
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
O

ct
ob

er
 2

01
6.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 6
:3

5:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Flexible humidity
Advanced Coating Technology Research C

Industrial Science and Technology, Tsuku

Ibaraki 305-8565, Japan. E-mail: t-nakajima

† Electronic supplementary informa
10.1039/c6ra21902k

Cite this: RSC Adv., 2016, 6, 95342

Received 1st September 2016
Accepted 24th September 2016

DOI: 10.1039/c6ra21902k

www.rsc.org/advances

95342 | RSC Adv., 2016, 6, 95342–953
sensors composed of graphite-
like carbon micro-pinecone arrays†

Tomohiko Nakajima,* Takako Nakamura and Tetsuo Tsuchiya

We have prepared flexible graphite-like carbon humidity sensors at room temperature in air. Self-organized

carbon micro-pinecone (CMP) arrays consisting of stacks of very thin nanosheets with thicknesses below

5–10 nm and arranged in a pinecone shape were fabricated by KrF laser irradiation of flexible polyimide

sheets containing SiO2 nanoparticles of approximately 5 nm in diameter. The Raman spectrum of CMP

showed two clear bands, at 1350 cm�1 (D) and 1598 cm�1 (G), indicating a typical graphite-like carbon

structure. Temperature simulation of photothermal heating during KrF laser irradiation of the polyimide

substrate containing a single SiO2 nanoparticle suggested that the areas surrounding the SiO2

nanoparticle experience a much higher photothermal heating effect than other areas, leading to

preferential combustion of carbon near the nanoparticles. This modulation of the photothermal heating

temperature is likely strongly related to CMP formation. The obtained CMP arrays showed high sensitivity

for humidity when decorated with surface noble metal nanoparticles and Pt-decorated CMP in particular

showed very good response and high sensitivity.
Introduction

Carbon nanomaterials of various geometric shapes and crystal
forms hold promise for diverse applications such as gas
sensors, supercapacitors, catalysts and tribological coatings.1–7

These applications would take advantage of the high tunability
of carbon nanomaterial surfaces, and thus there has been
signicant interest in new approaches to the nanostructuring of
carbon nanomaterials into ne nanoparticles,8 nanosheets
containing graphite/graphene,9,10 single/multi-walled nano-
tubes,11,12 nanobers,13 and nanoakes.14 Applications in elec-
tronic devices would benet greatly from planar nanostructures
that can exploit the covalent bonding capabilities of sp2

hybridized orbitals in graphite-based materials to improve
electrical conductivity. Moreover, the identication of new
nanostructures is essential for maximizing the properties of
new sensing devices by providing platforms amenable to
optimum surface modications.

Various chemical vapor deposition methods have been used
to fabricate carbon nanomaterials,14,15 of which the laser
combustion process (LCP) has recently received signicant
attention because of its exible applications. The LCP can
fabricate carbon nanostructured membranes by the combus-
tion of an organic substrate surface such as a polyimide
sheet.16–19 A self-organized carbon micro-cone (CMC) array
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consisting of carbon nanoparticles prepared by excimer laser
irradiation of polyimide substrates is a well-known example,16,17

and CO2 laser irradiation of polyimide sheets can be used to
fabricate porous graphene membranes.18,19 A very important
advantage of these LCPs is that patterning of carbon nano-
material lms at room temperature in air is straightforward.
This is a signicant advantage for the fabrication of carbon
nanomaterials for use in devices. Therefore, the discovery of
new and varied structural forms of carbon nanomaterials using
laser processing is important.

