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bstract

Gaseous hydrogen is confirmed to be the main component and primarily responsible for the inner pressure rise inside the 8-Ah Ni/MH batteries
uring fast charge. Based on a temperature-dependent pressure model proposed in this work, the kinetic characteristics of the hydrogen evolution
ere investigated. The overpotential and exchange current density were obtained by fitting the presented equation to the experimental data.
oreover, the profiles of hydrogen concentration during fast charge was further modeled and calculated according to the proposed mathematical
odel of hydrogen intercalation. It is indicated that diffusion step controls the fast charge performances and the higher the charge rate is, the more
uickly the negative electrode attains to the maximum surface intercalation fraction, and however, the calculated results also show that further
harge can reduce the difference of charge efficiency among the various rate during fast charge. Numerical investigations also reveal that the
ncrease of diffusion coefficient and decrease of the particle size can efficiently improve the characteristics of fast charge, respectively.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Nickel-metal hydride batteries are now the preferred power
ource for hybrid electric vehicle (HEV) because of the high spe-
ific power, specific energy and perfect integrated features. The
igh power Ni/MH batteries emphasized by HEVs inevitably
ncounter fast charge in the actual operation. Owing to the
lectrochemistry of Ni/MH batteries, however, fast charge is
complicated and serious challenge under the actual status.

ast charge will lead to a remarkable rise in temperature and
n increased pressure buildup inside the Ni/MH batteries.

The pressure buildup is a result of gas accumulation from the
ide reaction during charge, and the amount of charge consumed
y the side reaction can be related to the inner pressure, which
s determined by both the kinetics of the processes occurring

t the MH electrode/electrolyte interface and the rate of hydro-
en intercalation within the bulk of the MH alloy. While the
emperature variation in the battery during fast charge and its
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nfluence on the pressure profile and hydrogen intercalation is
hus naturally concerned [1]. Additional gaseous hydrogen could
e released from the bulk of the hydride because of higher equi-
ibrium hydrogen pressure of the hydride electrode under higher
emperature. A remarkable increase in temperature can also lead
o an acceleration of hydrogen-evolution reaction; hence, more
aseous hydrogen could escape from the electrode, even leak
hrough release valve under higher pressure, resulting in undue
apacity loss at the negative electrode, which in turn, will cause
apacity imbalance between the two electrodes. As a result, a
oticeable temperature rise could lead to an accelerated pres-
ure buildup inside the batteries. Therefore, in high temperature
ccompanied by high pressure, charging efficiency as well as
attery properties may deteriorate.

Efforts have been made to investigate the hydrogen diffusion
nd inner pressure in Ni/MH batteries [1–6], but the effects of
emperature and the gradient of chemical potential (GCP) on the
ydrogen intercalation and inner pressure were not considered
n modeling the hydrogen diffusion process and inner pressure

rofiles. In this paper, the gaseous hydrogen was firstly con-
rmed to be dominant gas component by the experiment, and a

emperature-dependent pressure model and a temperature/GCP-
ependent hydrogen intercalating model were proposed to inves-
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Nomenclature

a particle radius (mm)
aH activity of hydrogen in the hydride alloy
A heat-dissipating area (m2)
b defined in Eq. (15)
c concentration of gaseous hydrogen (mol m−3)
C hydrogen concentration in the alloy (mol m−3)
C0 initial hydrogen concentration in the alloy

(mol m−3)
Cmax maximal hydrogen concentration in the alloy

(mol m−3)
Cp specific heat capacity (J kg−1 K−1)
D diffusion coefficient (m2 s−1)
Dref reference diffusion coefficient (m2 s−1)
EH activation energy of hydrogen evolution reaction

(kJ mol−1)
EMH activation energy of MH electrode charge

(kJ mol−1)
F Faraday constant (C mol−1)
fH hydrogen fugacity
h convection heat-transfer coefficient (W m−2 K−1)
i applied current density of charge (A m−2)
I applied discharge current (A)
j current density for hydrogen evolution (A m−2)
j0 exchange current density for hydrogen evolution

