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This work reports a bio-inspired synthesis of polydopamine (PDA) nanotubes with a desired wall thickness

and their applications for trace-level formaldehyde sensing. To synthesize PDA nanotubes, batch prepared

ZnO nanorods are selected as templates. Then, dopamine molecules with both catechol and amine

groups are self-assembled onto the surface of ZnO nanorods like mussels adhered strongly on

inorganic or organic substrates. After that, the adhered dopamine molecules are self-polymerized in

alkaline solution to form polydopamine. Polydopamine nanotubes can be obtained by the removal of

ZnO templates in NH4Cl aqueous solution. The characterization results indicate that the wall

thicknesses of the PDA nanotubes are tunable in the range of 13–75 nm. To construct a micro-

gravimetric gas sensor, PDA nanotubes are uniformly coated onto a quartz crystal microbalance (QCM).

The sensing results show that the detection limit towards HCHO is lower than 100 ppb. Furthermore,

the sensitivity can be enhanced by increasing the pore volume of PDA nanotubes. Compared with

common PDA materials (like amorphous particles), PDA nanotubes exhibit improved formaldehyde

sensing properties in terms of sensitivity, selectivity, and response/recovery speed. Based on the

temperature-varying micro-gravimetric experiment, enthalpy change (DH�) is quantitatively obtained as

�53.6 kJ mol�1, which indicates that the interaction between PDA nanotubes and HCHO molecules

belongs to typical hydrogen-bond linking. This DH� value is also verified by the theoretical calculations

of the binding energy by using Gaussian software.
Introduction

Nowadays, indoor air quality has drawn much attention since
lots of used articial materials (like plywood and paint) contain
harmful components such as formaldehyde, benzene and
toluene. Taking formaldehyde as an example, it has many
indoor sources from textiles to building materials,1,2 and is
a known carcinogen and one of the most common causes of
contact dermatitis.3,4 According to the standard of World Health
Organization (WHO), the safe exposure time at 80 ppb should
be shorter than 30 min.5 Nowadays, several techniques such as
gas chromatography-mass spectrometry (GC-MS), high-perfor-
mance liquid chromatography (HPLC) and UV-vis spectropho-
tometry have been utilized to analyse the gaseous formaldehyde
for controlling indoor air quality. However, these instrumental
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analysis methods are generally time-consuming, labour inten-
sive, costly and cannot be used for on-site detection.6,7 Besides
the above mentioned drawbacks, prior to instrumental analysis,
several additional procedures like solid-phase extraction have to
be carried out to collect the gaseousmolecules into solution and
further concentrate the analyte molecules to meet the limit of
detection (LOD) of the instruments. Compared with the tradi-
tional instrumental methods, a chemical sensor with high
performance characteristics is a promising analytical tool for
rapid and on-site detection of trace formaldehyde.8,9

As for the development of chemical sensors, one of the
bottlenecks is still the lack of ideal sensing materials which
determine mainly the sensing performance, such as sensitivity,
selectivity and stability.10,11 To meet the increasing require-
ments for gaseous chemical detection, various new sensing
materials have been designed and developed to improve the
sensing performance of chemical sensors.12,13 Previous research
studies indicated that the increase of specic surface area and
quantities of functional groups can greatly improve the sensing
performance of the sensor. Based on this principle, various
nanostructures with organic functional groups have been
designed and prepared for chemical sensor usages.14,15 Until
now, these nanostructures including organic functionalized
J. Mater. Chem. A, 2016, 4, 3487–3493 | 3487
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mesoporous silica, hyper-branched polymers and zeolitic imi-
dazolate frameworks (ZIFs) have been utilized as high perfor-
mance sensing materials.16–18 For example, by loading organic
functionalized mesoporous silica SBA-15 onto a resonant
microcantilever, tens of ppt level trinitrotoluene vapour can be
detected.19

