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TOM TAT

Pin nhién liéu hydro mang dién phdn (PEFCs) la m¢t trong nhitng cong nghé tiém néng cho
phwong tlen giao thong do mat do cong sudt cao va khéng phat thai khi nha kinh. Tuy nhién, hiéu
sudt va dé on dinh lam viéc cia hé thong phu thuéc manh vao kha nang quan ly nuwoc trong dién cuc
cathode. Nudrc long tlch tu trong 16p khuéch tan khi (GDL) ¢6 thé che lap dwong khuéch tan 0, lam
tang tré khdang truyén khoi va gy ngdp dién cue. Nghién ciu ndy sir dung mé hinh mang lo rong
(Pore Network Model — PNM) hai pha dé khdo sdt sw xam lan ciia nieée trong GDL ¢6 phén bé tinh
tham wot khéng dong nhdt. Ba cdu hinh dwoc xem xét gom GDL dong nhat wa nuwdéc, GDL hybrid
chia déi wa mede/ki nweée va GDL dong nhdt ki nude. Két qua cho thdy cdau triic hybrid c6 thé dinh
huéng nuede tdp trung vé vimg wa nwée, trong khi viing ki mede van duy tri dwoc cdc dwong dan khi,
Trong diéu kién khdo sat, dai dg xép trung binh e = 0.5 dén 0.6 cho thdy sw c¢dn bang tot giita thodt
nuede va cap khi. Két qud nay cho thdy thiét ké phdn bé tinh tham wét theo khéng gian la mét huéng
tiém néng dé nang cao khd nang chong ngdp ciia GDL trong PEFC.

T khéa: PEFC; Lop khuéch tan khi; Ngdp dién cwe; Mé hinh mang 16 rong; Hai pha.

ABSTRACT

Polymer electrolyte fuel cells (PEFCs) are promising clean-energy devices, but their
performance is highly sensitive to water management in the cathode electrode. Excess liquid water
in the gas diffusion layer (GDL) blocks O, transport pathways, increases mass-transfer resistance,
and leads to flooding. In this study, a two-phase pore network model (PNM) is used to examine
liquid-water invasion in a GDL with non-uniform in-plane wettability. Three configurations
are considered: a uniformly hydrophilic GDL, a hybrid GDL with hydrophilic and hydrophobic
halves, and a uniformly hydrophobic GDL. The results show that the hybrid structure guides water
preferentially toward the hydrophilic region while preserving gas pathways in the hydrophobic
region. Under the investigated conditions, a moderate porosity range of ¢ = 0.5-0.6 provides the
best balance between water drainage and gas access. These findings suggest that spatially tailored
wettability is a promising strategy for improving flooding tolerance in PEFC gas diffusion layers.

Keywords: Polymer electrolyte fuel cell; Gas diffusion layer; Flooding; Pore network
model; Two-phase transport; Water management.
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1. PAT VAN PE

Trong bdi canh bién ddi khi hau ngay
cang nghiém trong va ngudn cung ning luong
hoa thach chiu nhiéu bién dong do tinh hinh
chinh tri qudc té, nhu cau phét trién cac cong
nghé ning lugng sach dang trd nén cap thiét.
Trong s6 d6, pin nhién liéu mang dién phan
polymer (polymer electrolyte fuel cell - PEFC)
dugc xem 1a mot giai phap tiém ning cho cac
mg dung giao thong nhd kha ning chuyén ddi
truc tiép nang lugng héa hoc thanh dién nang
ma khong phat thai khi nha kinh [1]. Hién nay,
mot s6 mau xe chay pin nhién liéu hydro nhu
Toyota Mirai va Hyundai Nexo da duoc thuong
mai hoa, cho thiy tiém ning tmg dung thuc té
cta cong nghé nay.

