential for
managing the overall thermal load of electronic devices. However, because they primarily rely
on macroscopic heat conduction or fluid-based heat removal, they are less effective at rapidly
suppressing local temperature peaks and homogenizing temperature around highly localized
hotspots. Meanwhile, increasingly stringent energy-efficiency requirements and the broader
transition toward low-carbon technologies are driving the electronics industry toward lower-
power and more energy-efficient operation. Conventional active cooling approaches alone may
therefore be insufficient to simultaneously address the demands of precise local temperature
regulation and improved system-level energy efficiency. Therefore, efficient passive thermal
storage based on phase-change materials provides a potential complementary strategy for
mitigating localized! overheating and enhancing the overall energy efficiency of thermal
management systems.

Phase-change materials (PCMs) can absorb and release latent heat through reversible
solid-liquid phase transitions within a specific temperature range, enabling thermal energy to
be stored and released when needed. They therefore serve as the key thermal storage medium
for-passive thermal management. When a phase-change core material is encapsulated within a
polymer shell to form a phase-change microcapsule, the resulting core—shell structure can
spatially confine the core material. This structure can reduce leakage of the liquid phase,
gimprove thermal cycling stability, and retain much of the latent-heat-storage capability of the
core material. These characteristics make phase-change microcapsules attractive for localized

hotspot control and temperature homogenization in mobile electronic devices [4,5].
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The preparation of phase-change microcapsules has gradually evolved from relatively
simple batch processes toward methods offering greater control over particle structure and
properties. Conventional approaches mainly include stirred emulsion polymerization, in-situ
polymerization, and spray drying. Among them, mechanically stirred emulsion polymerization
is one of the most widely used approaches. In this process, mechanical shear generates an oil~
water dispersion, after which polymerization at the droplet interface forms the shell around the
core material [6]. However, the shear field generated by mechanical stirring.is spatially
nonuniform, often resulting in broad particle-size distributions and variations ‘in droplet
sphericity. The thickness, interfacial structure, and compactness of the resulting shell are also
difficult to control precisely, which can lead to variations in thermal storage performance
between batches and limit the reproducibility required for high-precision thermal management
[7]. Other conventional approaches, including spray drying, likewise face challenges such as
limited control over particle size and the formation of shell defects. These limitations make it
difficult to deliberately tailor microcapsule structure.and thermal properties.

Microfluidic technology provides a novel technological approach for the precise and
controllable preparation of phase-change microcapsules. Within microscale confined channels,
the dynamic balance between fluid shear force and interfacial tension can be used to generate
oil-water droplets with highly “uniform dimensions and excellent monodispersity. These
droplets provide well-defined'templates for subsequent interfacial polymerization. At the same
time, microfluidic systems: offer a useful platform for quantitatively investigating how
interfacial tension, fluid viscosity, and shear affect droplet formation and breakup [8].

A number of studies have explored the use of microfluidics to prepare phase-change
microcapsules. ‘Hao et-al. [9] used a coaxial microfluidic device to achieve continuous
preparation of phase-change microcapsules and demonstrated that the droplet size could be
continuously adjusted by varying the flow rates of the two phases. Anni et al. [10] further
investigated how the flow-rate ratio between the core and shell phases affected the core—shell
ratio and the macroscopic thermal storage properties of the resulting microcapsules. These
studies have clearly demonstrated the advantages of microfluidics in improving particle-size
uniformity and controlling core—shell composition. However, existing research has focused
mainly on how to produce microcapsules with uniform dimensions and desirable thermal

properties. The processes occurring after droplet formation-particularly interfacial
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polymerization and the subsequent influence of the polymer shell on crystallization and
melting of the core material—have more often been treated as separate processing or
performance issues. As a result, the continuous evolution from a transient fluid interface to a
stable polymer-confined interface, and how this evolution ultimately affects phase-change
behavior, remains insufficiently understood.

In recent years, artificial intelligence and computer-vision methods have also begun to
enter the field of microfluidics. For example, Tang et al. [11] prepared an oil-in-water-in-oil
double emulsion using the flow focusing method and established a machine learning prediction
model for the core droplet and double emulsion particle size, providing a quantitative basis for
controlling encapsulated droplets. However, relatively few studies have.used real-time visual
analysis to quantitatively characterize the complete sequence..of necking, breakup, and
spherical stabilization of droplets used for phase-change microcapsulewnhile directly relating
these observations to the underlying interfacial forces.

From the perspective of materials chemistry, the thermal storage performance of phase-
change microcapsule is not solely determined by the intrinsic characteristics of the core
material. Instead, it is the result of the combined effects of key interconnected processes,
including droplet interface formation,s interfacial polymerization reactions, and shell
confinement effects. The interfacial‘polymerization reactions at the oil-water interface directly
determine the chemical structure and microstructure of the microcapsule shell. Furthermore,
the shell confinement generated after the formation of the polymer shell further influences core
thermal storage parameters such as the phase-change temperature, supercooling degree, and
phase-change enthalpy.

Based on these considerations, we regard the n-octadecane@polyurea microcapsule as a
system-in which.the interface evolves continuously from a fluid interface to a reactive interface
and finally to a“econfined material interface. This study therefore focuses on three closely
related scientific issues: (1) how the competition between viscous/shear effects and interfacial
tension controls the destabilization, fracture, and stable spheroidization of precursor droplets;
(2) how aqueous DETA and oily IPDI polymerize at the oil-water interface to form a
continuous polyurea shell, and how the core-shell composition affects the integrity of the shell,
(3) after the formation of the polyurea shell, how spatial confinement further affects the

crystallization temperature, supercooling degree, and phase transition enthalpy of octadecane.
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CFD simulations and real-time microscopic image analysis were combined to establish a
quantitative correspondence between simulated and experimentally observed droplet-
formation behavior. Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction
(XRD), and Scanning Electron Microscopy (SEM) were used to characterize the interfacial
polymerization process and core-shell structure, while Differential Scanning Calorimetry
(DSC) was employed to investigate the relationship between core—shell composition,
confinement, and phase-change behavior.