We have studied the effect of the combustion source on the
formation of carbon nanostructured membrane formation
using excimer laser irradiation at room temperature in air and
found that a new carbon micro-pinecone (CMP) array was
fabricated by the combustion of polyimide substrates contain-
ing very small SiO2 nanoparticles. The obtained CMP arrays
were formed by stacking very thin carbon nanosheets. The CMP
array nanostructure showed lower sheet electrical resistance
than conventional CMC arrays and good humidity sensing
properties when the surface was decorated with noble metal
nanoparticles.
Experimental procedures

Commercial Pomiran (Arakawa Chemical Industries; thickness:
38 mm) and Kapton (DuPont; thickness: 50 mm) exible lms
were used as polyimide source materials. Pomiran is charac-
terized by SiO2 nanoparticles approximately 5 nm in diameter
that are uniformly dispersed in the resin.20 Kapton contains no
SiO2 nanoparticles in the resin but the surface is coated with
This journal is © The Royal Society of Chemistry 2016
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a thin layer of SiO2 to prevent the lms from sticking to each
other. Pomiran and Kapton lms were irradiated with a KrF laser
(Compex 110, Lambda Physik) at a uence of 50–200 mJ cm�2 at
room temperature in air. Dispersions of Pt, Pd and Au nano-
particles (10mM; approximately 5 nm in diameter) (Renaissance
Energy Research) were spin-coated at 4000 rpm for 10 s on the
laser-irradiated polyimide lm surfaces to demonstrate their
humidity sensing properties. The metal nanoparticle coating
procedure was repeated twice and then the lms were dried at
100 �C for 30 min.

The microscopic morphology and elemental composition of
the samples were examined by eld-emission scanning electron
microscopy (FESEM; SU9000, Hitachi) and energy dispersive
X-ray spectrometry (EDS; Genesis, Edax). Raman spectra were
collected using a laser Raman spectrometer (NRS 7100, Jasco).
X-ray photoemission spectroscopy (XPS) was carried out using
an Al Ka source. The electrical resistance (R) was measured
using a two-probe geometry under various dry and humidied
gases using a digital multimeter (DMM4050, Tektronix). The
relative humidity (RH) during measurements was monitored
using a humidity temperature meter (Model 725, B&K Preci-
sion). The monitoring setup is shown in Fig. S1.†

Temperature variations during laser irradiation can be
described by the heat diffusion equation simplied to express
one-dimensional heat ow:21–23

rC
vT

vt
¼ k

v2T

vz2
þ aIðz; tÞ

where T is the temperature function at time t and depth z, r is
the mass density, C is the specic heat capacity, a is the optical
absorption coefficient, k is the thermal conductivity and I(z,t) is
the laser power density. Details of this calculation are explained
in the ESI.†
Fig. 1 (a) FESEM images of the CMP arrays prepared by KrF laser
irradiation of Pomiran polyimide films at a fluence of 50, 100, 150 or
200 mJ cm�2. Enlarged views of the FESEM images of the CMP arrays
are shown in (b) and of the CMC arrays in (c). (d) A cross-sectional
FESEM image of the CMP array irradiated at 200 mJ cm�2.
Results and discussion
Graphite-like carbon nano-micro sized structures on
polyimide sheets

Fig. 1a shows FESEM images of laser-irradiated Pomiran
surfaces. The surface begins to carbonize at 50 mJ cm�2;
shallow cone-shaped undulations are observed at the surface,
but no specic nanostructures are evident. The carbonized
surface had a denite self-organized structure similar to that of
micro-cone arrays at uence values above 100 mJ cm�2. The
diameter of the base of the arrays was 2–3 mm and the depth of
the channels increased with increasing laser uence. It is
noteworthy that the observed micro-cones consisted of stacks (a
few micrometers thick) of very thin nanosheets with a thick-
nesses below 5–10 nm and shaped like a pinecone (Fig. 1b and
S2†). We call this self-organized structure a CMP array. CMC
array structures have been observed on laser irradiated Kapton
polyimide sheets,16,17 as shown in Fig. 1c. These CMC arrays
consist of nanoparticulate carbon of approximately 10 nm in
diameter, show no other ordered nanostructure, and have base
diameters very similar to that of CMP arrays (2–3 mm). A cross-
sectional view of CMP arrays prepared using a KrF laser at
a uence of 200 mJ cm�2 shows that the channel depth (cone
This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 95342–95348 | 95343
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height) is approximately 2 mm. Thus, the obtained CMP array
structure is very unique among structures obtained by the laser
irradiation of carbonized polyimide lms.