Vé nguyén ly hoat dong, khi hydro
dugc cap vao phia anode, trong khi oxy hoic
khéong khi dugc cip vao phia cathode; proton
duoc dan qua mang dién phan, con electron di
chuyén qua mach ngoai dé tao thanh dong dién.
Céu tao co ban va co ché 1am viéc cia PEFC
duoc minh hoa ¢ Hinh 1. Trong céu trac PEFC,
16p khuéch tan khi (gas diffusion layer — GDL)
la mot thanh ph?ln c6 vai tro dac bi¢t quan
trong, vi khong chi phan phdi khi phan tng toi
16p xtc tac ma con tham gia dan dién, dan nhiét
va tao duong thoat cho nudc sinh ra trong phan
ng dién hoa [2, 3]. Néu mang dién phan va 16p
xuc tac thiéu am, dién tro proton ting 1én, lam
suy giam hiéu suat cta pin. Nguoc lai, khi nudc
long tich tu quéa muc trong GDL hodc tai giao
dién gitra GDL va kénh khi, c4c 16 rong dan khi
c6 thé bi bit kin, lam can trd qua trinh khuéch
tan oxy t6i cathode, gia ting phan cuc truyén
khéi va gay ra hién tuong ngap dién cuc [1-3].
Dbi v6i cac phuong tién van tai, van dé nay
cang tré nén dang chi y do hé théng thuong
xuyén van hanh ¢ ché do tai cao, chéng han
khi tang tdc hodc leo dbc, khién lugng nudc
sinh ra tai cathode tdng nhanh va lam gia tang
nguy co ngap dién cuc. Vi vay, viéc hiéu rd co

ché xam lan, phan b va thoat nudce trong GDL
c6 y nghia nén tang d6i véi viée tbi wu vat lidu
va thiét ké cdu truc dién cuc cho cac thé hé pin
nhién liéu moi.

Mot huong thiét ké dang nhan duoc
nhiéu quan tdm 14 tao phan bd tinh wa nudc/ki
nuée ¢6 chu dich trong GDL nham dinh hudng
duong di ctia nudc long, thay vi chi tang hoac
giam dong déu do ki nudc trén toan 16p vét
lidu. Cac nghién ctru gan day cho thay phan bd
tinh thdm wdt theo ving c6 thé tao ra sy phan
tach chuc nang gitra vung thoat nudc va vung
cap khi, tir d6 cai thién kha ning quan 1y nudc
ctia pin [4-7]. Tuy nhién, anh hudng phdi hop
gitra cAu hinh hinh hoc, mat do dong dién va do
xbp d6i v6i co ché ngap trong hybrid-GDL van
can dugc 1am rd hon, dic biét & goc nhin cap do
16 rong.

Theo dbi truc tiép sy phan bb nudc trong
GDL bang thyc nghiém 1a rat kho khan do bé
day 16p vat li¢u chi & mirc vai trdm micromet,
céu trac soi carbon phirc tap va qua trinh hai
pha dién ra dong thoi ¢ nhiéu thang kich thude.
Do d6, md phong s6 & cap d6 16 rdng di tro
thanh cong cu quan trong dé nghién ctru hién
tuong nay. Trong sb cac phuong phap hién nay,
m6 hinh mang 16 rong (PNM) 1a cach tiép can
hiéu qua vi vira bao toan dugc ban chat mao
dan ctia moi truong xdp, vira co chi phi tinh
toan thap hon so voi cac mé hinh hinh hoc day
dt hodac mo phong ludi Boltzmann kich thude
16n [8-12].

CL- Lévp mbe tac
PEM: Mang rac 30| prosan
GOLL: Léop khudich tan kh

Arade Cathode

Hinh 1. Cdu tao va nguyén Iy hoat déng ciia pin
nhién liéu hydro (PEFC).
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Trong nghién ctu nay, chung téi xay
dung mo hinh mang 15 rdng 2D nham khao sat
hién tuong ngap nude trong 16p khuéch tan khi
cua pin nhién li€u mang dién phan polymer,
hudng to1 diéu kién lam viéc & tai cao thuong
xuét hién trén xe dién chay pin nhién li¢u hydro.
Ba cau hinh co s dugc so sanh gém GDL dong
nhat ua nudc, GDL hybrid chia d6i wa nude/ki
nude va GDL dong nhét ki nude. Tiép theo, anh
hudng ctia mat d§ dong dién va do Xép dén do
bdo hoa nudc va sy phan bd nude trong timg
vung cua GDL dugc danh gia mot cach c6 hé
théng. Thong qua d6, nghién ctru hudng toi
viéc 1am rd vai tro ctia phan bd tinh thAm wot
theo khong gian trong viéc diéu tiét duong di
ctia nude, dong thoi dé xuat dai thong sé phu
hop dé nang cao kha ning chong ngap dién cuc
ma van duy tri hiéu qua cp oxy cho cathode.

