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a  b  s  t  r  a  c  t

Current  collectors  are  typically  electrochemically  inactive  in  lithium  ion  batteries.  However,  they  might
affect  the  whole  cell  performance  once  they  are  thermally  treated  during  battery  assembly  procedure.
The  goal  of  this  study  is to investigate  the  heat  treatment  effect  of  Ni  foam  current  collectors  on  the
electrochemical  performance  in  lithium  ion  batteries.  Ni  foams  were  thermally  treated  at  different  tem-
peratures  in  air,  and  they  were  characterized  in  terms  of  morphology,  structure  and  electrochemical
eywords:
urrent collector
node
eat treatment
nergy capacity
ithium ion batteries

performance  in  a half  cell.  SEM  images  showed  that  Ni  foam  surface  became  coarse  with  an  increase
of the  heating  temperature.  Thermally  treated  Ni  foams  below  200 ◦C had  negligible  capacity  of about
0.025  mAh,  but  above  300 ◦C  showed  certain  capacity  up to 3.13  mAh  at 30th  cycles  due  to  the  oxide  layer
formed  by  the  thermal  oxidation  of  the Ni foam.  The  results  demonstrate  that the  thermal  treatment  of
Ni foam  current  collector  promotes  the  gradual  oxidation  on the  Ni  foam  surface  with  nonnegligible
capacity  contribution.
. Introduction

During the past decades, vigorous efforts in developing more
dvanced lithium ion batteries have been made toward improving
lectrode materials which are significantly important to determine
he energy capacity, power density and electrochemical potential
f batteries [1].  Particularly, nanostructured electrode materi-
ls, such as nanotubes/wires, nanoparticles, nanocomposites, have
emonstrated considerable improvement in the electrochemical
erformance due to the high electrode/electrolyte contact area,
ast charge–discharge kinetics and enhanced structural stability
rom volume change. Typically lithium ion batteries are composed
f two electrodes (i.e. anode and cathode), electrolyte, separator
nd current collectors. The current collectors give the electronic
onduction through the active electrode materials to the external
ircuit without any electrochemical reactions within the opera-
ional voltage window in lithium ion batteries. Various metals such
s Cu, Ni, stainless steel. are used as the current collectors in the
orm of thin foil, mesh or foam to improve the electrical conductiv-
ty and adhesion to active electrode materials. Among them, nickel
oam has attracted great interest as current collector in fuel cells
2–4] and lithium ion batteries [5–24] due to its 3-dimensional
tructure, providing a larger surface area and better contact of

ctive materials to the electrolyte.

Many different active materials are deposited on Ni foam cur-
ent collectors by using different methods typically accompanying
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various thermal treatments. The thermal treatments are usually
conducted at temperatures ranging from room temperature to sev-
eral hundred degrees Celsius under different atmosphere in order
to evaporate solvents or improve crystallinity of the active mate-
rials. For example, Gille et al. casted nickel hydroxide paste on Ni
foam and dried at 60 ◦C under vacuum to evaporate binders [5].
Huang et al. calcined NiO film on Ni foam at 350 ◦C in Ar after the
chemical bath deposition [11–13].  Yu et al. deposited CoO, CuO and
SnO2 on Ni foam by Electrostatic Spray Deposition at 230–250 ◦C
in air [17–20].  Detailed thermal treatment conditions of various
fabrication methods of electrode materials on Ni foam substrate
in lithium ion batteries were briefly summarized in Table 1. In all
these works, however, the heat treatment effect of Ni foam current
collectors on the electrochemical reaction and capacity contribu-
tion has been simply ignored. Our recent study of NiO film obtained
on the Ni foam by the thermal oxidation at 500 ◦C showed the spe-
cific capacity up to 646 mAh  g−1 [23], which motivates us to study
the capacity contribution of the Ni foam current collector to the
total cell performance at different process temperatures. Moreover,
in case of nanostructured active materials with limited weight of
active materials, the capacity contribution of the oxide layer on the
current collector could have considerable impact on the total cell
performance. Therefore, it is important to investigate details of the
thermal treatment effect of current collectors on the electrochem-
ical performance in lithium ion batteries.