(A m−2)
j0,ref exchange current density for hydrogen evolution

at reference temperature (A m−2)
J applied charge current (A)
P inner pressure (Pa)
Peq equilibrium pressure (atm)
q heat generation rate per unit volume (W m−3)
Q0 capacity of the charged negative electrode (Ah)
r radial coordinate (m)
R universal gas constant (8.314 J mol−1 K−1)
Rint internal resistance (m�)
t time (s)
T temperature (◦C)
T∞ ambient temperature (◦C)
T0 initial temperature (◦C)
Tref reference temperature (◦C)
U battery voltage (V)
U0 open-circuit voltage (V)
V battery volume (m3)
x dimensionless radial coordinate
y intercalation fraction of hydrogen
yave average fraction of hydrogen intercalation

Greek symbols
α charge transfer coefficient
ε free space fraction inside a battery (%)
η overpotential (V)
Λ specific area of MH electrode (m2 m−3)
ρ average density (kg m−3)
τ transition time corresponding to zero intercalation

fraction of hydrogen (s)
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igate the kinetics of hydrogen evolution and the variation of
ydrogen intercalation during fast charge, respectively. Finally,
sensitivity analysis was also performed to assess the effects of
iffusion coefficient and the alloy particle size on the character-
stics of rapid charge, respectively.

. Experimental

All experiments were performed on the cylindrical 8-Ah
i/MH batteries fabricated in our laboratory and the appara-

us was shown in Fig. 1. The battery with a gas hole was sealed
n a stainless steel container, and the detailed information of the
atteries can be found in Ref. [7]. Arbin BT cycler was used
o control the process of charging under the constant current
ondition. The data of current, voltage and inner pressure were
ecorded. In order to determine accurately the inner pressure and
he gas composition, two cycles were thus carried out, one for
ecording the inner pressure, another for analysing the evolved
as during charge.

Gas analysis was conducted on a GC112 gas chromatograph
Analytical Instrument Ltd., Shanghai, China). The Ultra high
urity argon was used as carrier gas at a flow rate of 30 ml min−1.
he column oven was isothermally held to be 30 ◦C. The injector
nd detector were kept at 40 and 50 ◦C, respectively. The volume
f 0.5 ml of gas was fetched each time to test gas content.

. Results and discussion

.1. Analysis of gas components
The result from gas chromatography was shown as Fig. 2.
uring 1C rate (8A) charge, gaseous hydrogen content rises
ith charging time and subsequently rises up to the peak value

t the end of charge. The gaseous hydrogen content decreases

ig. 1. Schematic diagram of the apparatus for inner pressure and gas analysis.
: Positive post; 2: screw cap; 3: sealed cap; 4: battery; 5: pressure sensor; 6:
ndicator; 7: battery cycler; 8: computer; 9: injecting valve; 10: gas chromato-
raph.
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Fig. 2. Hydrogen content variation during 1C rate cycle.

lowly during the relaxation periods, followed by a slightly rapid
rop during discharge. It is obvious that hydrogen gas becomes
he dominant component and oxygen gas is only possessed of

small portion of the total gas when the battery was charged
t 1C rate even when discharged. It is indicated that hydrogen
as predominates in the evolved gas from Ni/MH battery under
igh rate of charge. It has been frequently reported (for example
8,9]) that the hydrogen pressure inside the Ni/MH batteries was
ound to increase significantly during overcharge because the
iffusion of adsorbed atomic hydrogen to the bulk of hydrogen
torage alloy is not sufficiently faster than the adsorbed atomic
ydrogen formation reaction Eq. (1), at the end of charge and
uring overcharge, the accumulated hydrogen on the surface of
H electrode trends to a peak value, the hydrogen can thus not

uickly diffuse into the bulk MH alloy, gaseous hydrogen thus
ncreasingly evolves shown as Eq. (2) [10], and in turn the inner
ressure dramatically increases shown in Fig. 3. Although the
apacity of negative electrode in this study is 40% higher than
hat of positive electrode, during overcharge, gaseous hydrogen
till increasingly evolves because of a low diffusion coefficient

f hydrogen, in nature. Inevitably, hydrogen evolution would
urther rise in high-rate charging [1]:

+ H2O + e− → OH− + MH (1)

ig. 3. Inner pressure profiles inside the batteries during 1C charge and dis-
harge.
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H + H2O + e− → OH− + H2 + M (2)

t can also be seen that oxygen gas is possessed of considerable
roportion in the gas phase during incipient charge period, this
eans that oxygen gas ceaselessly releases from nickel electrode

ven at the beginning of charge. This result is in agreement with
he research of Bourgault and Conway [11]. However, the rate
f oxygen evolution is likely suppressed and so small that the
rimary charging reaction predominates at the positive electrode
uring normal charge periods [1].