2. MO HINH MANG LO RONG VA
PHUONG TRINH CHU PAO

Trong PNM, khong gian rong ctia GDL
dugc thay thé bang mot tap hop céc 16 rong ndi
v6i nhau boi cac ¢c6 hong nhu thé hién trong
Hinh 2. Mdi 16 r6ng va c6 hong duogc dic trung
boi kich thude hinh hoc, thé tich va tinh chat
bé mit. Nho cach roi rac hoa nay, PNM cho
phép mé ta chuyén dong cua nudc 1ong trong
moi trudng xOp véi sé bac tu do nho, nhung
van phan anh dugc vai trd cua ap suit mao dan,
tinh thAm w6t va mang lién thong cua 13 rdng
[8-12].

QQ L& ring L3 réng
L o
u'-‘u"u".f.'ﬂq rin ¢4 hong

Hinh 2. Minh hoa chuyén déi tir hinh hoc thuc
sang mang 16 rong.

D6i v6i dong hai pha khi-long trong
GDL, qua trinh xdm l4n ctia nudc duoc chi phbi
trude hét boi didu kién can bang mao dan tai
mit phan cach khi-long. Ap suit mao dan duoc
xac dinh theo phuong trinh Young-Laplace:

P- 20 cosO 1)

r

Trong do, P la ap suat mao dan; o 1a
sttc cang bé mit; 0 la goc tiép xtic; va r 1a ban
kinh mao dan cua c6 hong.

Luu lugng nude qua cd hong ndi gitra
hai 10 rong i va j dugc dien ta dudi dang Hagen-
Poiseuille hi¢u dung:

. = (=P =Bpy) .
wiij 8lueiff /

q y

Voiir, val la lan luot 14 ban kinh va chiéu
dai c6 hong néi 15 rong i t&i 16 rong j; Ap,; la
dd chénh 4p mao din tai mat thoang long kh1
,ueﬁ 1a 6 nhét hiéu dung vi trong 16 réng va cd
hong t6n tai dong thoi ca khi va 1ong, dai luong
nay phu thudc vao phan chiéu dai (x) ma pha
long chiém chd dugc xac dinh nhu sau:

= xp + (1-x) 5 3)

Tai mdi nat 16 rdng, téng luu luong di
vao va di ra phai théa man dic¢u kién bao toan
khoi luong:

2.4, =0 4)

3. HINH HOC VA PIEU KIEN BIEN
3.1. Xay dung hinh hoc ciia GDL
Mién tinh toan dugc xdy dung dudi

dang mit cat 2D cua GDL véi kich thude dic
trung xap xi 500 x 200 um, phu hop voi co
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hinh hoc dién hinh cta carbon paper. Pha rin
dugc biéu dién bang cac dia khong chong lan
c6 ban kinh ngau nhién trong khoang 5-14 pm
nhim mo ta phan bd kich thude ctia mang soi
carbon. P9 xdp ctia mién dugc diéu chinh bang
cach thay d6i sé lwong phan tir rén, nho d6 cd
thé khao sat anh hudng cua cdu trac hinh hoc
t6i sy xam lan cta nudc.