The main contributions of this study are twofold. First, we developed_a microfluidic
interfacial polymerization approach for the controlled preparation (of~phase-change
microcapsule. By generating monodisperse droplets and thereby establishing a more uniform
reaction interface than conventional mechanically stirred emulsions; the method provides
improved control over the conditions under which interfacial\polymerization takes place, and
achieves a key transition from the conventional disordered.and random state to a dispersed and
quantitatively controllable state of the interfacial polymerization reaction. This creates an
opportunity to further investigate and regulate the formation and structure of the polyurea shell.
Second, by combining CFD simulations.with~real-time microscopic image analysis, we
quantitatively investigated the formationsmechanism of droplet precursors and established a
direct connection between simulation and experiment. Together with the subsequent
characterization of interfaciahpolymerization and phase-change behavior, this work provides
an experimental basis for using interfacial chemical processes to tune the thermal properties of
phase-change microcapsule.

2. Experimental design and research methods
2.1 Experimental Materials

The materials used-in this experiment include octadecane (OD), diethylenetriamine (DETA),
isophorone diisocyanate (IPDI), polyvinyl alcohol (PVA) and sodium dodecyl sulfate (SDS), all
of which are analytical grade (AR) and provided by Shanghai McLean Biochemical Technology
Co., Ltd., China; the experimental water is deionized water. This experiment requires the
configuration of two liquids, the dispersed oil phase and the continuous water phase, as shown in

Figure 1.



Figure 1. Experimental raw material solution preparation process: (a) PVA and SDS are dissolved in heated water;

(b) Octadecane is heated and dissolved in a water bath; (c) Preparation of dispersed oil phase

Continuous water phase preparation: PVA in the water phase‘is mainly used to increase the
viscosity of the water phase, and SDS is used to reduce ‘the oil-water interfacial tension and
promote droplet formation. The two jointly improve the stability of droplets during microfluidic
spherification and subsequent solidification processes, and reduce droplet aggregation, adhesion
and rupture. According to the set mass fraction, add PVA, SDS and DETA to deionized water to
prepare a continuous water phase. During the-preparing, first add about 80% water to a clean
container, and slowly add PVA under.continuous stirring to avoid powder agglomeration. The
solution is then heated to 60°C until'the.PVVA is completely dissolved, resulting in a clear solution
without visible particles. After the solution is cooled to room temperature, SDS and DETA are
added in sequence, and deionized water is used to make up to the set total mass. The mass fractions
of DETA, PVA and SDS in the continuous aqueous phase were 4.0 wt%, 1.5 wt% and 1.0 wt%
respectively.

Dispersed oil phase preparation: OD serves as the octadecane core, which is used to realize
latent heat storage and release through solid-liquid phase-change; IPDI is used as an oil-soluble
shell material precursor, mixed with molten OD to form a dispersed oil phase. Before the
experiment, OD was fully melted in a 40°C water bath, and was used after it was transformed
into a clear and uniform liquid. As a water-soluble cross-linking reaction monomer, DETA
diffuses from the continuous water phase to the oil-water interface, and polymerizes with the
isocyanate group of IPDI at the oil-water interface, gradually forming a polyurea shell. IPDI has

strong moisture sensitivity. Try to shorten the time it is exposed to humid air during the collection
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process, and seal and store it immediately after sampling. The dispersed oil phase is prepared
according to the set OD/IPDI mass ratio. Taking the OD/IPDI mass ratio as 3:1 as an example,
after weighing 3 g of molten OD, add 1 g of IPDI and stir at 300 r/min for 30 minutes at 40C
until the system is homogeneous and there is no visible stratification.

Each solution is calculated based on the actual weighing results of the current experiment,
and the mass method is used to determine the proportion of each component. The containers used
must be kept clean and dry before weighing. The continuous water phase is allowed-to stand for
deaeration before use to reduce flow fluctuations and channel blockage caused by bubbles entering
the chip. After the oil phase is prepared, it is covered and kept warm, and its residence time before
injection is minimized to reduce the possibility of side reactions between IPDI'and environmental
moisture.

2.2 Instruments and devices

The microcapsule experimental equipment (customized, purchased from Shanghai Pengzan
Biotechnology Co., Ltd., China) mainly consists of a pressure control system, a flow focusing
microfluidic chip, a constant temperature water bath, a'droplet collection and stirring device, and
an optical microscope (M500C model, purchased from Shenzhen Huaxian Optical Instrument Co.,
Ltd., China); the post-processing uses-asuction filtration device and a blast drying oven, and a
connecting tube with an inner diameter of 0.6 mm PTFE is used to connect the raw material tube
and the flow focusing microfluidic chip (Figure 2). The dynamic formation process of droplets is
continuously recorded usingwan M500C optical microscope and supporting image acquisition
system. Before formal acquisition, spatial calibration was completed under the same objective
lens magnification, camera resolution, digital zoom ratio and image cropping range as the
experimental observation. Taking a 100 um droplet as an example, according to the software
interface record, the image acquisition frame rate is 9.5 fps, and the spatial calibration coefficient
15.0.80 pixel/pm, that is, 1 pixel corresponds to 1.25 pum; at the same time, a 100 um ruler is added
to the screen to review the calibration results. The microscope observation magnification is 10

times.
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Figure 2. Experimental device and online monitoring: (a) Microfluidic experimental device; (b) Flow focusing chip;

(c) Dynamic monitoring of droplet generation.