On the other hand, at the end of charge and during overcharge
eriod, oxygen gas should evolve in a higher rate at the positive
lectrode, i.e. a higher oxygen gas content or a higher partial
ressure of oxygen, but it can be seen that oxygen gas is only
till possessed of small ratio during the overcharge, hence, it is
educed that oxygen recombination is probably fast at the neg-
tive electrode, and in turn reduces the gaseous oxygen which
ransfers from the positive electrode to the negative electrode
hrough the separator and electrolyte. Wu et al. [12] and Yang and
iaw [13] proposed oxygen recombination equation as Eq. (3).

n contrast to the desired result, however, during the relaxation
eriods, the content of gaseous hydrogen drops at a small rate,
hich indicates that hydrogen recombination on the positive

lectrode, is very torpid compared to the oxygen recombinant
t the negative electrode. Hydrogen recombination reaction was
hown as Eq. (4) [13]. Micro-calorimetric [14,15], XRD/TEM
16] and electrochemical techniques [17], together with huge
mount of experiences accumulated in works associated with
i–H2 batteries [18], clearly indicate that the rate of recombi-
ation of hydrogen at the positive electrode is a relatively slow
rocess [4]:

H2O + O2 + 4e− → 4OH− (3)

/2H2 + OH− → H2O + e− (4)

he inner pressure profiles of the battery were presented as
ig. 3. The inner pressure is very small at the begging of charge
eriod, and rises tardily up to 0.1 atm before 90% input charge,
owever, an quick jump in the pressure appears after about 90%
harge input, followed by a dramatical rise until reaching the
eak pressure of 1.4 atm at the end of charge in a short time.

The 2C rate charge was also conducted in our laboratory, and
he similar results have been achieved. According to the gas chro-
atography, it is concluded that the hydrogen content increases
ith charge rates, and therefore the higher charging rate the bat-

ery was charged, the higher partial pressure of hydrogen the
ystem got, while gaseous oxygen content decreases with an
ncrease in charge rates. It is thus reasonable that at high charge
ate, the oxygen pressure can be omitted, and only hydrogen
ressure was considered in the following calculation.

.2. Temperature variation with charge time
.2.1. Estimation of total inner resistance
Fig. 4 plots the voltage profiles of an 8-Ah Ni/MH battery at

C, 2C and 4C rates, respectively. The voltage–current curves
re then transformed into the plotting for the battery voltage
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Fig. 4. Voltage curves during 1C, 2C and 4C rates charge.
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Fig. 5. Relationship between charging voltage and charging currents.

ith respect to the charge rate (current) under the different state
f charge (SOC) as Fig. 5, which illustrates that the voltage
xhibits a perfect linear correlation with the charge rate. The
otal inner resistance, equaling to the slope of the voltage versus
urrent (Fig. 6), is then obtained according to Fig. 5. The inner
esistance variation is summarized in Fig. 6. It can be seen that

he resistance slightly fluctuates with charge process. Owing to
he small range of the resistance variation during all the charge
eriods, i.e. the inner resistance is weakly dependent on charge

Fig. 6. Variation of inner resistance with SOC during charge.
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rocess, therefore for simplicity, an average inner resistance is
dopted to be 5.6 m� according to Fig. 6. It was believed that
he influence of this simplification on the calculated accuracy
as expected to be enough small, and hence the fluctuation can
e negligible. The above mentioned inner resistance is used to
alculate the irreversible heat during fast charge periods.