The Raman spectra of untreated Pomiran and Kapton
showed no peaks between 1000–3500 cm�1. In contrast, the
CMP and CMC arrays produced by laser irradiation showed
characteristic Raman peaks at 1350 cm�1 (CMP) and 1362 cm�1

(CMC) assigned to the D band and corresponding to defects and
disordered structure, and at 1598 cm�1 (CMP) and 1612 cm�1

(CMC) assigned to the G band and corresponding to bending of
the sp2 bonds in crystalline graphite (Fig. 2a).24,25 The 2D band
at around 2700 cm�1 characteristic of graphene26 was not
observed in the present carbonized samples produced by nano-
second pulsed UV laser irradiation. Therefore, the obtained
CMP and CMC arrays consisted of graphite-like carbon. The G
band peak position of CMP was slightly shied to lower wave-
number compared to CMC, indicating fewer crystal imperfec-
tions in the graphite. In addition, the G band was somewhat
larger than the D band in the CMP arrays (the intensity ratio ID/
IG was 0.924), whereas the G band was somewhat smaller than
the D band in the CMC arrays (ID/IG ¼ 1.143). These relative
band intensities further indicate that the graphite-like carbon
in the CMP arrays is more crystalline and has fewer defects
arising from the graphite-like carbon nanosheets comprising
CMP.
Fig. 2 (a) Raman and (b) XPS spectra of Pomiran and Kapton sheets
and the CMP and CMC arrays prepared from each type of polyimide
film.

95344 | RSC Adv., 2016, 6, 95342–95348
The XPS spectra for Kapton show the Si 2s and 2p peaks prior
to laser irradiation, but these peaks are absent in the XPS
spectra of the CMC arrays, likely because of laser ablation of the
surface SiO2 thin layer during the pyrolytic reaction with the
polyimide surface. In contrast, the XPS peaks due to SiO2 were
present in the spectra of the CMP arrays, indicating that the
dispersed SiO2 nanoparticles remained in the carbonized
regions even aer laser irradiation (Fig. 2b). Therefore, the
differences in the nanostructures of the CMP and CMC arrays
result from the original nanoscale compositional distribution of
SiO2 in the polyimide lms.

The mechanism by which cone array structures form during
laser irradiation of polyimide lms without SiO2 nanoparticles
dispersed in the resin has been studied in previous reports.16,17

In what way does carbonization of polyimide lms containing
dispersed SiO2 nanoparticles differ? To qualitatively evaluate
the effects of SiO2 nanoparticles dispersed in the resin, we
calculated the temperature distributions in polyimide and
graphite during exposure to a single laser pulse; details of the
calculation are provided in the ESI.† Fig. 3a shows the
temperature map aer a single pulse of laser irradiation onto
polyimide. The simulated temperature is considerably above
1000 �C for over 6 ms due to the very small thermal conductivity
of polyimide (1.2 mW cm�1 K�1).27 This high temperature would
cause rapid carbonization aer laser irradiation, as seen in the
experimental results (the carbonization temperature of poly-
imide is around 500–600 �C (ref. 28)). Aer carbonization, the
pulsed temperature increase is much lower than is the case for
non-irradiated polyimide due to the very high thermal
Fig. 3 Simulated temperature mapping as a function of depth and
time for (a) polyimide and (b) graphite under KrF laser irradiation at 200
mJ cm�2, and the variation in relative temperature with the depth of
the SiO2 nanoparticle (d ¼ 15 nm) in (c) polyimide (t ¼ 53 ns) and (d)
graphite (t ¼ 45 ns). T and T0 represent the temperatures for models
with and without the SiO2 nanoparticle, respectively.