Diém méi cia nghién ctru 1a GDL khong
duoc gia thiét ¢ tinh thim w6t dong nhat. Thay
vao d6, mién duoc chia thanh hai: ving trai ua
nude va vung phai ki nude (hybrid-GDL). Vi
cach xur Iy bé mit ndy, ving wa nudc dong vai
tro “duong thoat nude uu tién”, trong khi vung
ki nude cé xu hudng duy tri thong thoang cho
qua trinh cdp oxy. Trong pham vi bai bdo, cip
goc tiép xtic dai dién dugc dung dé so sanh 13 0
= 60° cho vung ua nudc va 6 = 120° cho vung
ki nude.
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Hinh 3. Mién tinh todan 2D va diéu kién bién cia
hybrid-GDL

3.2. Piéu kién bién va dai lwong danh gia

Trong md hinh hién tai, 16p xuc tac
(CL) khong dugc mo phdéng twdong minh; thay
vao do, nudc duoc gia thiét sinh ra tir bién dudi
tai giao dién CL/GDL. Luu lugng nudc duoc
tao ra & CL duogc lién h¢ voi mat do dong dién,
do d6 mat d6 dong dién (i) dugc st dung nhu
mot tham sé dai dién cho muc do tai cua pin
nhu sau:

iA M
Q__ w

- ®)
2F p,

Trong do: A 1a dién tich dién cuc, F 1a
hing s6 Faraday (96485 C-mol™), M la khoi
lugng mol cta nude (18.01 g'mol™) va p_ la
khéi lugng riéng ctia nudc (998 kg/m?).

Dé danh gia ti 1é nuéc xam nhdp vao
GDL, chiing t61 danh gia thong qua do bao hoa
nudce tong cong S cuia toan mién GDL va d6 bio
hoa riéng tai ving rra nuée va ving ki nude. Vé
mat vat Iy, do bao hoa dugc dinh nghia la ty )
giita thé tich nude long va téng thé tich 18 rdng:

§=— (6)

Gia tri S cang 16n thi muc d§ ngap cang
nghiém trong. Tuy nhién, d6i v6i GDL hybrid,
khong chi d6 16n ctia S ma ca phan bd khong
gian ctia nudc cling quan trong, vi muc tiéu cua
thiét ké 1a don nudc vao vung ua nude va bao
toan duong dan khi ¢ vung ki nuéde.

4. KET QUA VA THAO LUAN
4.1. Pic diém phan bd nuéce trong GDL

Hinh 4 so sanh ba trudong hop co so:
GDL dong nhét wa nuéc, GDL hybrid va GDL
d6ng nhat ki nude. Két qua cho thay cau hinh
bé mit chi phéi rat manh hinh thai xam 1an cua
nuée. Vi GDL dong nhét ua nude (0 = 60°),
nuéc dé dang xam nhap vao hau hét cac cum
16 rdng, 1am do bdo hoa ting t6i S = 0.95. Piéu
nay phan anh 4p suit vao mao dan nho, nudc
nhanh chéng lan rong trong toan mién va giy
mat gan nhu hoan toan cac duong dan khi. O
chiéu nguoc lai, GDL dong nhét ki nudc (0
= 120°) c6 do bao hoa chi S = 0.11. Nudc bi

can manh ¢ giai doan dau xam lan va chu yéu %~
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bam gan bién CL. Cau hinh nay gitip GDL nhin
chung thong thoang, nhung dong nghia voi
viéc nude kho dugce rat khoi CL va s€ lam ngép
chinh viing nay. Néi cach khac, d6 bio hoa thap
ctia toan GDL khong dong nghia véi quan 1y
nude tot néu nudce bi “ket” & trong 16p xuc tac.

CAu hinh hybrid cho gia tri S = 0.54,
nam gitta hai truong hop dong nhét. Piém quan
trong khong nam ¢ viéc giam tbi da do bio hoa
tong, ma o kha ning tai phan bb nudc. Nudc
tap trung cha yéu ¢ nira tréi wa nudc, trong khi
nira phai ki nuéc van duy tri ty 18 14p day thap
hon 16 rét. Co ché nay tao ra su phan tach chuc
ning: viing ua nude dong vai tro kénh dan thoat
nude, con vung ki nudc duy tri duong khuéch
tan oxy. Py chinh 1a wu thé cbt 15i ctia hybrid-
GDL so véi hai cau hinh ddng nhét.

D¢ blo hda S =0.11

Hinh 4. So sanh phdn bé miéc trong ba cau hinh
GDL: (a) dong nhat wa nuoc, (b) hybrid-GDL va
(c) dong nhdt ki nude.