Before recording each set of operating conditions, adjust the light source intensity, focal
length, and exposure parameters to ensure that the edges of the microchannel and the droplet
contours are clearly distinguishable. Subsequently, fix the positions of the microscope, lens,
camera, and microfluidic chip, and perform image acquisition under the conditions of maintaining
the same field of view, magnification, resolution, and cropping ratio. After changing the flow rates
of the two phases, wait until the droplet breakup location, generation period, and downstream
motion state are basically stable, and then continuously acquire effective images. After reading
the microscopic images frame by frame, convert. the pixel size to actual size based on the
calibration coefficient. The droplet generation-frequency is calculated based on the number of
effective droplets passing through a fixed observation area per unit time.

2.3 Experimental design and procedures

In this article, the n-octadecane@polyurea core-shell system is investigated, focusing on the
underlying mechanisms of microcapsule spheroidization, interfacial shell formation, and s phase-
change behavior under shell confinement (as shown in Figure 3). Three sets of interconnected
variables are designed: spheroidization, formation of the polyurea shell, and phase-change
behavior under shell confinement. The first group varies the flow conditions of the dispersed and
continuous. phases. and uses the capillar number in the dispersed phase to characterize the
competition between viscosity and interfacial tension, investigating the spheroidization of droplet
precursors used to form the phase-change microcapsules. The second group varies the OD/IPDI
mass ratio to analyze the shell precursor ratio, leakage, shell integrity, and their influence on the
characteristic peaks of urea. The third group compares the core and shell compositions as well as
the crystal morphology and thermal behavior of samples at different scales, and explores the

effects of shell confinement, relative shell content, and particle size.
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Figure 3. Schematic diagram of the preparation process of n-octadecane@polyurea phase-change microcapsules.
2.3.1 Experimental study on the spherical formation of precursor droplets of phase-change
microcapsules

In order to reveal the regulation mechanism of-interface force on the stable spherical
formation of droplet precursors for phase-change microcapsules. Melt OD in a 40°C water bath,
and add IPDI according to the set OD/IPDI“mass ratio to prepare a dispersed oil phase; the
continuous water phase consists of anagueous solution of PVA, SDS and DETA, in which the
DETA concentration is adjusted to.4 wt%. The two phases are introduced into the flow focusing
microchannel respectively, and the interaction between viscosity, shear and interfacial tension is
changed by changing the flow conditions of the two phases.

During the experiment, micrographs of droplet formation were continuously captured, and
the accompanying software of the experimental equipment was used to identify and extract
parameters such as droplet contour, average particle size, standard deviation, CV value, and
generation frequency from the online micrographs. These parameters were then cross-verified
with the interface deformation and fracture states predicted by CFD simulation, and the capillary
number range corresponding to stable ball formation was determined from a dynamic
experimental perspective.

2.3.2 IPDI/DETA interfacial polymerization and microcapsule shell formation experiment

This part of the experiment aims to elucidate the reaction mechanism of the interfacial

polymerization of IPDI/DETA to form a polyurea shell. The droplet precursors generated by
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microfluidics continuously enter the aqueous phase collection system containing DETA. The
aqueous phase DETA diffuses toward the oil-water interface, and its amino group reacts with the
isocyanate group in the oil phase IPDI to form a urea bond. Due to the low solubility of polyurea
in the oil and water phases, the primary polymer is preferentially deposited at the interface; as the
monomers continue to migrate and react, the local deposited layers gradually connect and forma
continuous polyurea shell, thereby fixing the liquid OD inside the shell.

In order to investigate the impact of the shell precursor formula ratio on shell formation (as
shown in Figure 4), on the basis of keeping other conditions consistent, different OD/IPDI mass
ratios (3:1, 5:1, 7:1, etc.) were set, and the changes in leakage, adhesion, shell“integrity, and
polyurea characteristics corresponding to changes in the relative content of the shell precursor
were compared. The collected liquid was then placed in a constant-temperature water bath at 60<C
for 6 h, and the particles were maintained dispersed under gentle stirring at a constant rotation
speed of 60 r/min, allowing the interfacial reaction to continue.and complete the solidification of

the shell.

Figure 4. Curing experimental study: (a) Heating and solidification temperature rise stage; (b-c) Assembly of filtration
device; (d) Vacuum pump for vacuum filtration.

After the reaction is completed and cooled to room temperature, the microcapsules are
collected by suction filtration. The filter cake is first washed with deionized water to remove

residues in the water phase, and then washed with n-hexane to remove uncoated OD and oil-
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soluble residues on the particle surface; deionized water washing and n-hexane washing are
performed alternately 3-5 times. The washed samples were dried in a blast drying oven at 60<C
for 12 h, cooled and sealed for subsequent testing and research.
2.3.3 Core-shell composition and confined phase transition experiments

This part of the experiment is used to analyze the regulation mechanism of shell confinement
on the phase-change behavior of the octadecane core. Microcapsules with different OD/IPDI mass
ratios and 100, 300 and 500 pum scales were selected as comparison objects, and pure OD was
used as the benchmark sample. On the premise that the chemical composition of the core material
remains unchanged, the characteristic functional groups of each sample are_ first confirmed
through FTIR, and then the position and relative intensity of the characteristic diffraction peaks
are compared through XRD to determine whether the shell formation.and particle size changes
change the basic crystal form of OD; DSC is then used to compare the melting temperature,
crystallization temperature, supercooling and phase-change-enthalpy.
2.4 Characterization method
2.4.1 Morphological characterization of microcapsules and their droplet precursors

