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Abstract:The optimization of the structure and composition of the oxygen electrode catalytic layer in
polymer electrolyte membrane (PEM) unitized regenerative fuel cell (URFC) is described. The theoretical
model described the transfer processes in catalytic layer is modified which allows to consider the Pt and
Ir content influence on the catalytic layer performance at different URFC operating modes. The model
calculations are verified through the URFCcell testing.
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Introduction

Unitized regenerative fuel cell (URFC)
is an electrochemical device which may
operate as both fuel cell giving the power
supply and electrolyzer generating hydrogen
for energy storage. Power generation system
based on polymer electrolyte membrane
(PEM) URFC is characterized by high power
and energy density and low cost in comparison
with the system based on separate fuel cell and
electrolyzer and could provide the longterm
energy storage (in comparison with typical
batteries) as well [1,2].

One of the most important part of the
URFC is the oxygen electrode (different from
PEM fuel cell cathode and electrolyzer anode)
on which surface both oxygen reduction
(ORR) and the oxygen evolution reaction
(OER) take place. Different catalysts and
catalytic layers are applied to ORR and OER
thus the optimization of the URFC oxygen
electrode is of great importance. Great
attention has paid to a searching of new mixed
electrocatalysts based on Pt, Ru, Os, Ir, Rh etc.
For example, in ref. [3] more than 750 mixed

catalysts were studied.

From the other hand the model
development as an optimization aspect is of
great importance as well. The presented
research is related to such a theoretical model
development.

URFCmodel

Numerical studies of the oxygen
electrode (OE) and its catalytic layer (CL)
based on the Pt-Ir blacks mixture catalyst (Pt-
Ir) were performed using the previously
developed models and software [4, 5]. URFC
efficiency no was evaluated as the relation of
URFC voltage in fuel cell mode Ugc to the
URFC voltage in the electrolyzer mode Ug,.

Pt and Ir based catalysts performance
in OER and ORR

The performance of the Pt and Ir
catalysts could be evaluated using the data
given in Table 1. The Tafel slope and
exchange current density at different
overvoltages in OER and ORR are presented
(Table 1).
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Table 1. The performance of the Ptandlr catalysts in OER and ORR

Catalyst Reaction Overvoltage Tafel slope Exchange current Ref.
bt <450mv 46mV 2.110°Am~ [6]
ORR >450mV 95mV 0.336 Am™ [6]

I <650mV 67mV 1.17-10°Am’ [6]
>650mV 90mVv 1.2810°Am™ [6]

bt ORR >500mV 66mV 5.810°Am~ [71
OER >250mV 150mV 310°Am™ [71

ORR <260mV 35mV 5.1-10° Amg Pt [8]

ot >260mV 60mV 4510 Amg Pt [8]
OER <550mV 54mV 1.910°Amg™ Pt [8]

>550mV 90mVv 1.1-10"Amg™ Pt [8]

ORR <400mV 37mV 2.1:10" Amg™ Pt [8]

i >400mV 70mV 3.34-10° Amg™ Pt [8]
OER <380mV 24mV 6.8:10° Amg™ Pt [8]

>380mV 67mV 4.39-10°" Amg™ Pt [8]

Pt OER <500mV 54mV 3.9-10°A M~ geom [9]

After the Table 1 data correction (to the
same units) the exchange current density
varies of ca. 2-3 times at a fixed overvoltage
value. According to the literature and
experimental data [6 — 9] regarding the
electrocatalytic activity of Pt and Ir in OER
and ORR the following could be assumed:

1. ORR on Pt and OER on Ir occur
according to the mechanism assumed for high
overvoltages — >300mV;

2. ORR on Ir and OER on Pt occur
according to the mechanism assumed for high
overvoltages — >450mV;

3. All electrocatalysts assumed to
behave like supported (i.e. TiC) Pt-Ir mixtures

doe

= —i
e dx e
dq’p .
Op Q2

di

io + 1, =i
The equations which describe the
charge transfer in the CL in the FC mode and

with specific surface area of ca. 20 m? g™

Mathematical modelling

The following assumptions were made
during the mathematical formulation of the
mass and charge transfer inside the oxygen
electrode CL: the CL is homogeneous and
mass transfer is limited by the oxygen
diffusion in the fuel cell (FC) mode.