In this work, we took Ni foam current collector as an exam-

ple in order to understand the heat treatment effect. Experimental
efforts have been devoted to heat-treated Ni foams at different
temperatures in air by characterizing their morphological, struc-
tural properties and electrochemical performance with reference
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Table  1
Thermal treatment conditions in different processes with Ni foam substrate.

Process method Active material Temperature (◦C) Heating time (h) Atmosphere

Casting with binder

NiOOH [5] 60 1

Vacuum

NiSb [6] 110 12
C–V2CVS [7] 80 24
Cu–Sn [8] 500 8
Si–Ni [9] 100 10
Cu2O/CuO [10] 80 –

Electrochemical deposition

NiO [11–13] 350 2

Ar
NiO [14] 300 0.5
NiO [15] 500 0.5
Ni2P [16] 500 1

Electrostatic spray deposition
Cu2O/Li2O [17–18], SnO2 [19] 250 3

AirCoO/Li20 [20] 235 2
Sn/CNTs [21] 200–300 1

Vapor-phase transport NiP2 [22] 350 12 Vacuum

NiO [23] 500 –
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Thermal oxidation NiO [24] 

o Li metal. Our results indicate that the discharge capacities
f heat-treated Ni foam were significantly affected by the heat-
ng temperatures. Their electrochemical performance showed the
i/NiO configuration due to the thin NiO layer, either nature oxide

ayer or formed by the thermal oxidation during the heat treatment
rocess, which could deliver a noticeable capacity above 300 ◦C. We
elieve the interfacial oxide layer on Ni foam can be further utilized
o help us on designing new battery electrode configuration with
nhanced energy density.

. Experimental

Porous Ni foam (Hunan Corun New Energy) disks (16 mm in
iameter) were thermally treated at different temperatures. Prior
o the heat treatment, Ni foams were sonicated in the ethyl alco-
ol for 20 min  to clean the surface of Ni foams. Then pretreated Ni

oams were heated on the hot plate at temperature 100, 200, 300,

00 and 500 ◦C in air for 2 h, respectively (heat-treated samples
re denoted as T100, T200, T300, T400, and T500). Six samples at
ach temperature have been prepared, and the weight difference
f pretreated Ni foams before and after heating was measured. The

ig. 1. (a) XRD patterns, (b) statistical data of Ni foam weight difference before and after
eating  temperatures.
Air500–700 –

weight of NiO was estimated by using the method elucidated in Ref.
[23].

Structural and morphological properties of heat-treated Ni
foams were analyzed by X-ray diffraction (XRD) (D-5000 diffrac-
tometer; Cu K� radiation, � = 0.154056 nm)  and field-emission
scanning electron microscope (FESEM) (JELO, JSM 6330), respec-
tively. Thermally treated Ni foams as a working electrode and
lithium metal as counter and reference electrode were assembled
in CR2032 coin cells under an argon filled glove box. The electrolyte
is 1.1 M FC-130 dissolved in ethylene carbonate, dimethyle car-
bonate and diethyl carbonate (EC:DMC:DEC, 1:1:1 volume ratio).
Cyclic voltammetric (CV) measurements were performed on a Ver-
stile Multichannel Potentiostat (VMP3, Bio-Logic) at 0.2 mV  s−1

scan rate between 0.02 and 3 V (vs. Li+/Li). The galvanostatic
discharge–charge cycling of cells were carried out at room tem-
perature by using an NEWARE BTS-610 battery tester.
3. Results and discussion