This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra21902k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
O

ct
ob

er
 2

01
6.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 6
:3

5:
50

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
conductivity of graphite (1.12 W cm�1 K�1).29 At the initial stage
of this process, the signicant difference in photothermal
heating between the polyimide areas and the carbonized areas
results in the formation of cone arrays. Silvain et al. speculated
that the rst carbon nanoparticles produced by laser irradiation
could aggregate on the polyimide surface, producing deep
channels (cone array formation) as a result of the random
distribution of high and low temperature regions.17

The surface temperature increased to above 600 �C within
several tens of nanoseconds and to a depth of several hundred
nanometers. In one model, a single SiO2 nanoparticle was
introduced into the polyimide lm at depths ranging from
0–315 nm, whereas the other model contained no SiO2 nano-
particle. The depth dependence of the relative temperature
(T/T0) between the models with (T0) and without (T) a SiO2

nanoparticle 53 ns aer the incident pulse is shown in Fig. 3c.
The calculated T/T0 clearly shows a 10–20% increase in
temperature behind the SiO2 nanoparticle at a depth of 350 nm
and a decrease of about 5–10% just above the SiO2 nanoparticle
at a depth of approximately 20 nm. This means that polyimide
in the vicinity of a SiO2 nanoparticle is at a higher temperature
during laser irradiation than polyimide without SiO2 nano-
particles. A photothermal simulation was also conducted for
graphite as a model of the polyimide substrate surface aer
carbonization. A single SiO2 nanoparticle was introduced into
the graphite at depths ranging from 0–720 nm; a second model
did not contain a SiO2 nanoparticle. The T/T0 aer 45 ns
(Fig. 3d) shows a 5–10% increase in base temperature compared
to the model without the SiO2 nanoparticle, and T/T0 suddenly
Fig. 4 (a) EDS spectrum and element maps for Si and C in CMP. (b) Schem

This journal is © The Royal Society of Chemistry 2016
increases by 1–7% at the top part of the SiO2 nanoparticle. The
graphite model used in this calculation has very high thermal
conductivity and its density (2.26 g cm�3) is the ideal density for
graphite.29 This temperature simulation following carboniza-
tion is likely an underestimate since the actual material would
have lower thermal conductivity and density. Therefore, these
results strongly suggest that the vicinity around the SiO2

nanoparticles likely undergoes much higher photothermal
heating than other areas of the graphite sample.

Fig. 4a shows the EDS spectrum and element maps for the
CMP arrays. EDS signals were detected for carbon, Si and O. The
element maps revealed Si corresponding to SiO2 nanoparticles
near the edges of graphite-like carbon nanosheets (ring-shaped
aggregations) whereas carbon was homogeneously distributed
throughout the cones. Based on the thermal simulations and
element maps, we suggest that the CMP arrays form by the
following mechanism. The cone arrays grow through the
formation of micro-domains comprising aggregated carbon
nanoparticles that decrease photothermal heating in their
vicinity in the molten polyimide sheet.17 If the polyimide
contains SiO2 nanoparticles, the SiO2 nanoparticles aggregate
along the solid–liquid interface near the base of the cones,
resulting in ring-shaped aggregates. At the moment of SiO2

aggregation, the photothermal heating effect would increase
around the aggregated SiO2 nanoparticles, leading to prefer-
ential combustion of carbon nearby the SiO2 nanoparticles.
Carbon located in areas with fewer SiO2 nanoparticles forms
graphite-like carbon nanosheets with residual SiO2 nano-
particles on the surfaces of the nanosheets. This process is
atic illustration of a CMP growth model during pulsed laser irradiation.