.2.2. Temperature variation during fast charge periods
In our earlier work [7], the temperature profiles across the

attery during fast charge have been investigated and obtained
he detailed results. In this work, an average effect of the tem-
erature on the inner pressure is concerned for simplicity. It was
xpected that the final accuracy was not obviously affected by
his treatment. Thus the following transient differential equation
escribes the variation of temperature in the battery system,

Cp

dT

dt
= Ah

V
(T∞ − T ) + q = m

V
(T∞ − T ) + q (5)

here T refers to the temperature, q is the volumetric heat gener-
tion rate, ρ represents the volume averaged density, Cp denotes
he specific heat, V and A are the battery volume and surface area,
espectively, T∞ is the ambient temperature, and h is the thermal
ransfer coefficient. For simplicity, according to the assumption
f Bernard et al. [19], the heat generation rate is assumed to be
istributed uniformly throughout the battery using the volume-
veraging approach under the assumption that no phase change is
nvolved and only electrochemical/intercalation reactions exist
n the Ni/MH battery, hence heat generation rate can be written
s

= J

V

(
JRint + T

dU0

dT

)
(6)

here, Rint denotes the battery inner resistance, U0 is the open-
ircuit voltage of a battery, J is the applied current. The heat
eneration rate generally consists of the joule heat J2Rint (irre-
ersible) and the reversible heat effect (JTdU0/dT). According
o Ref. [20], the temperature coefficient (dU0/dT) of the battery
s presented as

dU0

dT
= dUp,0

dT
− dUn,0

dT
(7)

here the first term on the right side denotes the positive elec-
rode temperature coefficient, the second term represents the
egative electrode temperature coefficient. The initial condition
uring normal charge can be written as follows:

= T0 at t = 0 (8)

When a battery was overcharged, q consists of the joule heat
nd the oxygen recombination heat at the hydride electrode,
ccording to Ref. [21].

= J

V
(1.48 + JRint) (9)
he first term refers to the oxygen recombinant heat at the
ydride electrode, and the second term arises from ohmic heat
rom the battery inner resistance Rint, which is equal to the value
f inner resistance at 100% input charge based on the data from
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Table 1
Parameters for thermal calculation

Parameters Values

Battery density (kg m−3), ρ 3900 [7]
Initial temperature (◦C), T0, 25
Reference temperature (◦C), Tref 25
Heat capacity (J kg−1 K−1), Cp 1882 [7]
Battery volume (m3), V 4.83 × 10−5

Heat-dissipating area (m2), A 7.64 × 10−3

Positive electrode temperature coefficient
(V K−1), dUp,0/dT

−1.35 × 10−3 [12]
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egative electrode temperature coefficient
(V K−1), dUn,0/dT

−1.55 × 10−3 [12]

ig. 5. According to the above transient differential equation and
he initial conditions, the following solutions can be obtained.
hese solutions mean the temperature variation with charge time
uring charge and overcharge periods, respectively. The required
arameters for temperature calculation are listed in Table 1.

The solution of temperature for normal charge is written as
ollows:

= mT0 + J2Rint

m − bJ
− JbT0 + J2Rint

m − bJ
exp

(
−m − bJ

VρCp

t

)

≈ T0 + J(JR + bT0)

VρCp

t − J(JR + bT0)(m − bJ)

2(VρCp)2 t2

m − bJ

VρCp

t � 1

)
(10)

The solution of temperature for overcharge can be written as
ollows:

= Tend + 1.48J + J2Rint

m

{
1 − exp

[
− m

VρCp

(t − tend)

]}

≈ Tend + 1.48J + J2Rint

VρCp

(t − tend)

−m(1.48J + J2Rint)

2(VρCp)2 (t − tend)2
(

m

VρCp

t � 1

)
(11)

Based on Eqs. (10) and (11), Fig. 7 can be obtained, which
lluminates the temperature variations at the different rates dur-
ng fast charge. It can be seen that the temperature rises are
bvious, especially at higher rates and under overcharge. For
xample, the average temperature of the system rises about 30 ◦C
t the end of 4C rate charge. These results are consistent with
he average temperature of the accurate thermal modeling [7],
hich indicates that this simplified treatment is very reliable. A

emarkable rise in temperature can firstly expand the inner pres-
ure inside the batteries in the same condition, more important,
trongly affect the rate of electrochemical reaction and increase
he gas content in the batteries, i.e., exchange current density of

aseous hydrogen evolution increases with the battery tempera-
ure. The mentioned two aspects can significantly influence the
ate of gas evolution, especially the latter, hence, in turn strongly
ffecting the inner pressure profiles inside the battery, the tem-

o
T
o
L

Fig. 7. Temperature variation during different charge periods.

erature variation should be thus considered in investigating the
nner pressure of the battery in fast charge regime.

.3. Description of the inner pressure

Inoue et al. [10] assumed that hydrogen evolution at the neg-
tive electrode is most attributed to Eq. (2) and it could act like
reversible electrode.