XRD patterns of thermally treated Ni foam at different treatment
temperatures are given in Fig. 1(a). Other than Ni diffraction peaks

 heat treatment and (c) relationship of XRD peak intensity of NiO (0 1 2) plane with
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Fig. 2. SEM images of heat-treated Ni foam at (a) 2

t 44.5◦, 51.8◦ and 76.3◦ observed in all heat-treated Ni foams, the
iffraction peaks of NiO could be mainly distinguished for samples
hermally treated at above 300 ◦C. The three major peaks related
o NiO are at 2� of 37.2◦, 43.3◦ and 62.9◦, which are indexed to
1 0 1), (0 1 2) and (1 1 0) planes of the cubic structure NiO, respec-
ively. Fig. 1(b) presents average weight difference before and after
eat-treatment of samples from 100 to 500 ◦C. It can be found that
he weight difference is negligible below 300 ◦C, and it is increasing
ith the increase of temperature at 300–500 ◦C. The average weight
ifference at 500 ◦C reached 0.86 mg  corresponding to NiO weight
f 4.01 mg  if we simply assume the oxide layer is uniform in depth.
ig. 1(c) shows the NiO (0 1 2) plane peak intensity for samples ther-
ally treated above 300 ◦C. The intensity of NiO diffraction peak

ecomes stronger with increase of the heat treatment temperature,
orresponding to the weight difference of Ni foam before and after
eat treatment in Fig. 1(b). The increase of both XRD peak intensity
nd weight difference indicates the gradual NiO film growth from
he thermal oxidation of the Ni foam surface.

Fig. 2 shows SEM pictures of heat-treated Ni foam surfaces
t 200, 300, 400 and 500 ◦C, respectively. Different surface mor-
hologies of heat-treated Ni foam were formed at different heat
reatment temperatures. Sample T200 (Fig. 2(a)) shows the rela-
ively smooth surface with legible grain boundaries. The smooth
urface of each grain became rough with the increase of the heating
emperature due to the oxidation of Ni into NiO (Fig. 2(b)). More-
ver, uniformly distributed fine irregular-shaped features around
00 nm in diameter gradually appeared at 400 ◦C (Fig. 2(c)), and

hey further grew on the surface until the grain boundaries became
nclear at 500 ◦C (Fig. 2(d)). The morphology change of Ni foam
urface was strongly influenced by the heat treatment tempera-
ure. The surface of Ni foam was oxidized via a gas–solid thermal
, (b) 300 ◦C, (c) 400 ◦C and (d) 500 ◦C, respectively.

reaction forming gradually an integrated Ni/NiO structure. The
thickness and density of the oxide layer depends mainly on two
heat treatment parameters, i.e., oxidation time and temperature. In
this study, all the samples were heat-treated for 2 h, so the higher
the temperature the thicker and denser the NiO layer has been
formed.

In Fig. 3(a), the 1st cycle CV profiles of heat-treated Ni foams at
different temperatures show that as heat treatment temperature
increases, the cathodic peak of the 1st cycle shifts to lower voltage
from 0.8 V for T300, to 0.5 V for T400, and 0.25 V for T500 gradually,
corresponding to the initial reduction reaction of NiO to Ni layer and
the formation of a solid electrolyte interface (SEI). For T100 and
T200, the peak currents are considerably low compared to T300,
T400 and T500, which indicates the negligible capacity contribution
due to the thin or partially oxidized NiO layer on Ni foam at low tem-
perature treatment, but the zoom in result shows similar Ni/NiO
electrochemical configuration in the insert of Fig. 3(a). For T500, the
cathodic peak becomes broad and weak after 1st cycle and shifts to
around 1 V in the subsequent cycles as presented in Fig. 3(b) due to
the SEI formation, mainly occurred at 1st cycle. In the anodic scan,
two  broad peaks at around 1.6 V and 2.2 V were resolved, attributed
to the decomposition of the partially reversible polymeric coating
on the NiO surface and Li2O, respectively [25–28].