The development of the modified
oxygen electrode CL transport model was
based on the results described in ref. [10].
Equations which describe the charge transfer
in the CL in the electrolyzer (EL) mode and
the boundary conditions are given below (Eq.
1):

0<x<h,
i,(0) =i,
i,(he) =iy (1)

D Pe—Pp . Pe—Pp _
E = lgpt€XP (aaPt o ) + lair€Xp (aalr or )(Pe(O) - Uel

Dp (hc) = igRmem

the boundary conditions are given below (Eq.
2):

doe _

e dx - _Ie O S X S hC

cﬂ?dclﬂ = ip )t
. ) .

dip _ . Co Pp=Pe) | - Pp—Pe tp(he 0

dx Icpt Corer [exp (O(cPt ot ) + e €XP (O(clr Pt )](Pe(o) = Ufc (2)
le + 1y =g ©p(Ne) = ioRmem
w_ b Co(0) =C

dx 4FDocL ’ "
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The coordinate of the CL outer surface is
x=0 and the one of the CL with membrane
boundary is x=h..

In equations (1) — (2):

¢@e,0p — the electron potential in the
electron-conducting subsystem and the proton
potential in the proton-conducting subsystem
of the CL;

le,Ip —the electron current density in the
electron-conducting subsystem and the proton
current density in the proton-conducting
subsystem of the CL;

ce,0p — the specific conductivity ofthe
electron-conducting subsystem and the proton-

conducting subsystem of the CL;
RT RT

0y = PPy O = . —Tafel
foranodic and cathodic reactions, respectively;

ag,0c — transfer numbersofanodic and
cathodic reactions, respectively.

Coo, Coc —0OXygen concentration at the
outer boundary and the inside one of the CL,
respectively;

Doc. -the efficient oxygen diffusion
coefficient of the oxygen in the CL porous
media;Corer — the value of the comparative
oxygen concentration (Corer=8.2mol/m®).

slopes

“aPt”, cPt”,“alr” and clr” indexes refer
to Pt and Ir catalysts, respectively.

The equation systems (1- 2) were solved
numerically using the Runge-Kutta method
(4" order).

ce [Sm™] - conductivity of the
electronic-conductive subsystem of the CL,;

Oc = Ogo(l — 80)1'5 3)

wherecey — effective conductivity of the
electronic-conductive subsystem of the CL at
zero porosity;

op [S'm™] - conductivity of the proton-
conductive subsystem of the CL,;

Op = Gpo(l - Sp)lls
where o, — effective conductivity of the
polymer electrolyte membrane.
g — porosity of the CL taking into
consideration the proton-conductive
subsystem.

l-g,=1-¢,-¢,
Therefore, the CL effective diffusion
coefficient Doc. could be -calculated as

follows:

Docr = Doo (1 — & — S0)1'5

Results and discussions

The main purpose of calculations is the
optimization of Pt and Ir mass loading with
respect to the CL geometric surface area in

.. U
order to maximize the nOZU—FC:max
EL

criterion.

The analysis of the equations given
above shows (Fig. 1) that the addition of less
active component has a significant effect on
the OE CL performance in both FC and EL
modes. Whereby the addition of Pt to the CL
leads to the cell voltage decreasing in the EL
mode(Fig.1A). From the other hand the
addition of Ir leads to the sharp decreasing of
the cell voltage in the FC mode (Fig.1A).
These trends are associated with two main
reasons:

1. The URFC performance is less influenced
by mass transfer in the EL mode. When
the CL thickness and the Pt loading
increasing the water, which is necessary

for OER is still effectively supplied to the
CL due to the capillary forces. In the FC
mode the oxygen diffusion to the CL is
slow and sharply decreases when the Pt
and/or Ir loading increased.

2. The essential fact is that that the CL ionic
resistance growth when the mass loading
of Pt and Ir (CL thickness) increases. The
CL resistance significantly affected by the
layer ionomer(solid polymer electrolyte —
Nafion) humidity. The CL water content
in the FC mode depends on the air
humidity. In the EL mode the ionomer is
in contact with liquid water which resulted
in 2-3 lower CL resistance value.