According to the results of the gas chromatography, the con-
ribution of oxygen pressure can reasonably negligible when
ompared with hydrogen contribution to the battery inner pres-
ure, hence, the inner pressure of the battery is mainly charac-
erized by hydrogen evolution reaction. It is assumed that the
aseous hydrogen is uniformly profiled across the unoccupied
pace inside the battery [22,23], and thus the gaseous hydrogen
oncentration and pressure are independent of space inside the
attery, then the hydrogen concentration is obtained by solving
ick’s second law:

dc

dt
= jΛ

F
(12)

here c is the gaseous hydrogen concentration, ε denotes the
atio of gas space to the battery volume, t the time, j the cur-
ent density of hydrogen evolution reaction, Λ the specific area
f MH electrode particles, and F is the Faraday constant. The
ressure P can be denoted as

= cRT = RTΛ

εF

∫
j dt (13)

The Butler–Volmer kinetic expression is assumed to describe
he charge transfer processes occurring across the MH elec-
rode/electrolyte interface. Accordingly, the current density of
aseous hydrogen evolution reaction can be thus written by

= 2j0 sinh

(
αFη

RT

)
(14)

here j0 denotes the exchange current density andη is the surface

verpotential devoted to driving hydrogen evolution reaction.
he charge transfer coefficient, α is taken to be equal to 0.5. The
verpotential η is not available in literature and in experimental.
iaw and Yang [1] found that the overpotential of hydrogen
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Table 2
Parameters for inner pressure and hydrogen intercalation

Parameters Values

Specific area of MH electrode (m2 m−3), Λ 4.5 × 105

Particle radius (m), a 5 × 10−6

Molecular weight of MH alloy (g mol−1), W 419
Density (kg m−3), ρ 7.49 × 103

Free space fraction (%), ε 0.10
Initial intercalation fraction of hydrogen (%), y0 0.10
Activation energy of H2 evolution (kJ mol−1), EH 50
Activation energy of MH electrode (kJ mol−1), EMH 30 [13]
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Fig. 9 shows the changes of exchange current density and
overpotential during 4C rate fast charge. The exchange current
density of hydrogen evolution reaction rises distinctly up to
J. Shi et al. / Journal of Pow

volution is linear with charging time, i.e., η = bT, then the inner
ressure can be written as follows:

= cRT = 2j0R
2T 2Λ

εbαF2

[
cosh

(
αFη

RT

)
− 1

]
(15)

he above equation is only obtained without considering the
actor of temperature, but at higher rates, the effect of temper-
ture could not be neglected. The Arrhenius type expression is
dopted to describe the temperature dependence of the exchange
urrent density:

0 = j0,ref exp

[
−EH

R

(
1

T
− 1

Tref

)]
(16)

here j0,ref presents the exchange current density at the refer-
nce temperature of Tref, EH denotes the activation energy of the
ydrogen evolution reaction. The above equation implies that j0
ncreases with the system temperature. A linear temperature and
ime dependent overpotential was further modified to describe
he overpotential variation during fast charge:

= bt + (T − T0)
dUn,0

dT
(17)

The battery pressure can be thus rewritten as Eq. (18), which
as utilized to fit the experimental pressure with the charging

ime when substituting Eqs. (16) and (17) into Eq. (15):

= 2j0,refR
2T 2Λ

εαbF2 exp

[
EH

R

(
1

T0
− 1

T

)] [
cosh

(
Fαη

RT

)
− 1

]

(18)

The activation energy of the reaction for hydrogen evolu-
ion is assumed to be 50 kJ mol−1. This assumption is based
n a fact that the amount of gaseous hydrogen accumulated in
he battery is trivial compared to the total charge input even
hen overcharged, because of a smaller unoccupied space and a

imited pressure inside the actual battery, therefore the reaction
or hydrogen evolution is deduced to be more difficult than the
eaction for MH electrode charge according to the actual elec-
rochemical efficiency during fast charge. The activation energy
f the charge reaction of the MH electrode is 30 kJ mol−1 [13].
he temperature coefficient is assumed to be equal to that of the
H electrode.
It can be observed that the effects of temperature on the pres-

ure inside the battery are mainly characterized by exponential
ises of exchange current density and electrochemical polariza-
ion. The required parameters for fitting the inner pressure are
isted in Table 2.