The 1st cycle voltage vs. capacity profiles (i.e., charge–discharge
curves) of heat-treated Ni foams in the voltage range of 0.02–3.0 V
at a constant current of 0.05 mA were plotted in Fig. 3(c). Ni foam
T100 and T200 electrodes (not shown here) only deliver capacity

of 0.13 and 0.14 mAh  in 1st cycle. Heat-treated Ni foams at over
300 ◦C, T300, T400 and T500, have the typical discharge character-
istics of NiO with a long voltage plateau at about 0.7 V by a sloping
discharge curve down to the cut-off voltage of 0.02 V during 1st
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Fig. 3. (a) Cyclic volammetry curves of heat-treated Ni foams at the 1st cycle at different heating temperatures, (b) cyclic volammetry curves of T500 sample from the 1st to
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rd  cycles, the CV curves of each heat-treated Ni foam were recorded in potential w
nd  (d) cyclability of samples treated at different temperatures, recorded at constan

ycle delivering capacity of 0.46, 1.06 and 3.61 mAh, respectively.
oreover, the corresponding specific capacities of T400 and T500

re 1088 and 1021 mAh  g−1, respectively, which were calculated
ased on the weight differences of Ni foams before and after the
eat treatment for T400 and T500. The discharge plateaus are well
orresponding to the respective cathodic peak observed in the CV
urves, shown in Fig. 3(a). The irreversible capacity loss during 1st
ycle of the heat-treated Ni foam is gradually decreased from 47%
t 100 ◦C to 27% at 500 ◦C, indicating better reversibility at higher
emperatures. We  believe that the high irreversible capacities of
ow temperature heat-treated samples, T100 and T200, in 1st cycle

ight be attributed to the negligible conversion reaction of NiO to
i, and most of capacities might come from the formation of the

olid electrolyte and decomposition of the incomplete Li2O.
The cycling performance of heat-treated Ni foams was  exam-

ned, as displayed in Fig. 3(d). The results revealed that the
apacities of bare Ni foam, T100 and T200 are very limited (around
.025 mAh) and exhibit similar retention within 30 cycles. While
he capacities at 30th cycle of T300, T400 and T500 show 0.32, 0.97
nd 3.13 mAh, respectively, indicating the capacity increases with
he increase of heat treatment temperatures. The specific capaci-
ies of T400 and T500 were estimated based on the calculated NiO
eight as 998 and 885 mAh  g−1, respectively, showing the capaci-

ies are higher than the theoretical one of NiO (718 mAh  g−1). This
ay  be attributed to the partially reversible polymer-like SEI coat-

ng, formed by the electrolyte decomposition [26,29,30].  Especially,
he high specific capacity of T400 might come from the high surface

rea of the porous morphology interfacial layer which benefits the
nteraction reaction of active materials with electrolyte and reduce
i+ diffusion path [20,31]. From the results of Ni foam heat treat-
ent effect on the electrochemical performance, we  can conclude
 of 0.02 to 3 V (vs. Li) at 0.2 mV s−1 scan rate. (c) 1st cycle charge–discharge profile,
ent of 0.05 mA.

that (1) the electrochemical performance of the heat-treated Ni
foam was  strongly influenced by the heat treatment temperatures;
(2) the interfacial oxide layer contributes nonnegligible capacity to
the whole cell performance above 300 ◦C. The capacity contribution
of the Ni/NiO configuration is directly related to the morphology
change and the amount of the oxide layer formed on the Ni sur-
face. The improved energy capacity and good cyclability for samples
treated above 300 ◦C are due to the unique Ni/NiO structure which
offers good adhesion, better kinetics, and negligible contact resis-
tance between active NiO anodes and the underlying inactive Ni
current collector. Moreover, the porous nature of the Ni/NiO config-
uration could buffer volume expansion/constriction which usually
leads to the pulverization and degradation of the transition metal
oxide electrodes during the conversion reactions. Further research
needs to be done to assemble the anode electrodes with typical
cathodes to build full cells and examine the level of contribution
of various types of current collectors to the battery performance.
It should be noted that the oxide interfacial layers could be used
to design better battery electrode configurations with enhanced
energy capacities.

4. Conclusions

The thermal treatment effect of Ni foam current collector on the
electrochemical performance was  investigated. NiO layer was grad-
ually grown on the Ni foam surface with the increase of the heating

temperature. The capacity contributions were confirmed nonneg-
ligible at heat treatment temperatures above 300 ◦C. Therefore, it
demonstrates that the thermal treatment promotes gradual oxi-
dation of the Ni foam surface with increased temperatures, which
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ould be applied to more advanced battery electrode design with
mproved energy capacities.
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