The M500C optical microscope was used.torecord the droplet formation process, and images
were collected at a fixed field of view and stable flow stage, and combined with real--time
microscopic image recognition to-obtain the average particle size and generation frequency. An
S-4700 scanning electron microscope (SEM, Hitachi, Japan) was used to observe the overall
sphericity, particle size consistency, surface continuity, adhesion and damage of the dried
microcapsules to provide morphological evidence for whether interfacial polymerization forms
stable core-shell particles. For SEM sample preparation, first gently sprinkle the fully dried
microcapsules onto the conductive adhesive. Non-adherent particles were subsequently removed
by a gentle stream of nitrogen. The specimen was then sputter-coated with a gold layer.
2.4.2 Fourier transform infrared spectroscopy test

Fourier transform infrared spectroscopy (FTIR, Agilent Technologies Cary 630, USA) was
used to analyze the functional group composition of pure OD and dried microcapsules, with a
spectral range of 4000-500 cm™ Focus on comparing the OD alkane characteristic absorption near
2950-2850 cm™?, 1460 cm™ and 720 cm™, and the polyurea-related absorption near 1650 cm™ and

1550 cm™. By whether the peak position appears and how the relative peak intensity changes at
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different OD/IPDI feed mass ratios, it can be judged whether the polyurea shell is formed and the

changing trend of the relative content of the shell material.

Figure 5. Fourier transform infrared spectrometer test on the sample.

2.4.3 X-ray diffraction testing

X-ray diffraction (XRD, Bruker D8 ADVANCE, Germany) was used to analyze the crystal
structure of pure OD and each group of dry mierocapsules, with a scanning range of 26=5-90< a
scanning rate of 5min, Cu Ko, 2=0.154 nm. Before the XRD test, gently grind the dried samples
and evenly spread them into the sample tank. Keep the spreading state of each group of samples
consistent, and compare the position, peak shape and relative intensity of the OD characteristic
diffraction peaks in the range of 20=10<30< Whether the peak position is shifted is used to
determine whether interfacial polymerization and spatial confinement induce new crystal form
changes, and the relative intensity change is used as auxiliary evidence of changes in the degree
of crystallization.and the.relative content of the core material.
2.4.4 Differential Scanning Calorimeter Testing

Differential scanning calorimetry (DSC, NETZSCH, Germany) was used to characterize the
crystallization and melting behavior of pure OD and microcapsules. The test temperature range
was -10-70 <C, the heating and cooling rates were both 10 <C min, and the test was conducted
under N2 protection. The melting peak temperature and melting enthalpy are obtained from the
heating curve, and the crystallization peak temperature and crystallization enthalpy are obtained
from the cooling curve; the phase-change enthalpy is obtained by integrating the corresponding

absorption and exothermic peak areas, and the supercooling is calculated according to the
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difference between the melting peak temperature and the crystallization peak temperature.
Different samples use consistent temperature programs and data processing methods to compare
the effects of OD/IPDI mass ratio and particle size changes on phase-change temperature and heat
storage capacity.

For the DSC test, weigh 5-10 mg of the sample, place it in an aluminum crucible, and
hermetically seal it. An empty aluminum crucible was used as reference. The nitrogen flow rate
was set to 40 mL/min. The integration baseline, onset/end temperatures, and peak.temperature
determination method were kept consistent across all samples, and the original heat flow curve
was retained. For the thermal cycling stability test, the sample was subjected to 100 heating-
cooling cycles within the same temperature boundaries. The DSC peak position, temperature (T
peak), peak shape, and phase-change enthalpy were compared before and after the cycles.

During the DSC test, weigh 5-10 mg of the sample and place it in an aluminum crucible to
seal it. Use the empty crucible as a reference; the nitrogen flow rate is: 40 mL/min. The integration
baseline, start and end temperatures, and peak temperature reading methods of each sample remain
consistent, and the original heat flow curve is retained:. The thermal cycling stability experiment
uses the same temperature rise and fall boundaries to perform 100 thermal cycle on the sample,
and compares the DSC peak position, peak'shape and phase-change enthalpy before and after the

cycles.

Figure 6. DSC thermal performance testing of samples

3.-Results and discussion

3.1 Interfacial spheroidization behavior of phase-change microcapsule precursor droplets
The spheroidization of droplets in restricted microchannels is not a simple flow rate

optimization, but a process in which the droplet interface deforms, necks, and breaks under the

combined action of viscous shear and interfacial tension. This section uses CFD as an auxiliary
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analysis method to observe the evolution of the interface morphology under different capillary
numbers, and combines the experimental results to analyze the relationship between the interface
force and the spherical state of the droplets.
3.1.1 Simulation methods and interface force parameters

In this article, flow-focused microchannels are used to study the formation process of n-
octadecane@polyurea droplet precursors. As shown in Figure 7, the oil phase is the dispersed
phase and the aqueous phase is the continuous phase. The continuous phase squeezes.and shears

the dispersed phase from the upper and lower sides; the channel width and depth are both 240 pm.
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Figure 7. Schematic diagram of the spherical forming process of microfluidic channels

The COMSOL transient two-phase flow model is used, and the dynamic changes of the oil-
water interface are.tracked through the VOF method. The model adopts the classical mass and
momentum conservation equations, assuming that the two phases are incompressible, immiscible
and in a laminar flow state, ignoring the influence of gravity; the physical property parameters of
the two phases are.shown in Table 1. The focus of the simulation is to compare the evolution of
droplet morphology under different interface stress conditions, rather than modifying the classical
fluid mechanics model itself.