4.2. Anh huéng cia mat dd dong dién

Trong phan nay, ching t6i s& danh gia
kha nang hoat dong ciia GDL hybrid ¢ cac mat
d6 dong dién tir 0.2 dén 1.5 A/cm?. Qua két qua
tir Hinh 5 ta thdy rang, d6 bdo hoa tong trong
hybrid-GDL ting 1an luot khi mat 46 dong dién
tang cao. Xu hudng nay phi hop véi co ché vat
1y ctia PEFC: khi tai ting, toc do tao nudc &
cathode tang, lam luu lugng nudce di vao GDL
16n hon va xac suit hinh thanh céc cum nudc
lién thong tang lén.

O ving tai thap (0.2-0.5 A/cm?), nuéc
chu yeu hién dién gan bién dudi, noi ti€p giap
voi1 CL va tap trung vé phia ua nudc. Do bao

hoa bén phai ki nudc gan nhu khong thay doi,
duy tri x4p xi 0.10. Diéu d6 cho thiy rao can
mao din cua ving ki nudc van da 16n dé ngin
nuoc vuot qua bién phan chia, nho vady cac
duong dan khi & bén phai van dugc bao toan.
Khi mat d¢ dong dién tang 1€n 1.0 A/cm?, ving
trai wa nude bi lip day nhanh va do bao hoa bén
trai ting manh, dat xap xi 0.53. Trong khi do,
ving phai van gan nhu khong ddi. Két qua nay
dac biét quan trong vi n6 cho thy hybrid-GDL
van giit dugc co ché phan tach khi-nudc trong
phan 16n dai tai khao sat; nghia 1a nuéc duoc
huéng vu tién vé ving wa nudc thay vi lan tran
ddng déu trong toan bo 16p GDL.

Taii=1.5 A/cm?, d¢ bao hoa vung phai
tang nhe 1én 0.11, va trén két qua mo phong
da xuét hién hién tuong nudc xam lan sang
phan ki nuéc. Pay co thé xem 1a ngudng ma
kha ning “chira” ctia viing ua nudc bit dau bio
hoa va nudce budce phai tim cac duong xam nhap
moi sang ving 1an can. V& y nghia thiét ké, két
qua nay ham y hybrid-GDL khong loai bé hoan
toan ngap dién cuc & tai cyc cao, nhung c6 kha
nang tri hon dang ké thoi diém nudc tran sang
vung cép khi. Vi vay, néu muc tiéu la van hanh
dai & mat do dong rat 16n, can dong thoi ti wu
goc tiép xuc, ty 1é dién tich hai viing va cu trac
hinh hoc ctia mang 16 rong.

== Viing ua nude —8—WVing ki nudc

& Téng
1

-

o e

o 0s 1 15
M3t a9 dbng dign (Alcm?)

Hinh 5. Phdn b6 nuée va do bio hoa trong hybrid-
GDL dudi cac tai khdac nhau

4.3. Anh hwéng cia dd xop ciia GDL

Kich thudc 16 rong ciia GDL bi chi
phoi tryc ti€p boi dd xop (€) cua GDL. BJ x6p
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cang cao thi d rong cang 16m, cho phép oxy di
chuyén dé dang hon. Trong phan niy, chung toi
s& khao sat anh huong cta do xop t6i kha ning
diéu huéng nudc ciia GDL. Hinh 6 so sanh
phan bd nudc trong GDL & ba mic do xdp e
=0.5, 0.6 va 0.7 v6i cung mat d¢ dong i = 1.0
A/cm?. Khi d6 x0p tang tir &€ = 0.5 1én 0.6, do
bdo hoa nudc tong cong giam tir khoang 0.32
xubng con xap xi 0.26, trong khi d6 bdo hoa ¢
ving wa nudc giam tir khoang 0.60 xudng 0.45.
Xu hudng nay cho thy khi cdu tric GDL tré
nén xdp hon, thé tich 16 réng kha dung ting
1én, Iam cho cung mot luong nudce sinh ra dugc
phan bd trén mot khong gian réng 16n hon, do
d6 d6 bao hoa trung binh ctia mién giam xudng.
Dong thoi, & do xbp thap, cac 16 rdng nho va
lién két chat lam cho luc mao dan chiém wu thé,
khién nudc dé bi giit lai va tich tu manh trong
ving wa nude. Diéu nay thé hién rd qua cac anh
md phong khi pha nude chiém gan kin nira trai
ctia mién. Nguoc lai, khi d6 xdp ting, mang 15
rong tré nén thong thoang hon, tao diéu kién
cho nudc phan bd phan tan hon va giam mirc
dd ngap cuc bo.

