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MexaHn3mbl NMPOTOHHOW NPOBOANMOCTMU

e OcobeHHOCTK TpacnopTa NPOTOHOB B pOoCdOpHOM
KMcnote (U ApYyrux MOHHbIX XXUOKOCTAX)

CesizaHHasi hocghopHas Kucrioma auccoummpoBaBLLlas Ha UOHBI

He3sesizaHHas gpochopHasi Kucrioma, Kotopasi odrnagaeT BbICOKOW
cTeneHblo camoamnccoumaumm paBHon ~ 7.4%. OCHOBHbIE NPOAYKTHI
anccouunaumm H,PO,, H,PO,*, H,O*, and H,P,0-%. NpoBOoANMOCTb
77 mCm/ecm npun T_ = 42°C.

Hannune 15 % 800bI B dochopHOMN KNCNOTE NOBbLILLAET CTEMNEHb
avuccouunaumm Ha NoHbI, BCreacTBmMe Yero NnpoBoAMMOCTb Bo3pacTaeT Ao
250 mCwm/cm npm 20 °C.
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« BogHas npoBOAMMOCTb
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MexaHn3mbl NMPOTOHHOW NPOBOANMOCTMU:
rereporeHHble CUCTEM




AToMuMcTUYecKoe moaenupoBaHme membpaHbsl HadomoH

N = 65608




MexaHn3mbl NMPOTOHHOW NPOBOANMOCTMU:

reTeporeHHble CUCTEM
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Experiment and simulation

Experiment

Dy, = (1.5 = 2.0)x10"10 m2/s
Dy, = 2.48x10"10 m?/s
D_ = 6.18x1010 m?/s
Ay = 1.01x103 S/m (373 K)

101

E, =01-02eV

a

< =30-50A
d ~10A

Simulation (T=300K, h=8)

D;. = 1.61x101 m?/s
Dy, = 1.92x101% m?/s
D =790x101 m?/s

W

A = (5.240.8)x104S/m (300 K)

A = 1.18x10°%S/m (375 K)
E. =0.14¢cV
£ =35-40 A

d ~10A
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Characteristic scales at different water content

371 ' ISO. o | With increasing the number of
| 5 9roups | incorporated solvent molecules the
%6l water | average size of mixed polar clusters
_ | Increases.
351 ] Incorporation of water molecules
' ' Inside the clusters increases their
<{ 34} 1 stability.
_)L 33r 1 Three-layer structure:
' ' (a) central water region
2F 4 (b) layer of side-chain end-groups
(c) outer region of "neutral" chain sections
31t -
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Bicontinuous structure

We observe a bicontinuous nanoscale
structure which can be pictured as a
sponge-like network with two effectively
Infinite domains (hydrophobic and
hydrophilic).

The hydrophobic subphase is formed by the
organic backbone.

The hydrophilic subphase is formed by SO,
groups on the side chains, mobile cations, and

absorbed water.

Such geometries are favorable to the formation
of long channels of connected water-containing
aggregates providing unique permeability
characteristics of Nafion membranes.
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lon-migration trajectories

Motion of individual cations

Cations can carry out discrete jumps from one
binding site (SO, group) into another.

Typical motion patterns:

()  theion jumps from one trap into another, stays here for
about 50 ps, and then falls back into the first trap;

() asmooth (continuous) motion pattern, when the
trapping ion moves together with its binding site (SO,

group).

Net cation transport Is the superposition
of all these motions.

~

SOX SOX
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Onddya3na kak dyHKLMA CTENEHN

rmapartaydmnn
X = Li*
®opmyna puHa - Kybo:
—s— | |
—o—CJ|
HO

p="s jC(v,f)df
M 0

'V, (0)-v, (1))

Vi

Cy (v,t) =

D. cm‘/s
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BnuaHne coctaBa pacTBOPUTENS

Composition of mixed solvent

Cm = nm/(nm+nw)
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A (S/m)

BnusaHne coctaBa pacTBOPUTENS

0.0004 0.0006

0.0002

The IC goes through a
maximum located near 1:1
water/methanol solvent
composition.

| At high methanol content, the

effective dielectric constant
decreases that promotes the
formation of ion pairs.