The pressure profiles at different rates are compared in Fig. 8,
hich indicates the larger the rate, the earlier the pressure
uildup is witnessed. Fig. 8 also shows the fitting of the pres-
ure modeled by Eq. (18) to the experimental data during 1C,
C, 4C rates charge, the values of b’s in Eq. (18) are averagely
qual to 1.41 × 10−4, 2.45 × 10−4 and 3.09 × 10−4 V s−1 at 1C,

C, 4C rates charge, respectively, and the values of reference
xchange current density averagely change from 1.39 × 10−10

t 1C rate and 1.82 × 10−10 at 2C rate to 3.87 × 10−9 A cm−2 at
C rate. The disparity in exchange current density under differ-

F
r

ig. 8. Fitting the model to the experimental pressure at various charging rates.

nt rate was probably yielded by unavoidable instrumental error
nder lower charge rates, at which hydrogen evolution rate is so
mall that the fitted results were underestimated. Therefore, the
xchange current density at 4C rate is expected to be close to the
eal value. On the other hand, it can also be observed that the
tting at higher rate is better than that at lower rate, indicating

he result at high rate is more reliable than that at low rate.
ig. 9. The variation of exchange current density and overpotential during 4C
ate charge.
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integral:

yave = 3
∫ 1

0
x2y dx (26)
98 J. Shi et al. / Journal of Pow

.5 times that of the reference state owing to a constant rise
n system temperature. It is observed that the reaction polar-
zation constantly increases until overcharge periods where the
verpotential rises evenly due to a steeper rise in temperature.
hus, the effects of temperature on the inner pressure profile is
ignificant under fast charge conditions, indicating temperature
ariation in the system can not be neglected even if only qual-
tative agreement with the experimental data is sought during
igh rates charge. The remarkable disparity of kinetic charac-
eristics would consequentially be resulted when neglecting the
emperature factor under high rates charge.

.4. The profiles of hydrogen intercalation

Compared with the total charge input, the charge for hydro-
en accumulation inside the battery is smaller due to the smaller
noccupied space and limited reaction kinetics of hydrogen evo-
ution in the actual battery. This means the effect of gaseous
ydrogen reaction on the MH alloy charge can be negligible.
herefore, the hydrogen intercalation can be treated by the Fick’s
econdary law. It is assumed that the MH electrode particles
re in spherical form with a mean radius of a, the hydrogen
ntercalating fraction (relative concentration) in the MH nega-
ive electrode satisfies the diffusion equation:

∂y(x, t)

∂t
= 1

x2

∂

∂x

(
x2

a2 D
∂y(x, t)

∂x

)
(19)

= C

Cmax
, x = r

a
(20)

here, the dependent variables are time t and the radial coor-
inate r, which is the spherical direction from the center of
particle. D is the diffusion coefficient, C is the hydrogen

oncentration, Cmax corresponds to the maximum hydrogen con-
entration in the alloy, y and x are dimensionless concentration
nd radial distance from the center to the surface of a particle,
espectively. The boundary and initial conditions can be written
s Eqs. (21) and (22), respectively:

∂y(x, t)

∂x

∣∣∣∣
x=1

= ai

FCmax
; D

∂y(x, t)

∂x

∣∣∣∣
x=0

= 0 (21)

(x, 0) = C0

Cmax
= y0 (22)

here i is the applied current density of charge, C0 is the ini-
ial concentration of hydrogen; the above boundaries imply that
here is no flux of hydrogen in the core of the particle, while the
onstant flux of hydrogen was deposited onto the surface of the
lloy particle in the constant current charging regime. And y0
eans a particle of initially uniform intercalation profile.
When the hydrogen intercalation approaches the maximum

ontent, the boundary can be modified as∣∣

y(x, t)|x=1 = 1; D

∂y(x, t)

∂x
∣∣
x=0

= 0 (23)

The above boundary means that on the surface of MH elec-
rode the constant intercalated fraction, equaling to the maxi-
urces 161 (2006) 692–701

um intercalated fraction, was adopted after the top content,
hile there exists no flux of hydrogen in the core of the parti-

le. The new initial condition corresponds to the state at the top
ntercalation.