In order to characterize the relative relationship between the viscosity of the dispersed phase
and the interfacial tension, the capillary number Caq of the dispersed phase is used as the key
dimensionless parameter:

Ca, = £d% (1)
(o
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In the formula, uq is the dynamic viscosity of the dispersed phase, vq is the flow rate of the
dispersed phase, and o is the oil-water interfacial tension.

Caq reflects the strength of the viscous effect relative to the interfacial tension, and its
changes can be used to judge the trend of the droplet interface transitioning from stable recovery
to continuous deformation, tailing, and jet flow.

3.1.2 Simulation results and analysis

Under the condition of fixed continuous phase flow velocity vc=1.0x<10"? m/s, changing the
dispersed phase flow velocity vq causes Cagqto change accordingly; when the cross-sectional areas
of the two branches are the same, the flow ratio g can be approximately expressed as va/vc. The
material parameters are shown in Table 1, and the droplet shapes corresponding to different Cads
are shown in Table 2 and Figure 8.

Table 1 Simulation parameters of two-phase materials

project Dispersed phase Continuous phase
(oil phase) (agueous phase)
Density p/(kg-m®) 890 1000
Dynamic viscosity p/(Pa-s) 0.117 0.072
Interfacial tension parameters 6/(N-m™) 0.02 0.02

When the continuous phase conditions remain unchanged, the increase in dispersed phase
flow rate and Cag will change the force balance on the droplet interface, causing the droplets to

gradually transform from periodic breakage to trailing and jet states.
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Table 2. Droplet forming parameters and status under fixed continuous phase flow rate

VC Vd

Cayq q Droplet forming state
(m/s) (m/s)

The droplets are smaller, the formation period is longer,
0.002 0.0072 0.2 ]
and the number of downstream droplets is small.

0.004 0.0144 0.4 Stable into balls, with uniform droplet size and spacing

0.01 The liquid tongue is significantly extended, the fracture

0.006 0.0216 0.6 . )
position moves downstream and tails appear.

The tailing is more obvious, and droplet adhesion and
0.008 0.0288 0.8 .
local fusion appear.

A continuous jet is formed,.and no complete fracture
0.010 0.036 1.0 . . .
occurs during the observation period.
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Figure 8. Simulation effect of dispersed phase flow rate on droplet balling (units in the figure are m/s).

When Cag=0.0072, the interfacial tension is relatively dominant, and the droplets can break,
but the dispersed phase is replenished slowly and the formation period is longer; when Cag
increases to 0.0144, the viscous/shearing effect and the interfacial tension reach a more

coordinated dynamic balance. The droplets periodically undergo expansion-necking-fracture-
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retraction to form more regular droplets; when Caqg further increases to 0.0216 and above, the
dispersed phase continues to advance and the interface deformation is enhanced, the necking
position moves downstream, and tailing and jets gradually appear. It can be seen that the droplet
morphology transformation comes from the competition between the interface deformation
driving force and the interface restoring force, rather than the process improvement brought about
by a single increase in flow rate. Figure 9 further summarizes the above force-bearing mechanism:
In this system, droplets can still break into balls within the range of Caq = 0.0072 t0.0.0216, and
moderate Caq IS more conducive to the formation of regular and periodic droplets; when Cag
continues to increase, the interfacial tension is difficult to restore the droplet'shape in time, and

the system gradually transforms into a tailing and jet state.

(a) Lower Ca, (b) Moderate Cay (©) Higher Ca,

Stable droplet-formation window
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Dynamic balance: Necking, breakup, and
but the period is longer. retraction produce stable droplets. elongation leads to a jetting transition.

Interfacial tension dominates. Breakup occurs, Viscous effects strengthen. Ligament

Stable droplet-formation window: A regime where the driving force for
interfacial deformation is balanced by the interfacial restoring force

Figure 9. Mechanism of droplet.ball formation driven by interfacial force competition in restricted microchannels.

3.2 Droplet spheroidization behavior assisted by online microscopic image recognition

To verify “the relationship between interface force-droplet morphology revealed by
Computational Fluid Dynamics (CFD), this article employs online microscopic image recognition
for quantitative analysis of microfluidic microscopic images. The experimental equipment is
equipped with online microscopic image recognition software to extract droplet size, CV value,
and generation frequency, which are used to determine whether the droplets are in a regular,
periodic state of breaking into spheres. The recognition results are shown in Figure 10. As the flow
rate of the dispersed phase increases, the average droplet size increases from 77.6 um to 136 um

and 194.9 um, while the droplet generation frequency also increases, indicating that after the
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enhancement of the dispersed phase supply, the droplets undergo more pronounced interface

expansion before breaking, consistent with the trend of liquid tongue extension observed in CFD.

(a) (b) (c)

Figure 10. Microsphere formation results through online microscopic image recognition.

Further experiments were conducted with a continuous phase flow rate of 0.01 m/s and a
dispersed phase flow rate of 0.005 m/s for comparison with simulations (Figure 11). Online
identification of microscopic images revealed an average droplet size of 196.6 pwm and a CV value
of 1.88%. In the experiments, droplets were-consistently and regularly generated; simulations
under the same conditions also exhibited periodic breakup. The consistency between the two
provides dynamic experimental evidence for the analysis of droplet spheroidization controlled by

interfacial forces, rather than simply being used to screen optimal process parameters.