At high water content, one should
consider the diffusion of cation/water

00 02 04 06 08 10
c =n /(n +n )

complexes rather than diffusion of
iIndividual cations.
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lon-specific transport

Li* K* Na* Rb* Cs* H,0*

Alkali cations
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D, m’/sec

2.0x10™ 3.Ox10'1°l 4.0x10'1°| 5.0x10™

02
D

lon-specific transport (diffusion)

f-diffusion of cations

120

D =

%1 j C(V,1)dt
M 0

Self-diffusion coefficient is a
non-monotonic function of

t
The

ne atomic mass:

nighest mobillity Is

found for potassium

cations Kt.

The mobility of LI* Is
found to be the lowest.
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[Toyemy noHbl K aBuratotcs bbictpee?

1. Strong Li*...SOg interaction restricts Li* cation motion.

2. In water environment, small Li* ion is strongly hydrated. As a
result, its effective mass Is increased.:
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HaduoHoBas membpaHa: KeaHToBasi MonekynapHas auHamuka

[epeHoc 3apaga 1 mexaHi3m [ potryca

ATomucTUYECKas Mopaenb kaHana
CTPYKTypa
& 0 & .-0 & & |[lepeHoc 3apsaoB
N AR aie 9 PAL
| ol t=061ps
\ o
KBaHTOBas ) i S
MO”.ﬂ,MHaMMKa | o t=1.82ps
(1200 atomos) | R e
lI; ) | t=363ps
I sl
Nk y -y . % . o8 P _...ll:nnlnhuan...._..a.umn:_
;—UT}C- le.I: [;.[Il . 2 - = 7 " distance [r, Angstrom]

Mcnonb3oBaH rubpuaHbIN noaxom, KOTOPbIV B pamkax Teopumn yHKLMOHanNa a1ekTpoHHou nioTtHocTu (DFT)
KOMOVHMPYET KBAHTOBYH MONEKYNApHY AuHamuky bopHa-OnneHreinmepa (BOMD) v Kapa-llappuHenno (CPMD)

Habnogaemas buMoganbHOCTb NPOCTPaHCTBEHHO-BPEMEHHON KOPPENALMOHHON (DYHKLMM
BaH-XoBa G(r,t) cnyxut nepebiM NpsiMbIM JOKa3aTenbCTBOM MexaHu3ma I'potryca.



Atomistic model of the overall PEM FC,
including cathode, anode, and interfaces.

Pt Particle

Nafion Film of
thickness &fj|m

Atomistic MD

ok Reactive MD

Carbon Primary
Particle or paper (d=40,nm)

KaTanus:
Reactive MD

ENERGY moALY

cathode




AnropuTtmM mMyrnbTuMacLuTabHoro noaxoaa

1. [lowuck Hanbonee paBHOBECHOWN CTPYKTYpPbI
MOHOMEPHOro 3BeHa

2. OueHka nonsipHOCTU U CroCODHOCTKU NosiIMmMmepa K
0b6pa3oBaHNIO BOOOPOAHbIX CBSA3EN.

3. [lpmMeHeHne HanaeHHbIX NOTEHLMANoB B
MOIEKYNAPHON AMHAMUKE

4, CamocornacoBaHHas TeOpuUs cpeaHero noss
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KBaHTOBO-MexaHun4yeckue pacyetbl NNBU-O-OT

[Tonck Hanboree paBHOBECHOWU CTPYKTYPbl MOHOMEPHOIO 3BEHA
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KBaHTOBO-MexaHun4yeckue pacyetbl NNBU-O-OT

[Tonck Hanboree paBHOBECHOWU CTPYKTYPbl MOHOMEPHOIO 3BEHA




KBaHTOBO-MexaHun4yeckue pacyetbl NbU-O-OT

ToYHbIM y4yeTa BOOOpPOAHbIX CBA3EN NpU
aoeTanbHOM MoOenupoBaHUMN:

MeTod HEAMMUPUYECKOU KBAHTOBOWU MEXaHUKA
(ab initio)

H (0.165) H (0.165)

9 H (0.189) '

0 (-0.331)
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KBaHTOBO-MexaHun4yeckue pacyetbl NbU-O-OT

TO4YHbIM y4eTa BOAOPOAHbLIX CBA3EN NpU AeTanbHOM MOAENNPOBAHUM:

H(0.197)
Q(-0.412)

H (0.203)

0(-0.334)

C(0.076) W

H (0.210)

H (0.203)
H (0.2686)

0O (-0.496)

E, = 6.925 kkan/monb

E, = 9.217 kkan/monb L = 1.662 A

L=1.614 A

H (0.205) 0 (-0.427)

0 (-0.557)

0 (-0.411)
H (0.138)

E, = 16.573 kkan/monb
L=1361A

,"'”: H (0.205)

0(-0.381)
0 (-0.436) © (-0:425)

E,, = 5.732 kkan/monb E,, = 11.391 kkan/monb
L=1930A L=1718 A

C (0.006)

€ (0.004)

H (0.184)

H (0.184)

.' C (0.330)
C (-0.044)

= C(0.005) Y\
et C (0.006) :

& H(0.186) = (0267}
Bl (©.237) : 0O (-0.371)
0 (-0.440) 1
0 (-0.376) H(0.203) H (0.233)
©(-0.458)
C (0.315;
H(0.152) H (0.188) P (1.227) ( )
C (-0.038)
0 (0.234) H (0.149)

0 (-0.537)

E, =5.959 kkan/monb  E_ =7.690 kkan/Monb  E,, = 7.229 kkan/Monb  E,, = 4.845 kkan/monb
L =1818A L =1.707 A L =1.686A L =1.849 A



BbiBOAbI U3 KBAHTOBO-MeXaHU4YeCKUxX pacyeToB

[Mpn BBeaeHnun dpocdopHom kucnotsl B [NBUN-O-OT BogopoaHbIE CBSA3U NONUMEP-
KMCNOTa OKa3blBalOTCSH SHEPreTUYECKN BbirogHee cBA3en nonmmep-nonunmep. B
COOTBETCTBUU C NOMyYeHHbIMU pesdyribTatamu nepsble monekynsl H,PO, byayT
NPEeNMyLLECTBEHHO CBA3bIBATLCA C MMMUAA30JIbHbIMU LMKITaMn B COOTHOLLEHUN 4
monekynbel H;PO, Ha 3BeHO nonumepa. BTopbiM No cune cBA3bIBaHUSA
doocpopHOM KNCNOTbI NOET PTanUaHbIM OCTATOK.

Bcero ogHo 3BeHo nonumepa NbUN-O-OT cnocobHo obpaszoBaTb BOAOPOAHbLIE
CBSA3M C 7-t0 Mmosiekynamu H;PO,. To e OTHOCUTCSH K CBA3bIBAHUIO BOAbI.
OaHako BOOOpOAHblE CBA3M Nofinmep-Boaa crabdee 1 no SHeprnm cornoctaBUMbI
CO CBA3SIMM MONUMEP-NOSINMeEp.
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BbiBoAbI N3 KBAHTOBO-MeXaHN4YeCKUX pac4yeToB

OpgHako, Oerno OCMNOXHAETCA KOHKYPEHLIMEN CO B3aUMOAENCTBUAMMU
NoSMMeEpP-nonmmMmep

E,, = 10.139 kkan/monb
L=1733A

E, = 6.758 kkan/monb
L =1.698 A

E,, = 7.641 kkan/monb
L =1.684 A

KakoBa Ha camom pgene mukpocTtpyktypa NbUN-O-PT u kakos
OCHOBHOMN MeXaH13M NPOBOANMOCTU OCTOBEPHO HEU3BECTHO.
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