The diffusion coefficient is taken to be dependent on the tem-
erature of system and the intercalating fraction in MH alloy:

= Dref

f (y)
exp

[
EMH

R

(
1

Tref
− 1

T

)]
(24)

here EMH is the activity energy of charging MH electrode,
ref is the reference diffusion coefficient at the reference tem-
erature Tref. The factor f(y), reflecting effect of the gradient of
he chemical potential on hydrogen intercalation [5,24,25], is
efined as

(y) = d ln aH

d ln y
= d ln fH

2 ln y
≈ 1

2

d ln Peq

d ln y
(25)

here aH is the activity of hydrogen in the hydride alloy, fH
nd Peq are the hydrogen fugacity and the hydrogen equilib-
ium pressure corresponding to the equilibrium state. Fig. 10
hows the P–C–T curves of the typically commercial AB5-type
lloy consisting of MmNi3.55Co0.75Mn0.4Al0.3 [19], which is
he same as that of the alloy employed in the studied batter-
es. The hydrogen content under 1 atm is more important for
ractical applications as negative electrodes of Ni/MH battery
ince the effective hydrogen capacity of the alloy is utilized only
nder about 1 atm of hydrogen pressure [26]. Thus, the effective
ydrogen uptake of the alloy reaches approximately to AB5H5,
orresponding to an electrochemical capacity of 320 mAh g−1,
hich is very close to the actual top specific capacity of the alloy
sed in the experimental battery. The above P–C–T curve is then
tted to obtain the mathematical formula of f(y) as a function of

he intercalation fraction of hydrogen.
In the MH electrode, the average hydrogen intercalation frac-

ion yave, is defined to be the same as the average intercalation in
particle according to the property of assumed spherical parti-

le. Then, at any given charging time, there exists the following
Fig. 10. P–C–T curve of AB5 alloy [19].
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Fig. 11. Relationship between I and Iτ under small current discharge.

The reference diffusion coefficient Dref can be calculated by
q. (27) [6,27] when the applied current density is smaller and

he thermal effect could thus be avoided,

Dref

a2 (Q0 − Iτ) = I

15
(27)

here I is the discharged current, τ the transition time corre-
ponding to the time when the hydrogen intercalation fraction
pproaches zero, and Q0 the capacity of the charged electrode.
q. (27) is valid for small constant discharge currents which

eads to a larger amount of hydrogen released from the alloy par-
icle. Fig. 11 shows a well linear relationship between I and Iτ at
arious discharge currents, the diffusion coefficient of hydrogen
s thus estimated to be 9.83 × 10−15 m2 s−1 with a particle radius
f 5 �m. Table 2 lists the values of the parameters required in
he modeling of hydrogen intercalation in the MH electrode.

FEMLAB® software system is adopted to solve the above
artial differential equations based on the above initial and
oundary conditions. The intercalation fraction variations of
ydrogen during various charging currents are indicated in

ig. 12. The intercalation fraction of hydrogen on the surface is
aximal at the time of 3700, 1655 and 700 s during 1C, 2C and

C rate charge, respectively. This calculation is in agreement
ith the experimental measurements (Fig. 8) in spite of a slight

ig. 12. Calculated hydrogen intercalation fraction at various charging rates.
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ong predicted time at 1C rate charge. It is indicated that the
ydrogen increasingly evolves from the MH electrode when
he surface hydrogen intercalation tends to the peak value.

ith hydrogen evolution, more and more charge is consumed
o generate hydrogen rather than charge the active materials,
hus reducing the charge efficiency, the pressure buildup inside
he batteries is thus accelerated. Further imposition of the
arge current will be not helpful to the charge reaction. It is
learly shown that the hydrogen intercalation dominates and
imits the fast charge properties, the larger current density the
attery is charged, the smaller capacity density the battery
btains before the maximum surface hydrogen intercalation is
eached.