The dependence of the URFC efficiency
have a maximum value of ca. 0.45 which
corresponds to the following noble metal
loadings: mpy = 1 mg cm™ and m;=0.75 mg
cm? (Fig.1B). But the FC mode is crucial for
the URFC efficiency.
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Fig.1.The dependency of the URFC voltage in both FC and EL modes (A) and the URFC
efficiency (B) from the Pt and Ir loadings in the OE CL. The ionomer volume fraction in the OE
CL is Xpv=0.15. Current density is i =0.5 Acm™.
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Fig.2 shows the proton current density
distribution in the CL, potentials of proton-
and electron-conducting subsystems (Fig. 2A),
the relative oxygen concentration in the FC
mode (Fig. 2B), current density, potentials of
proton- and electron-conducting subsystems in
EL mode (Fig. 2C) at the optimal no value.

From the other hand the ionomer volume
fraction (Xpv = 0.24) was chosen in order to
induce the significant gradient of the oxygen
concentration in CL. In this case the reaction
overvoltage suggested to be constant and the
reaction rate suggested to beindependent from
the CL thickness.
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modes: proton current density
distribution in the CL, the
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Fig. 3 shows the dependence of the
URFC performance from the catalysts loading.
The URFC current density increasing leads to
the shift of URFC efficiency maximum value
towards the lower Pt and Ir loading values: mp;
= 0.8 mg cm™ and m;; = 0.25 mg cm™2. At the
increased current density in the FC mode
becomes more important for the URFC
efficiency.The volume fraction of ionomer in
the CL significantly affect the URFC
performance in both FC and EL modes (Fig.
4B). This influence is mainly come from the
change in the CL proton-conducting
subsystem ohmic resistance. A noticeable
effect of the oxygen diffusion rate on the

0.0
14

URFC performance begins only at high
volume fraction of the ionomer i.e. low free
volume (porosity) fraction in the CL. The
position and the value of the maximum
no(Fig.4B) depends on the ORR overvoltage
and the ohmic resistance of the CL.Maximum
URFC efficiency is ca. 0.47 at mptm;, = 1.3
mg cm™ and Xpv= 0.21). All characteristics
and dependencies have the optimal values
(minimal voltage in EL mode and the
maximum efficiency and voltage in FC mode).
When the current density increased the optimal
value of the ionomer volume fraction increases
because to obtain higher efficiency the higher
proton conductivity is required.
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Fig. 3.The dependence of the URFC voltage (V) in both FC and EL modes (A) and its efficiency
(B) from the Pt and Ir loadings in CL of OE. The ionomer volume fraction in CL is Xp,=0.15
and the current density is i =1.0Acm ™.
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Fig.4.The dependence of the URFC voltage (V) in both FC and EL modes (A) and its efficiency
(B)from the Pt+Ir loading and the ionomer volume fraction in the CL of OE.
The Pt/Ir ratio is mp/m;; =1.5. Currentdensityisi = 0.5 Acm™.
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Experimental model verification

Experimental validation of the proposed
model was carried out using the URFC testing
cell with the 7 cm? working area described in
ref. [11]. Porous titanium plates and carbon
paper Sigraset 10bb with microporoussublayer
were used as the current collectors (gas
diffusion electrodes) on the oxygen and
hydrogen side, respectively. Nafion 115
membrane was used as the polymer electrolyte
membrane. Hydrogen electrode CL consists of

Pt*/Vulcan XC-72 catalyst, PTFE (10 wt.%)
and Nafionionomer (20 wt.%) with Pt loading
of 0.35 mg cm™?. OE CL consists of TiC
supported Pt-Ir catalyst and Nafionionomer
(10 wt.%) with Pt+Ir loading of ca. 1.5 mg cm™
2. The Pt weight content in OE CL varies in
the range of 10 — 100 wt.%.