RSC Adv., 2016, 6, 95342–95348 | 95345
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repeated during pulsed laser irradiation, resulting in the
generation of the CMP arrays. It is difficult to obtain direct
evidence to support this proposed mechanism because the
phase transformations occur on the order of nano- to micro-
seconds; however, the variation in photothermal heating caused
by the presence of the SiO2 nanoparticles and the aggregation of
SiO2 nanoparticles must affect CMP formation. It is very inter-
esting that this new nano/micro-sized carbon structure was
realized just by introducing nanomaterials into the carbonized
sources and applying simple atmospheric laser irradiation.
Fig. 6 (a) The fabricated CMP–Pt humidity sensor. (b) The RS and S of
CMP, CMP–M, CMC and CMC–M. The time course of R/R0 for (c) CMP
and CMC, (d) CMC with/without surface metal nanoparticles and (e)
CMP with/without surface metal nanoparticles. The dotted line
represents the RH curve as monitored using a commercial humidity
sensor. In the time coursemeasurements, the gas flowwas changed as
follows: dry N2 (0–30 s) – humidified N2 (30–210 s) – dry N2 (210–360
s).
Humidity sensing properties of CMP and CMC arrays

We studied the humidity sensing properties of the CMP and
CMC arrays. Sensing was enhanced by decorating the surfaces
of the CMP and CMC arrays with noble metal (Pt, Pd or Au)
nanoparticles. Fig. 5 shows FESEM images of Pt-decorated CMP
and CMC (CMP–Pt and CMC–Pt); CMP–Pt and CMC–Pt were
prepared by KrF laser irradiation at 200 mJ cm�2, followed by
spin-coating of a Pt dispersion. Pt nanoparticles were observed
on the surfaces of the carbon nanosheets of CMP–Pt and on the
carbon nanoparticles in CMC–Pt. The size of each Pt nano-
particle size was approximately 5–10 nm, similar to the size of
the original source Pt nanoparticles.

Fig. 6a and S3† shows a 3 mm square CMP–Pt humidity
sensor prepared using KrF laser irradiation at a uence of
200 mJ cm�2 through a photomask and anked by two silver
electrodes fabricated by silver nanoparticle ink deposition.
Various CMP and CMC sensors with the same conguration and
decorated or not decorated with metal nanoparticles were
prepared. Sensors with metal nanoparticles were designated
CMP–M and CMC–M (M: Pt, Pd and Au). The prepared sensors
were placed in a reaction chamber (Fig. S1†) and the response of
R under a ow of dry or humidied N2 was examined at room
temperature. The relative humidity (RH) was concurrently
measured using a commercial humidity sensor. CMP had a half
sheet resistance (RS) of 15.7 kU sq�1 at 0% RH and CMC had an
RS of 31.6 kU sq�1 at 0% RH; these differences reect the merit
of graphite-like carbon nanosheets for better electrical
conductivity (Fig. 6b). Fig. 6c shows the R variations (R/R0: R0

represents the R at 0 s) of CMP and CMC as a function of time.
The dry N2 gas ow was changed to 90% RH N2 from 30 s to 210
Fig. 5 FESEM images of the cone surface of (a) CMP–Pt and (b) CMC–
Pt arrays.

95346 | RSC Adv., 2016, 6, 95342–95348
s, then was changed back to dry N2 gas. The R/R0 of CMP and
CMC increased during the humid N2 gas ow and dropped
following the restart of dry N2 gas ow. This R increase under
a humidied atmosphere is due to adsorbed water molecules on
the surface of the carbon nanosheets donating electrons to the
valence band of carbon, resulting in an increase in electrical
resistance due to the lower hole concentration.30 The sensitivity
(S) of the arrays to RH is dened as S/% ¼ (DR/R0)/D(RH%) �
100. In the absence of surface metal nanoparticles, the sensi-
tivity of CMC was 0.011% and 0.008% for CMP (Fig. 6b).
Moreover, the response curves did not follow the reference
humidity sensing curve, especially aer the restart of dry N2 gas
ow.