@- R ()

Figure 11. Microsphere molding simulation results and experimental verification.
3.3 Interfacial polymerization and structural characterization of microcapsules
In order to analyze the effect of IPDI/DETA ratio on the formation of polyurea shell and the

morphology of microcapsules, SEM characterization of microcapsules prepared under different
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ratios was performed. The results are shown in Figure 12. As the relative dosage of IPDI increases,
the spherical state of the microcapsules gradually improves: as shown in Figure 12(a), when the
dosage of IPDI is low, there are more irregular particles, damaged structures and adhesion
agglomerations in the sample, and some particle surfaces have collapse or incomplete coating; as
shown in the Figure 12(b), after appropriately increasing the IPDI ratio, the number of
microcapsules with intact spherical contours increased markedly, and interparticle adhesion was
alleviated to some extent; however, a small number of microcapsules with irregular.morphology
were still observed; as shown in Figure 12(c), when the IPDI dosage was further increased to an
appropriate range, most microcapsules showed a more regular spherical shape; the'surface coating
was more continuous, the particle boundaries were clear, and the damage and agglomeration were
significantly reduced. This change shows that increasing the IPDl.content in the oil phase can
provide more -NCO groups for interfacial polymerization, allowing them to fully react with DETA
in the water phase, thereby promoting the continuous deposition of polyurea at the oil-water
interface and forming a more continuous and complete shell.

When IPDI is relatively insufficient, the number of -NCO groups participating in the
interface shelling reaction decreases, and the generated polyurea is difficult to completely cover
the OD droplets, thereby forming a thinorlocally discontinuous polyurea shell, causing molten
OD to seep out from the shell defects, as shown in Figure 12(d). The leaked OD will make the
microcapsule surface sticky and cause particle adhesion, bridging, and agglomeration during
subsequent solidification,_filtration, and drying processes, which corresponds to the irregular
particles and agglomeration observed in Figure 12(e-f). Experimental results show that when the
DETA concentration is maintained at 4 wt% and OD/IPDI mass ratio is no higher than 7:1, the
overall sphericity and dispersion of the microcapsules obtained are better, the shell surface is
relatively continuous, and no obvious core material leakage is observed; when the OD/IPDI mass
ratio further increases, the amount of IPDI corresponding to the unit mass of OD decreases,
resulting in a relative shortage of shell material precursors, a decrease in the shell integrity of the
microcapsules, and an increased risk of core material leakage, adhesion, and agglomeration. The
SEM morphology is basically consistent with the changes in the macroscopic state of the sample,
which together indicate that appropriately increasing the IPDI ratio is beneficial to the formation

of the polyurea shell and the improvement of the structural stability of the
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Figure 12. Morphology of n-octadecane@polyurea phase-change microcapsules: (a-c) SEM morphology of the
microcapsules under different relative amounts of IPDI; (d-f). Macroscopic morphology of the microcapsules with
core material leakage, particle adhesion and agglomeration under inappropriate conditions of IPDI/DETA mass ratio;
(g-1) Macroscopic morphology of 100, 300 and,500,pum n-octadecane@polyurea phase-change microcapsules with
intact shells and no obvious leakage.

After the aqueous phase DETA diffuses to the oil-water interface, its amino group undergoes
an addition reaction with the isocyanate group of the oil phase IPDI to form a urea linkage; since
the generated polyurea has low solubility in the two phases, the reaction product is preferentially
enriched at the_ interface and gradually forms a coating layer [12]. As the reaction continues, the
interface product-evolves-from local deposition to a continuous polyurea shell, thereby fixing the

initial liquid oil droplet-into a stable core-shell structure, as shown in Figure 13.
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Figure 13. Schematic diagram of the polyurea shell formation mechanism of IPDI/DETA at the oil-water interface.

In order to explore the chemical composition, interface reaction behavior and core material
crystallization characteristics of n-octadecane@polyurea phase-change microcapsules at different
OD/IPDI feed mass ratios. The samples were characterized by Fourier transform infrared

spectroscopy (FTIR) and X-ray diffraction (XRD), and the results are shown in Figure 14.
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Figure 14..Chemical structure and crystal structure characterization of polyurea-octadecane microcapsules with
different OD/IPDI'ratios: (a) Fourier transform infrared spectra of 100 um microcapsules under different core-shell
mass ratios; (b) XRD patterns of 100 um microcapsules under different core-shell mass ratios.

Figure 14(a) is a diagram of the infrared spectroscopy (FTIR) of microcapsules with different
OD/IPDI core-shell ratios. It can be seen from the figure that at 2950-2850 cm™* (asymmetric and
symmetrical telescopic vibration of-CH2/-CHs), 1460 cm™ (bending vibration of-CHs) and 720
cm (in-plane swing vibration of long-chain alkanes), there are obvious characteristic peaks of
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OD [13]; as the proportion of IPDI in the system increases, 1650 cm™ (urea-based The
characteristic peaks of polyurea at C=0 stretching vibration) and 1550 cm™ (N-H bending
vibration) gradually increased [14], proving that the polyurethane structure was successfully
prepared and generated. At the same time, the relative strength of the OD characteristic peaks
weakened, which was consistent with the trend of decreasing the mass fraction of the core material
and increasing the relative content of the polyurethane shell. Figure 14 (b) shows the XRD map
of microcapsules with different OD/IPDI ratios. Pure OD exhibits obvious characteristic
diffraction peaks in the range of 2¢ of 10°-30< The position of the OD characteristic diffraction
peaks of the microcapsule samples with different ratios has not been significantly offset, indicating
that the polyurethane coating has not changed the basic crystal shape of.the OD, and the core

material can still maintain its crystallization and phase transition capabilities.
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Figure 15. Characterization of.chemical structure and crystal structure of n-octadecane@polyurea microcapsules of
different particle sizes: () Fourier infrared spectra of 100, 300, and 500 pm-level microcapsules; (b) XRD spectra of
100, 300, and 500.pm-level microcapsules.