Among the various synthesis strategies, the bio-inspired
process plays an important role in the new material develop-
ment. For example, it is noted that some shellsh like mussels
can adhesive strongly on various substrates, either inorganic or
organic surfaces, even on some ultra-low surface-energy mate-
rials such as poly(tetrauoroethylene) (PTFE).20 Inspired from
this interesting phenomenon, in 2007, Lee et al., reported that
dopamine with both catechol and amine groups, which has
a similar chemical structure to the amino acid composition of
proteins found near the plaque–substrate interface, was an
ideal building block to form an adhesive lm (i.e., polydop-
amine) onto various surfaces like polymers and metals.21 More
importantly, as for advanced material design by using this bio-
inspired method, kinds of nanostructures with interesting
shapes like hollow nanocapsules have been successfully
prepared.22–24

In this work, polydopamine (PDA) nanotubes have been
prepared where ZnO nanorods were employed as sacricial
templates. Due to the high surface area and large quantities of
amine groups on the surface, PDA nanotubes show satised
formaldehyde sensing properties. To the best of the author's
knowledge, this is the rst attempt to employ PDA nanotubes
as a mass-type sensing material. The temperature-varying
micro-gravimetric method, previously proposed by the authors,
was used to extract the value of enthalpy (DH�) during the
adsorption process of formaldehyde molecules onto PDA
nanotubes. The value of DH� was also veried by using
Gaussian soware.

Experimental
PDA nanotube preparation

ZnO nanorods used in this work were batch synthesized by
a solvothermal method as reported previously.25 For PDA
nanotube preparation, 20 mg ZnO nanorods and 10 mg of
dopamine hydrochloride (Sigma-Aldrich) were rst dissolved in
10 mL Tris–HCl (10 mM, pH ¼ 8.5) solution. Then, the solution
was allowed to react for 24 to 120 minutes at room temperature.
Due to pH-induced oxidation, the colour of solution turned dark
brown and the adsorbed dopamine molecules were self-poly-
merized onto the ZnO surface to form PDA coated ZnO nano-
rods (i.e. coaxial-cable structured ZnO@PDA hybrid nanorods).
Thereaer, ZnO@PDA hybrid nanorods were obtained by
centrifugation, cleaned under ultrasonication and rinsed with
deionised water. The products were then dried at room
temperature under vacuum. To etch the ZnO nanorod template,
the ZnO@PDA hybrid nanorods were added into NH4Cl
aqueous solution (2 M) to form a suspension. Then, the
suspension was allowed to stir for 20 min at 60 �C. Finally, the
PDA nanotubes were obtained by centrifugation, washing with
deionized water, and drying at 60 �C under vacuum.
3488 | J. Mater. Chem. A, 2016, 4, 3487–3493
It should be mentioned that the thickness of the PDA
nanotubes can be well tuned by applying different polymeriza-
tion times in the range of 24 to 120 minutes. In this research,
the corresponding polymerization time for the ve samples is
listed as 24 min (1# PDA nanotubes), 48 min (2# PDA nano-
tubes), 72 min (3# PDA nanotubes), 96 min (4# PDA nanotubes)
and 120 min (5# PDA nanotubes), respectively. The amorphous
PDA particles were obtained by using a similar synthesis
method to that of 5# PDA nanotubes, but without using ZnO
nanorod templates.

Characterization

X-ray diffraction (XRD) patterns were obtained with a Rigaku D-
MAX/IIA X-ray diffractometer with Cu Ka radiation. The scan-
ning range was 15–75� (2q) and the scanning rate was set as 1.2�

min�1. The morphology and nanostructure of the samples were
visualized by using a TEM (JEM-200CX) operating at 120 kV.
Elemental analysis mapping was obtained by scanning trans-
mission electron microscopy (STEM) combined with energy
dispersive X-ray spectrometry (EDXS), which were performed in
a JEOL 2010F microscope. Scanning electron microscopy (SEM)
observation was carried out by using a Hitachi 4800 instrument.
The Fourier transform infrared (FT-IR) spectrum was measured
using a Bruker Vertex 70v FT-IR spectrometer. A laser Raman
spectrometer (Renishaw inVia plus) with a laser wavelength of
514 nm was used to characterize the structural information of
the PDA samples. UV-vis experiments were carried out on
a Shimadzu UV-2501PC spectrometer with conventional quartz
cuvettes (1 cm path length). The UV-vis spectral data were
collected in the range of 250–800 nm. The specic surface area
was measured on an ASAP 2020 analyzer (Micromeritics
Instruments) and calculated using the Brunauer–Emmett–
Teller (BET) equation. X-ray photoelectron spectroscopy (XPS)
characterization was performed on an ESCALAB 250 Xi XPS
system (Thermo Fisher Scientic) with monochromatic Al Ka
radiation.