Fig. 5 shows that the calculated
polarization curves of MEAs with different Pt
weight content in OE are in a good agreement
with those obtained by URFC cell testing.
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Fig. 5. Polarization curves of the URFC testing cell (dots) and the results of their numerical
modelling (lines). The CL of the OE containsPt+Ir catalysts with different mp/myratio (Xpy)
varied from 0 to 1). Cell temperature is 50 °C. Hydrogen and oxygen pressure is 1 bar.
The temperature of gas humidification (in FC mode) is 40 °C.
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Conclusions

The mathematical model of the URFC
oxygen electrode catalytic layer was
developed. The calculations made using the
developed model allows to postulate the
following:

1. The ORR exchange currents on
Ptisca. 20 times higher than those on Ir. The
OER exchange currents on Irisca. 10-40 times
higher than those on Pt depending on the
overvoltage. The OER Tafel slope in Pt is 1.5
times larger than those on Ir at overvoltages>
450 mVThese catalysts concentration must be
optimized for concrete cell operating modes.

2. The maximum URFC efficiency (1)
of ca. 0.45 at the selected current density of
05 A cm? is obtained at the following
catalysts loadings in CL: mp=1lmg cm-
andm;=0.75mg cm™2. The FC mode is the
most crucial to obtain a maximum URFC
efficiency.

3. The dependence of the OE CL
structure (ionomer volume fraction) on the
URFC maximum efficiency and conditions
was  studied.  Thevalueofionomervolume
fraction in the OE CL significantly affects the
URFC performance in both FC and EL modes.
This effect is due to the ohmic resistance of

Acknowledgement

the proton-conductive subsystem and is
limited by the oxygen diffusion rate only at
very low value of the free volume fraction
(porosity) in the CL. The relation of the ORR
overvoltage and CL ohmic losses determine
the obtained maximum URFC efficiency of ca.
0.47 at mpe+m;,=1.3 mg cm2and X,y=0.21.

4. When current density increased from
0.1 to 1 A cm™“the optimal value of the
ionomer volume fraction increases from 0.15
to 0.22 vol.% due to the strongereffect of CL
proton conductivity.

5. Experimental validation of the
proposed model of the URFC OE CL charge
transfer was carried out using the URFC
testing cell with the 7 cm? working area. The
results of calculations are in a good agreement
with the experimental data.

The calculated values of URFC
efficiency and optimal OE CL composition
may be a little bit different for catalysts with
another chemical composition and structure.
However, the proposed model and performed
studies are an example of the URFC OE
optimization which is based on the selected
catalysts.

This research was conducted with financial support of the Ministry of Science and Higher
Education of RF (unique project identifier RFMEFI60417X0171) in National Research Center

“Kurchatov Institute”, Russia.

References

1. Smith W. The role of fuel cells in energy

storage.J. Power Sources. 2000, vol. 86, pp.

74-83.

2.Kulova T.L., Nikolaev I.I., Fateev V.N.,
AliyevA.Sh. Electrochemical systems of
energy accumulation.Chemical Problems.
2018, no.1, pp. 9-34.

3.Reier T., Oezaslan M., Strasser P.
Electrocatalytic oxygen evolution reaction
(OER) on Ru, Ir, and Pt catalysts: a
comparative study of nanoparticles and
bulk materials. ACSCatal.2012, vol. 2,
pp.1765-1772.

4. KalinnikovA.A., Grigoriev S.A. Computer
program “1d program for studying and

optimization of the Ir and Pt content in
electrolyzer catalytic layers “elcatelld”, RU

2017611484, 03.02.2017.

5. KalinnikovA.A., Grigoriev S.A. Computer
program  “Interactive ~ program  for
calculation and optimization of the air-
hydrogen polymer electrolyte fuel cell
cathode catalytic layer performance
“fccatfeel1d”, RU 2015618032,
29.06.2015.

6.Singh R.K., NeergatM. Oxygen reduction
reaction (ORR) on Ir, Rh, and RuSelenides,
European Fuel Cell Forum. 2011 (28 June -
1 July 2011), Lucerne, Switzerland.

7. Chen G., Delafuente D.A., Sarangapani S.,
Mallouk T.E. Combinatorial discovery of

CHEMICAL PROBLEMS 2019 no. 4 (17)


http://www.chemprob.org/

544

bifunctional  oxygen  reduction—water
oxidation electrocatalysts for regenerative
fuel cells. Catal.Today. 2001, vol. 67, pp.
341-355.