Figure 15(a) shows.the FTIR spectra of microcapsules with particle sizes of 100, 300, and
500 pm: All samples simultaneously present the characteristic peaks of alkane in OD and the
characteristic absorption peaks of polyurea, and the main peak positions are basically the same,
indicating that changing the particle size of the microcapsules does not cause significant changes
in its main chemical composition and functional group structure, and IPDI/DETA interfacial
polymerization can occur under various particle size conditions. Figure 15(b) shows the XRD
patterns of microcapsules with different particle sizes. Samples with different particle sizes all

show characteristic diffraction peaks that completely match pure OD, indicating that the OD in
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microcapsules with different particle sizes maintains the original crystal structure. The OD
characteristic diffraction peak of the larger particle size sample is relatively strong, indicating that
the degree of crystallization order may be improved. This may be because as the particle size of
the microcapsules increases, the shell confinement of the octadecane core per unit volume is
relatively weakened, which is conducive to the orderly arrangement and crystallization of OD
molecules.

Larger microcapsules experience weaker shell confinement, and the crystallinity is-slightly
increased, which provides guarantee for the thermal energy-storage performance of the
microcapsules. From the structure-activity relationship, an increase in the relative IPDI feed
content was reflected in the increased intensity of the characteristic polyurea absorption bands,
consistent with a higher relative shell content, while the OD crystalline peak position remains
basically unchanged, indicating that changes in the core-shell.composition mainly change the
interface and confinement environment, rather than inducing a new crystalline transformation of
octadecane; this provides a structural basis for subsequent explanations of phase transition
temperature, supercooling and enthalpy changes from the perspective of shell confinement.

The morphology and structure of the successfully prepared phase-change microcapsules of
different scales were characterized. The optical microscopic images in Figure 16 (a-c) show that
microcapsules of different particlesizes are all regular spherical shapes with uniform particle sizes,
without obvious agglomeration, adhesion or breakage. This proves that the preparation process of
microchannel emulsification combined with interfacial polymerization can achieve precise control
of microcapsule size. The scanning electron microscope images in Figure 16 (d-f) further confirm
that the surfaces of microcapsules with different particle sizes all present a dense surface
morphology without obwious cracks, pinholes or shell defects, indicating that the interfacial
polymerization reaction is sufficient and a complete and continuous polyurea shell is formed,
which ean effectively maintain the microcapsule structure. Therefore, the complete and
continuous polyurea shell is not only the morphological evidence of the core-shell structure
formed by interfacial polymerization, but also the structural prerequisite for subsequent stable
shell confinement, limiting the migration of the liquid core material, and maintaining reversible

phase-change.
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Figure 16. Microcapsule images of different scales: (a-c) Optical microscope images;. (d<f) SEM images of
microcapsules of different scales.
3.4 Microcapsule phase transition behavior and shell confinement

In order to explore the thermal energy-storage performance of phase-change microcapsules,
the samples were characterized by differential scanning calorimetry (DSC) (Figure 17). The DSC
heating curve (Fig. 17a) and cooling curve (Fig. 17b)-show that the microcapsule samples prepared
at all tested OD/IPDI feed mass ratios show obvious.endothermic peaks during the heating process
and symmetrical exothermic peaks during the-cooling process, indicating that the coating of the
polyurea shell does not inhibit its crystallization-melting behavior and has a phase-change
thermal-storage capability. The overall melting temperature T, of the microcapsules is distributed
in the range of 32.3-34.1°C (as shown in Figure 17c), which is slightly higher than the melting
point of pure octadecane (28.2°C). The crystallization temperature T, showed a monotonous
upward trend as the OD/IPDI feed mass ratio increased, from 17.8<C in 3:1 to 20.8<C in 7:1, and
the corresponding supercooling dropped from 16.0 <C to 11.5 °C, indicating that the higher the
proportion of'core material, the smaller the supercooling. This is because at high core material
content; shell confinement of the octadecane core is weakened, and the steric hindrance of
crystallization nucleation is reduced [15]. The nucleation process is more likely to occur, which
is‘more conducive to practical heat storage applications. Figure 17d shows that as the OD/IPDI
feed mass ratio increases, the melting enthalpy AH,, of the microcapsules significantly increases
from 151.1 J/g to 202.2 J/g, and the solidification enthalpy AH¢ increases from 151.1 J/g to 203
J/g, proving that the phase-change process is reversible and there is no obvious heat loss or

irreversible structural change. The enthalpy value increases with the increase of core material
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proportion, which is consistent with the theoretical proportional relationship between phase-
change enthalpy and core material mass fraction, indicating that the heat storage density of

microcapsules can be effectively controlled by adjusting the OD/IPDI ratio.

(a) OD!IPDI-7\/ (b) ODI/IPDI-7 f\
= =)
-
R £ | obipois J\
Y 3
o N
K} =
b R -
= ©
o o
Q
£ T
0 0 10 20 30 40 50 60 0 10 20 30 4 50 50
Tempreture / °C Tempreture / °C
60
(C) Tm (d) AH,, . BH,
3:1 151.1 151.1
401 338 34 34.1 32.3
8}
5 w
g 204 O 41| 1984 198
5 3
©
5 9
g 0 ® 6:1|.1958 -196.8
[
'—
-20
17.8 18.3 18.9 20.8 7:1| 2022 203
—a0 T : : : — —
3:1 411 6:1 7:1 300 200 100 O -100 -200 -300
Sample Enthalpy / (J-g™)

Figure 17 Thermal properties of 100pm microcapsules with different core-shell ratios: (a) DSC heating and melting
curve; (b) Differential scanning calorimetry cooling and crystallization curve; (c) Melting temperature and
crystallization temperature; (d) Melting enthalpy and crystallization enthalpy.