The average hydrogen intercalation in the MH electrode is
lso shown in Fig. 12. The average intercalation of hydrogen
ecreases with the rise in charge rate before the top hydro-
en content in the MH electrode, It is indicated that the total
harging efficiency drops at higher rates, therefore the charged
apacity at higher rates is less than that at lower rates before
he top intercalation. However, in order to achieve full capac-
ty in the MH electrode, further charge is practically required
espite higher pressure and higher temperatures are resulted in
he actual operation. During sequential charge periods, the sur-
ace intercalated fraction of hydrogen is constantly kept to be
he top value. At the time close to the top intercalation, the aver-
ge intercalated fractions under 1C, 2C and 4C rate charge are
2%, 62% and 46%, while the values at the end of charge rise
p to 76%, 70% and 65%, respectively. The values at 1C, 2C
nd 4C rate charge rise 5.5%, 14.8% and 41%, respectively,
hich accelerates the reduction of the intercalation difference

mong the various rates under further charge. It is concluded that,
uring further charge with the same overcapacity, the charge effi-
iency is higher at higher rate wherein the higher pressure and
emperature are probably helpful to accelerate hydrogen interca-
ation into the alloy matrix, especially at the higher temperature.
owever, overcharge should severely be controlled within the

ndurable duration of the batteries to avoid the high tempera-
ure and pressure, which probably lead to the battery failure. The
umerical modeling suggested that, for fast charge and achiev-
ng better performances, smaller current should be imposed to
harge the battery when the hydrogen intercalation tends to the
op value, which can avoid the high rate of hydrogen evolution
nd maintain the higher charge efficiency throughout the charge
rocess.

Based on the proposed model, the numerical calculation for
he effect of diffusion coefficient on the hydrogen intercalation
an be conducted. Fig. 13 depicts the effect of the measured dif-
usion coefficient on the surface hydrogen intercalation fraction
uring 4C rate charge with the particle size of 5 �m. The time
o reach the maximum surface hydrogen content rises with the
iffusion coefficients, which indicates more amount of hydro-
en is intercalated into the alloy, and the inner pressure inside
he batteries is accordingly decreased at the same charging cur-

ent. It is thus naturally advantageous to increase the diffusion
oefficient in improving the charging efficiency of the negative
lectrode as well as in alleviating the inner pressure inside the
atteries.
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ig. 13. Surface hydrogen intercalation at varying the measured diffusion coef-
cient.

It can be observed from the proposed model that the size
f the particle could influence the reaction kinetics of hydro-
en intercalation reaction in the alloy electrode. Therefore, the
nalysis of the effect of particle size on hydrogen intercalation
as also performed as Fig. 14. It is indicated that the decrease
f particle size can facilitate the hydrogen intercalation into the
egative electrode. It is a simple consequence of the fact that,
or the same porosity, an electrode with smaller particle size
f alloy has larger specific surface area and the shorter time of
ydrogen diffusion due to the smaller diffusion distance. Nor-
ally, when the MH negative electrode is cycled in charge and

ischarge, the particle sizes tends to decrease due to fracturing
aused by absorption and desorbtion of hydrogen. From this
oint of view, it is seemed that the hydrogen diffusion kinetics
ay be improved when cycling the battery. However, because

he conductivity of the solid matrix decreases with decreasing
article size [28], hence, the smallest particles can not give the
est electrode properties, moreover, this effect becomes more
ronounced when charged at higher rates. Furthermore, this kind

f fracturing could also result in the incompact electrode struc-
ure, therefore, it is noticed that the results from the model cannot
nfinitely be true, the conductivity of the electrode and choose
f particle size should be compatibly considered based on the

Fig. 14. Effect of particle size on the surface intercalation of hydrogen.
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ctual state. The simulated results from the model only gives
better understanding about the effect of particle size on the

ydrogen intercalation.

. Conclusions

Gas chromatography was performed and confirmed that
aseous hydrogen is the dominant component and the inner
ressure rise is primarily characterized by the hydrogen evo-
ution reaction in the 8-Ah nickel/metal hydride batteries. The
ydrogen evolution kinetics was analysed, and overpotential
nd exchange current density were obtained by fitting the
emperature-dependent pressure model proposed in this work
o the experimental measurement. Furthermore, the profiles
f hydrogen intercalation during fast charge were numerically
odeled according to the proposed mathematical model of

ydrogen diffusion. The results indicate that the hydrogen inter-
alating rate in the MH electrode limits fast charge properties
f the electrode, and the higher rate the battery is charged, the
aster the negative electrode approaches the maximum surface
oncentration of hydrogen, and the higher the inner pressure is
uilt inside the battery. The numerical modeling suggested that
he characteristics of fast charge can be efficiently improved by
ncreasing diffusion coefficient and decreasing the particle size
f the alloy to some extent.
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