Khi d6 xp tiép tuc tang 1én & = 0.7, do
bdo hoa tong chi con giam nhe va gan nhu dat
trang thai it bién thién, trong khi do bdo hoa
ving ua nudc tiép tuc giam xudng khoang 0.40.
Trai lai, d§ bao hoa ¢ vung ki nudce lai tang tir
khoang 0.05 1én gan 0.11. Piéu nay cho thiy
khi mang 15 rdng qua mé, hiéu qua “gom nudc”
clia ving wa nudc bat dau suy giam, vi nudc
khong con bi dan wu tién qua manh vao ntra trai
ma c6 xu hudng lan sang ca vung ki nudce thong
qua cac duong lién thong ngang. No6i cach khéc,
tang do xOp giup giam muirc d6 ngap tong the,
nhung néu do xdp qua 16n thi kha niang tach
chtrc nang gitra hai vung ua nudc va ki nudce lai
kém di. Day 1a mot két qua quan trong, vi muc
tiéu cua GDL dang hybrid khong chi 1a giam
do bio hoa tong, ma con phai duy tri dugc sy
phan bd bat dbi xtng cua nudc: ving ua nudc

dong vai tro thoat nudc, con ving ki nude can
gilr dugc do thong thoang cho qua trinh khuéch
tan oxy.

Tir cac két qua trén co thé thiy rang do
xép ctia GDL can duoc lya chon theo hudng
t6i wu thay vi chi ting cang 16n cang tot. O d6
xbp thap, nudc bi giir lai qua nhiéu va gy ngip
manh trong ving wa nudc; & dd x6p qué cao,
nuoc lai c6 xu hudng lan sang vung ki nudc
va lam suy gidm chtrc nang phan tach pha cta
céu triic hybrid. Vi vay, mot dai do xdp trung
binh 13 phut hop hon, do vira han ché dugc mirc
d6 ngap tong thé, vira duy tri duoc vai trd dinh
hudng nudc cua vung ua nude va bao toan cac
duong dan khi & vung ki nude.

=d—=Ving va nudc

#-Téng
08

@—\Ving ki nudc

D4 bdio hda, S
o o
E o

ot
X

0.45 0.55 0.65 0.75
D6 xbp, £

Hinh 6. Anh huéng ciia @ xép dén do bao hoa
nwoc trong hybrid-GDL.

5. KET LUAN

Bai bao da sir dung md hinh mang 16
rong 2D dé khao sat hién twong ngip nudc
trong 16p khuéch tan khi cta pin nhién ligu
hydro véi ciu trac hybrid. Két qua cho thay cu
tric nay giup dinh huéng nude vu tién vé ving
wa nudc, trong khi ving ki nuéc van duy tri cac
duong dan khi, tir d6 cai thién kha ning quan
Iy nude so voi cAu truc déng nhét. Khi mat do
dong dién tang, d6 bao hoa nudc tang ro rét va

o dicu kién tai cao nudc bat dau xam lan sang &~
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vung ki nudc, cho thiy giéi han cua ciu triic
hybrid. Ngoai ra, do xop c6 anh hudng dang
ké dén qua trinh van chuyén hai pha, trong dé
dai ¢6 x6p trung binh cho thay hiéu qua can
bang t6t hon gitta thoat nudc va cip khi. Két
qua nghién ctru cho thiy thiét ké GDL bat ddi
xtng 12 mot huéng tiém ning dé ning cao hiéu
qua lam viéc cia pin nhién liu. <+
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