Figure 18 further reveals the reversible phase-change process of octadecane under shell
confinement conditions. When the temperature rises, the ordered structure of octadecane crystals
gradually destroys and-absorbs latent heat during the melting process; the melted octadecane is
still encapsulated in the polyurea microcavity. When cooling, the octadecane molecules rearrange
themselves and undergo nucleation and crystal growth processes while releasing latent heat.
Combining the'DSC results at different OD/IPDI feed mass ratios, it can be seen that when the
relative content of the polyurea shell increases, shell confinement is enhanced and the
crystallization rearrangement is more obviously constrained; when the OD/IPDI feed mass ratio
is increased, shell confinement is relatively weakened, the crystallization temperature increases,
and the supercooling decreases. This forms a structure-activity mapping of core-shell composition,
degree of shell confinement, crystallization behavior and heat storage response.
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Figure 18 Schematic illustration of heat absorption and release by the octadecane core ‘under polyurea-shell
confinement.

In order to evaluate the thermal cycling stability and~durability of the heat-storage
performanceof n-octadecane@polyurea phase-change microcapsules, 100 thermal cycles were
conducted on microcapsules with particle sizes of 100, 300 and 500 um respectively. As can be
seen from Figure 19, the melting endothermic.peak-and crystallization exothermic peak of
microcapsules of three particle sizes are still clear and complete after cycling, and the peak
positions do not shift significantly. The melting'temperature and crystallization temperature only
show small changes, indicating that'the phase-change process of microcapsules has good
reversibility. At the same time, the phase-change enthalpy value did not decrease significantly,
indicating that its latent heat storage capacity remained basically stable during the cycle. The
above results show that the polyurea shell can withstand the volume changes caused by repeated
solid-liquid phase transitions of octadecane, and its coating effect and shell confinement effect are
not significantly weakened. The DSC curve remains stable before and after cycling, further
indicating that there’is a corresponding relationship between the stability of the microcapsule core-

shell structure and the stability of the thermal energy-storage performance.
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Figure 19. change curves of phase-change microcapsules after different numbers of.thermal cycles: (a)100um;
(b)300um; (€)500um.

4. Conclusion and Outlook

4.1 Conclusion

In response to the growing need for phase-change microcapsules with well-controlled
dimensions for more efficient thermal management in electronic devices, this study developed n-
octadecane@polyurea phase-change microcapsules using a microfluidic interfacial
polymerization approach. The work “systematically examined three connected stages of
microcapsule formation and thermal storage: the stable formation of spherical droplet precursors,
the formation of the polyurea shell at the oil-water interface, and the regulation of the phase-
change behavior of the core material by shell confinement. The interfacial interaction mechanism
underlying the formation.and thermal energy storage processes of phase-change microcapsules
was thereby revealed. The conclusions are summarized as follows:

(1) In confined microchannels, the capillary number is a key dimensionless parameter
governing the formation of spherical droplet precursors. When the dispersed phase capillary
number Cagq Is within the range of 0.0072 to 0.0216, stable droplets with uniform size and good
sphericity could be obtained. Under the optimized conditions, the resulting droplets had an
average diameter of 196.6 um and a CV of only 1.88%, demonstrating a high degree of
monodispersity.

(2) The formation of the polyurea shell proceeds through interfacial polymerization at the
oil-water boundary. DETA in the aqueous phase migrates toward the oil-water interface and

reacts with IPDI in the oil phase through step-growth addition polymerization. The resulting
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polyurea gradually accumulates and deposits at the interface, eventually forming a continuous and
relatively dense polymer shell around the octadecane core.

(3) Changes in the OD/IPDI feed mass ratio alter the shell confinement of the octadecane
core, thereby affecting its crystallization behavior and phase-change enthalpy. As the OD/IPDI
mass ratio increases from 3:1 to 7:1, the crystallization temperature of the octadecane core rises,
the degree of supercooling decreases significantly, and the phase-change enthalpy increases from
151.1 J/g to 202.2 J/g. After 100 heating—cooling cycles, the DSC peak profiles and phase-change
enthalpy showed no significant decrease, indicating good thermal cycling stability of the
microcapsules.

Overall, this study established a controllable microfluidic interfacial polymerization method
for preparing phase-change microcapsules, achieving a key transformation of interfacial
polymerization reactions from the conventional disordered and.random state to a dispersed and
controllable state. Compared with conventional preparation.methods in which droplet formation
and interfacial reactions are difficult to control independently, the microfluidic approach provides
a more defined reaction environment and allows the formation process to be studied and adjusted
at the interface. The results demonstrate that controlling the droplet template and the interfacial
polymerization conditions can influence the resulting shell structure and, in turn, the thermal
behavior of the encapsulated phase-change material. These findings provide an experimental basis
for further chemical design“of phase-change microcapsules with tunable thermal storage
properties.

4.2 Outlook

(1) The microfluidic preparation of phase-change microcapsules offers precise control over
droplet size and stable performance. In the future, Al-assisted image recognition could be further
incorporated into.the fabrication process to provide real-time feedback on droplet formation and
help optimize operating parameters. In parallel, multichannel microfluidic systems could be
explored to increase production throughput while maintaining control over particle size and
uniformity.

(2) Owing to the unique advantages of microfluidic-prepared phase-change microcapsules,
particularly their uniform and controllable sizes, these microcapsules have broad application
prospects in diverse fields, such as thermal management of Al chips and 5G/6G equipment,

thermal safety of power batteries in new energy vehicles, temperature regulation in photovoltaic
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and energy storage systems, low-energy buildings, and smart textiles. With further development
of environmentally friendly shell materials, these microcapsules may also contribute to reducing
the energy required for temperature control by storing and releasing thermal energy more
efficiently. Such applications could support the broader development of low-carbon thermal-

management technologies and contribute to efforts toward carbon peaking and carbon neutrality.
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