In contrast, decoration of the array surface with metal
nanoparticles greatly improved S (Fig. 6b). The presence of Pd,
Pt or Au nanoparticles on CMC–M increased R/R0 354% (S ¼
0.041%), 299% (S ¼ 0.034%) and 276% (S ¼ 0.032%), respec-
tively, compared to CMC without the metal nanoparticles
(Fig. 6c). However, the response curves still did not follow the
This journal is © The Royal Society of Chemistry 2016
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actual humidity variation (Fig. 6d and S4†). Fig. 6e shows the
time dependence of R/R0 for CMP–M. The presence of surface
Pd and Pt nanoparticles in particular resulted in improved R/R0

(S) values. CMP–Pd, CMP–Pt and CMP–Au exhibited signi-
cantly increased R/R0 values of 1195% (S ¼ 0.094%), 772% (S ¼
0.061%) and 345% (S¼ 0.027%), respectively, compared to CMP
without the corresponding nanoparticles (Fig. 6b and e). In
addition, the humidity response of CMP–Pt was in fairly good
agreement with the actual humidity variation (Fig. 6e and S5†),
while the S value of CMP–Pd was 54% better than that of CMP–
Pt.

Fig. 7a and b show the R/R0 variations for humidied/dry
hydrogen and oxygen atmospheres. Flowing humidied H2/Ar
and O2 over the arrays resulted in an increase in R/R0, similar to
that observed with humidied N2 ow, whereas R/R0 was
essentially unresponsive to dry gases, indicating that CMP–Pt
exhibited a selective response to humidity. The RH dependence
of R/R0 for CMP–Pt at 20 �C is shown in Fig. 7c. The R/R0 plot
exhibited an almost linear increase over a wide range of RH
values from 0% to 90%. However, despite the good response
and very low noise obtained with the CMP–Pt sensor, two issues
should be addressed: (1) the temperature dependence of the
sensor and (2) the bending of the sensor. The temperature
dependence resulted in an approximately 2% decrease in R in
the range between 20–80 �C (Fig. 7d) and the bending test
resulted in an R variation of around 1.5–2.0% (Fig. 7e). The
temperature dependence of R could be ignored if the S were
sufficiently increased. A further increase in Smight be achieved
Fig. 7 The time course of R/R0 for CMP–Pt in (a) dry and humidified
H2/Ar and (b) dry and humidified O2. The gas flow was changed as
follows: (a) dry N2 (0–30 s) – dry or humidified H2/Ar (30–210 s) – dry
N2 (210–360 s) and (b) dry N2 (0–30 s) – dry or humidified O2 (30–210
s) – dry N2 (210–360 s). (c) RH (T ¼ 20 �C) and (d) temperature (RH ¼
5%) dependences of the relative R for CMP–Pt. (e) Time course of the
relative R at RH ¼ 35% and 20 �C with continuous bending action for
CMP–Pt. The bending radius was 3 cm.

This journal is © The Royal Society of Chemistry 2016
by optimally connecting the graphite-like carbon nanosheets
within the array (which would also lower the R variation in the
bending tests) and optimizing the metal nanoparticles on the
nanosheet surface.
Conclusions

We have prepared self-organized CMP arrays from polyimide
sheets containing SiO2 nanoparticles approximately 5 nm in
diameter. The arrays were generated by stacks (a few microm-
eters thick) of very thin nanosheets with thicknesses below 5–10
nm in a pinecone-like structure using KrF laser irradiation at
room temperature in air. The Raman spectrum of CMP clearly
showed two bands, at 1350 cm�1 (D) and 1598 cm�1 (G), indi-
cating typical graphite-like carbon formation. Temperature
simulation of photothermal heating during KrF laser irradia-
tion of polyimide substrate containing a SiO2 nanoparticle
suggests that the area surrounding the SiO2 nanoparticle
experiences a much higher photothermal heating effect than
the other parts of the substrate, leading to preferential
combustion of carbon near the nanoparticle. This modulation
of the photothermal heating temperature is likely a major
determinant of CMP formation. The obtained CMP array
showed high sensitivity to humidity when its surface was
decorated with noble metal nanoparticles. CMP–Pt in particular
showed very good response to high sensitivity. We therefore
achieved the fabrication of a exible humidity sensor by using
a very straightforward process at room temperature in air.
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