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a b s t r a c t

Toward achieving Li-ion batteries with high energy density, SWCNT/Sn composite paper was
electrochemically prepared and the addition effect of formaldehyde (HCHO) and polyethylene glycol
(PEG) on Sn electrodeposition morphology was studied. PEG improved the wettability of electroplating
bath to enable inhomogeneous Sn embeddedness inside SWCNT paper, and HCHO delivered more nuclear
growth. The synergetic effect resulted in a composite paper in which Sn particles with several-hundred
nanometer order were distributed. Compared with a commercially-available Cu foil (18 lm-thickness)
with 32 mg at 2 cm2 (u 16 mm), the weight of the SWCNT paper (5 mg) is one sixth of that of the Cu foil.
The dramatic reduction of the component greatly contributes to the increase in energy density of
batteries.

� 2018 Elsevier B.V. All rights reserved.

1. Introduction

Free-standing and flexible carbon nanotube (CNT) papers with
porosity, aggregate of CNT bundles, have attracted much attention
as a supportmatrix of catalyst and electrodematerials in the energy
scientific field [1,2]. For instance, composite papers in which Au and
Pt are deposited inside functions as the cathode catalyst of glucose
oxidation, and of oxygen reduction reaction for polymer electrolyte
fuel cell [3]. In case of introducing Li storage substances (e.g., the
group 14 elements: graphite, Si, Sn and Sb), the resulting CNT com-
posites can be a negative electrode for rechargeable batteries [4].
The motivation for the development of these energy-related mate-
rials is originated from high electrical conductivity and high chem-
ical stability as well as high specific surface area of CNTs [5]. As for
the latter, Sn is a promising activematerial due to its high gravimet-
ric and volumetric capacities of 990 mA h g–1 and 7313 mA h cm–3

(Li4.4Sn) based on alloying/dealloying reactions with Li, and the
capacities are much larger than those of currently-used graphite
(372 mA h g–1, 883 mA h cm–3) [6]. On the other hand, CNT paper
is composed only of carbon, and the paper is ultra-lightweight com-
pared with a commercially-used Cu substrate. Therefore, the use of

CNT papers as a current collector should dramatically contribute to
the achievement of miniaturization for electronics and wearable
devices. However, the several research examples are limited to fol-
lowings: (i) simple suction filtration of CNT-dispersed solution
together with activematerial [1]. (ii) suction filtration of CNTwhich
is coated with active material by impregnation, sputtering, and
electroless deposition [7]. The method (i) causes inhomogeneous
distribution (localization) of active material inside the composite
electrodes. This is because of the difference in weight or density
between CNT and the active materials, (i.e. CNT: 1.3–2.0 g cm–3,
Sn: 7.3 g cm�3)[3], as shown in Fig. S1. It is responsible for poor per-
formance in catalyst and battery electrode. In contrast, our strategy
is to introduce Sn inside CNT paper by electroplating technique. In
the present study, we report the electrochemical preparation of
CNT/Sn composite, and discuss the effect of additive in electroplat-
ing bath on Sn deposition behavior on CNT paper.

2. Experimental details

Single-walled CNT (SWCNT; Zeon Corp.) [8] synthesized by
water-assisted chemical vapor deposition was added to deionized
water and dispersed using sodium dodecylbenzenesulfonate
(SDBS). The content ratio of SWCNT was 0.2 wt%, and the concen-
tration of SDBS was 3.0 � 10�4 M. For the disintegration of SWCNT
bundles formed by the strong van der Waals interaction, a
wet-type jet mill (mechanical atomization) was applied to the
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suspension. The suspension (50 g) was then ultrasonically agitated
and filtered using a membrane filter (Millipore) with a pore size of
0.1 lm. The resulting agglomerate was washed by distilled water
and dried at 80 �C for 12 h under vacuum to obtain a free-
standing SWCNT paper with a 40-lm thickness. The paper with
an opening space area of 2 � 2 cm2 as the cathode was placed at
the center of an electrochemical cell, and was immersed in aque-
ous solutions consisted of 0.5 M SnCl2 + 1.25 M K4P2O7 + 5 mM
formaldehyde (HCHO) + 2 mM polyethylene glycol (PEG, molecular
weight: 600) for 30 min in advance. After setting up two Sn plates
as the anode at either end of the cell, electrodeposition was con-
ducted under a current density of 1 mA cm�2 (0.1 A dm�2) at 25
�C without stirring. The charge amount was set to 24 C cm�2.

3. Results and discussion

After treatment of a wet-type jet mill, SWCNT bundles were
successfully disintegrated, as shown in high-resolution transmis-
sion electron microscope images (Fig. 1). In the resulting SWCNT
paper, we can observe pore structure with 80 nm or less on the
surface. To obtain a SWCNT/Sn composite in which Sn is homoge-
neously distributed, the electrodeposition was conducted from
both sides of the SWCNT paper. In Raman spectra of SWCNT papers
(Fig. 2), there is no significant change in D/G intensity ratio before
and after the electrodeposition (Fig. S2). The deposit was con-
firmed to be only b-Sn (ICSD: 00-004-0673). Interestingly, we can-
not recognize Sn deposit when plating from one side.

In spite of the presence or absence of HCHO, no Sn particle was
observed in interior portion of the SWCNT paper, and electrodepo-
sition proceeded on only the SWCNT surface to form significantly
large Sn particles of 10 lm or more (Fig. 3). In contrast, the use
of PEG-600 led to homogeneous embeddedness of Sn in the form

of particle with several-hundred nanometer order. We performed
contact angle measurements by sessile drop method [9] to intu-
itively understand an indicator of wettability of electrolyte solu-
tion (Fig. 4a). The contact angle of the additive-free electrolyte
solution on SWCNT paper showed 90�, whereas the electrolyte
with PEG-600 and HCHO delivered high wettability (55�). It was
found that HCHO is not involved in the wettability but is oxidized
to formic, in which resulting electron is consumed by the reduction
of Sn2+. This is supported by the large amount of Sn particles
obtained when co-addition of HCHO and PEG-600 (Fig. 3d). It
was reported that PEG adsorbs as a monolayer on the surface to
inhibit electrodeposition reactions under the presence of Cl�.[10]
In fact, the reductive potential of Sn2+ shifted to the negative side
at the addition of PEG into electroplating bath, meaning the delay
of Sn electrodeposition reaction on SWCNT paper, as depicted in
the cathodic polarization behavior (Fig. 4b). We therefore consid-
ered that the synergetic effect generated from the enhanced wetta-
bility and the function as an inhibitory agent to excessive
electrodeposition reaction on SWCNT surface permitted Sn nucleus
to form inside the structure. The flexibility of the SWCNT/Sn com-
posite paper was not detracted after electrodeposition, and the
deposit did not peel off from the paper even when bent, suggesting
high adhesiveness between SWCNT and Sn.

4. Summary

The influence of HCHO and PEG on Sn electrodeposition behav-
ior on SWCNT paper was studied. The co-addition of HCHO and
PEG achieved the electrochemical preparation of SWCNT/Sn com-
posite in which Sn is uniformly dispersed inside the SWCNT, by
the respective effects of electron generation and good wettability.
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Fig. 1. (a) HR-TEM images of SWCNTs. (b) Preparation scheme of a free-standing SWCNT paper by suction filtration from a suspension including SWCNT dispersed by SDBS.
(c) Surface and cross-sectional FE-SEM images of the SWCNT paper. (d) Photograph during Sn electroplating.
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