. Fuentes R.E., Colon-Mercado H.R.,
Martinez-Rodriguez M.J. Pt-
Ir/TiCElectrocatalysts for PEM  Fuel
Cell/Electrolyzer Process. J. Electrochem.
Soc. 2014, vol. 161, pp. F77-F82.

9.0llo K., Guillaume P.L.A., Auguste A.F.T.,

Quand-Meme G.C., Honore K.K., Lassiné.

O. Influence of various metallic oxides on

the kinetic of the oxygen evolution reaction

on platinum electrodes. J. Electrochem. Sci.

10.Grigoriev ~ S.A,,

A.A. KALINNIKOV etal.

Kalinnikov ~ AA.
Mathematical modeling and experimental
study of the performance of PEM water
electrolysis cell with different loadings of
platinum metals in electrocatalytic layers,
Int. J. Hydrogen Energy. 2016, vol. 42, pp.
1590-1597.

11Grigoriev S.A., Millet P., Dzhus K.A.,

Middleton H., Saetre T.O., Fateev V.N.
Design and characterization of bi-functional
electrocatalytic layers for application in
PEM unitized regenerative fuel cells.Int. J.
HydrogenEnergy. 2010, vol. 35, pp. 5070 —
5076.

Eng. 2015, vol. 5, pp. 79-91.

OIITUMHU3ALTUA COCTABA H CTPYKTYPbI KATAJTUTHYECKOI' O CJIOA
KHCIIOPOIHOI O SJIEKTPOIA OBPATHMOI' O TOIU/TUBHOI'O 3/IEMEHTA
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B Oannoti  pabome paccmompen  6onpoc  ONMUMU3AYUU ~ CMPYKMYPbL U COCMABA
KAMAIUMu4ecko20 Cosi KUCIOPOOHO20 IAeKmMpooa 006pamumo20 MONAUSHO20 INIeMEeHMd HA
OCHOBe MEepo020 NONUMEPHO20 3Nekmpoauma. Paspabomana mooupukayus meopemuyeckou
MoOenu mpaHcnopma 6 Kamaiumuieckom cloe KUCIOPOOH020 dliekmpooa. Pezyiemamoi
pacuemos Ha OCHOBe MOOeNU NO380IUNU YCMAHOSUMb 6eausHue codepxcanus Pt u Ir na
appexmusnocms  pabomvl  KAMAIUMUYECKO20 CNOSI NPU  PA3IUYHBIX  PENCUMAXx pabomuvl
monausno2o  anemenma. Ilposedena  dKkcnepumenmanvHas — eepuurkayus — mooeiu ¢
UCNONL308AHUEM — 1AOOPAMOPHOU  AYECUKU — MONIUBHO20 — DNEMEHMA,  NOOMEEPHCOAIOUAs
A0eK8AMHOCMb PA3PAOOMAHHOU MOOEJIU.

Kniouesvte  cnosa:  obpamumeili  MONAUBHBIL — JAEeMeHM,
NEKMPOIUM, KAMATUMUYECKULL CIIOU, KUCTIOPOOHBLU 3JLeKMPOO

meepoblll  NONUMEDHDBILL

DONOR YANACAQ ELEMENTLORIN OKSIGEN ELEKTRODUNUN KATALITIK
TOBOQOSININ STRUKTUR VO TORKIBININ OPTIMALLASDIRILMASI
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Moaqalada bark polimer elektrolit asasinda donar yanacaq elementinin oksigen elektrodunun
katalitik tabagasinin struktur va tarkibinin optimallasdirilmas: masalasina baxi/ib. Oksigen
elektrodunun Kkatalitik tobagasinda transportun nazori modelinin - modifikasiyas: ig/anib
haz:rlanib. Yanacaqg elementinin mixtolif is rejimindo model asasinda apar:imzs hesablamalar
Ptva Ir migdarinn katalitik tabaganin effektiv islomasina tasirini mliayyan etmaya imkan verir.
Acar sozlar: yanacaq elementi, bark polimer elektroliti, oksigen elektrodu
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