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a b s t r a c t

Ni-Co hydroxide nanosheets (NCHs) deposition on as-oxidized Buckypaper (BP) were fabricated by a
one-step electrodeposition method for sensitive stimuli-responsive sensors (temperature, mechanical
deformation etc.). This NCHs/BP film exhibits a near linear relationship between normalized electrical
resistance (R/R0) responses with different external conditions, such as large coefficient of linear thermal
expansion (CLTE) a of 235.0 in 10�6/K under temperature stimuli, and linear electro-mechanical relation-
ship with ultimate strain of 2.1% and ultimate stress of 21.0 MPa under mechanical deformation stimuli
(stretching, bending and torsion), suggesting its promising applications as thermal sensors and
mechanical-stimulated devices.

� 2017 Published by Elsevier B.V.

1. Introduction

Stimuli-responsive materials with decent mechanical and elec-
trical properties are increasingly demanded for developing electro-
chemical sensors, biomedical devices and actuators [1–8]. The
characteristic responses to different stimuli inputs, including tem-
perature variation, stress distributions, and pH change, to name a
few, make them feasible to prepare smart materials with special
functions. Among this, thin paper-like materials have been widely
studied due to their excellent flexibility, good processability and
high efficiency [9,10]. In the present work, Buckypaper (BP) was
chosen as a fabrication precursor attributed to its excellent
mechanical robustness and electrical conductivity [11,12]. After
the electrochemical oxidization process with Ni-Co hydroxide elec-
trodeposited, the as-formed NCHs/BP films exhibit a high capaci-
tance (1.5 F�cm�2) and long term cycle life (capacitance retention
of 92% over 10,000 cycles) for flexible supercapacitors in our earlier
report [13]. And we are gratified to find that this NCHs decorated
Buckypaper film demonstrated interesting responses to tempera-
ture variation and mechanical stimuli types (stretching, bending
and torsion) with high sensitivity, suggesting its great potentials
as sensitive thermal sensor and mechanical-stimulated device.

2. Materials and method

The thin NCHs/BP film was prepared by a facial one-step
electrodeposition method as reported in earlier work [13].
The BP was purchase from Nanolab Inc (USA), and sulfuric acid,
Ni(NO3)2�6H2O, Co(NO3)2 �6H2O and polyethylene terephthalate
film were purchased from local supplier, respectively. In detail,
the BP was electrochemically oxidized in H2SO4 solution (1 M) to
make it hydrophilic firstly. After that, the electrodeposition was
conducted using a conventional three-electrode system consisting
of the as-treated BP as the working electrode, a platinum mesh as
the counter electrode and a saturated calomel electrode (SCE) as
the reference electrode. A constant potential of �1.0 V vs. SCE
was adopted to deposit the NCHs upon the BP in an aqueous
solution containing 0.1 M Ni(NO3)2 and 0.03 M Co(NO3)2. After
electrodeposition for 2 min, the final NCHs/BP film was obtained
after rinsing several times with deionized water. For electrome-
chanical test, the as-prepared NCHs/BP film was firstly cut into
small pieces by a size of 10 � 20 � 0.075 mm, and was electrically
insulated and packaged at two sides by 0.5 mm thick polyethylene
terephthalate film after the setting up of copper tape for conduc-
tive electrodes.

The surface morphologies of the NCHs/BP were characterized by
scanning electron microscope (SEM, ZEISS Merlin) with an operat-
ing voltage of 10 kW. X-ray diffraction (XRD) analysis was carried
out by an X-ray diffractometer (Rigaku Smartlab) using Cu-Ka
source (1.54 Å). X-ray photoelectron spectroscopy (XPS) was
obtained on an SSI SProbe XPS spectrometer (PHI 5700 ESCA
System) with an Al(Ka) source. And polyethylene terephthalate
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film packaged NCHs/BP film was employed to test the electrome-
chanical responses using a typical two electrode method.

3. Results and discussion

The XRD patterns of the bare BP and NCHs/BP film are compar-
atively shown in Fig. 1a. The highly intense (002) peak at 26.4�
confirms the graphite structure from the BP precursor. Both
diffraction peaks at 36.8� and 42.8� are ascribed to the typical crys-
tal components of NiCoO2. Meanwhile, the four sharp peaks at
34.9�, 39.5�, 53.1� and 60.9� is attributed from the crystal struc-
tures of comblainite (Ni6.10Co2.90(OH)18.27(CO3)1.315�6.7H2O)
according to the JCPDS no. 33-0429. And the peaks located at
31.1� and 44.6� correspond to the (220) and (400) plane reflec-
tions of the Co2NiO4 sample. From the XRD patterns, the formation
of the NCHs during the electrodepositing process can be proved.
The chemical composition of NCHs/BP film was further studied
by XPS analysis, as shown in Fig. 1b and d. The peaks located at
284.90, 530.91, 780.91 and 855.91 eV are corresponding to C1s,
O1s, Co2p and Ni2p, and the deconvoluted peaks of C1s spectrum
of Fig. 1c corresponds to non-functionalized graphic structures
(C–C, 286.4 eV), C-O functional groups (286.4 and 288.7 eV),
respectively. Due to the electrochemically oxidized process of the
BP, a considerable portion of oxygen-containing groups is derived.
The peak centered at 530.5 eV indicates a typical characteristic of
metal-oxygen bonds, while the peaks at 531.6 and 533.2 eV are
related to C-O functional groups.

Fig. 2a and c are the SEM images of NCHs at different magnifica-
tions. A porous surface of BP is formed by the continuous connec-

tions among carbon nanotubes with diameters ranged from 20 nm
to 30 nm (Fig. 2a). The combination of the mechanical robustness
and excellent conductivity of the BP film provide a flexible tem-
plate for NCHs deposition. As shown Fig. 2b and c, the NCHs is uni-
formly decorated on the as-treated BP film after the
electrodeposition. The high-resolution SEM image in Fig. 2c reveals
a ‘star-shaped’ pattern of NCHSs with a lateral size of approx.
100 nm.

The obtained NCHs/BP film was cut into strip with a size of
10 � 20 mm for mechanical test. The tensile test is conducted by
a universal material testing machine (Instron-5569, UK) using
quasi static loading by a loading rate of 0.5 mm/min. As shown
in Fig. 3(a), The resultant strain-stress curve reveals a superior
ultimate tensile strength and strain of 21.0 MPa and 2.1%, respec-
tively. And a sharp crack of the films has been observed by SEM
in Fig. 3b,c.

As demonstrated in Fig. 4, the sensing performance of NCHs/BP
was evaluated responding to temperature variation. The normal-
ized electrical resistance (R/R0, where R0 = 8.2X) decreases almost
linearly with the temperature elevation ranged from �60 �C to
80 �C , and about a 2.79% of electrical resistance variation (DR/R)
per 5 �C is observed, indicating a high sensitivity to such tempera-
ture fluctuations. After that, the influence of the temperature to the
resistance variation becomes unobvious, and the electrical resis-
tance remains the same even the temperature rises to 150 �C,
showing an interesting dependent relationship between normal-
ized electrical resistance and temperature curve as shown in
Fig. 4a. Meanwhile, a near linear expansion is detected with a coef-
ficient of linear thermal expansion (CLTE) a of 235.0 in 10�6/K by
laser thermal expansion test in Fig. 4b. In less than 45 min, the

Fig. 1. (a) XRD patterns of bare BP and NCHs/BP; (b) Wide-scan of XPS spectrum of NCHs/BP; XPS spectrum of NCHs/BP: (c) C1s; (d) O1s.
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