Quartz crystal microbalance (QCM) sensor fabrication and
sensing performance investigation

10M QCM electrodes were purchased from Chenjing Electronic
Co., China. Before QCM sensor construction, the electrodes
were sequentially rinsed with acetone, ethanol and deionised
water. Then, the PDA nanotubes were dispersed in deionised
water to form a 10 mg mL�1 suspension. Aer that, 20 mL of the
suspension was carefully dropped onto both the sides of a clean
QCM electrode. Thereaer, the electrode was dried under
infrared radiation to remove the water. Finally, the obtained
QCM sensor was put in a lab-made chamber for sensing
performance evaluation. The tested gas with a known concen-
tration was introduced into a testing chamber by using high-
purity nitrogen as the carrier gas. In order to investigate the
thermodynamic properties of the PDA material, the sensing
experiments were carried out in a temperature controlled
chamber. The frequency shis of the QCM sensors were real-
time recorded by using a commercially available frequency
counter (53131A model, Agilent).
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) XPS spectrum of PDA nanotubes. (b) Raman spectra of ZnO
nanorods, ZnO@PDA and PDA nanotubes, respectively.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
9 

Ja
nu

ar
y 

20
16

. D
ow

nl
oa

de
d 

by
 S

ha
ng

ha
i U

ni
ve

rs
ity

 o
n 

01
/0

8/
20

17
 1

0:
01

:1
5.

 
View Article Online
Gaussian calculations

The geometries of themolecules studied were fully optimized by
using the Gaussian 09 soware with the hybrid B3LYP func-
tional and 6-311++G(d,p) basis set.26 The optimized structures
were conrmed to be minima on the potential energy surface
via vibration frequency analysis. The interaction energies
between formaldehyde and PDA were calculated according to
the following equation.

DEPDA�FA (kJ mol�1) ¼ 2625.5[EPDA+FA (au)

� EPDA (au) � EFA (au)]
Results and discussion
Synthesis of PDA nanotubes

Scheme 1 shows the synthesis process of PDA nanotubes.
During this process, the removal of the ZnO nanorod template
plays a key step. It is known that ZnO is a neutral substance that
can be dissolved in either acidic or basic solution. However,
PDA is not a good acid-resistant material since it bears a large
quantity of basic amino groups. On the other hand, PDA can be
well dissolved in basic solution. Thus, in order to retain the
structure of the PDA material, it is crucial to develop a new
strategy to remove the ZnO template in neutral solution.
Fortunately, the experimental results indicate that with a typical
neutral pH value of 6.5, NH4Cl aqueous solution of 2 M is an
ideal etching agent for ZnO.

XPS and Raman spectra were used to characterize the
removal of ZnO templates. As shown in Fig. 1a, the XPS spec-
trum indicates that the nal PDA sample only contains C, N and
O elements, and no residual Zn element could be found. In
Fig. 1b, the characteristic bands of ZnO in the range of 331 and
1133 cm�1 disappear aer the ZnO template had been etched,
while two strong bands at 1355 and 1579 cm�1, which can be
assigned to the deformation of the catechol group in the PDA
structure,27,28 indicate that the PDA structure has been main-
tained aer the removal of ZnO templates.

The XRD patterns of ZnO nanorods, ZnO@PDA and PDA
nanotubes are shown in Fig. 2. In the XRD pattern of ZnO
Scheme 1 Roadmap of the synthesis procedure of PDA nanotubes.

This journal is © The Royal Society of Chemistry 2016
nanorods, all of the diffraction peaks are well indexed to the
standard pattern of ZnO (JCPDS no. 36-1451). Aer being coated
with PDA, there is one additional broad diffraction peak
appearing between 20� and 30�. For further removal of ZnO
templates, no peak from ZnO can be observed but the broad
diffraction peak obtained from PDA is remained. From the
combination of these characterization results, it could be
concluded that ZnO templates are removed completely.

TEM and high resolution SEM images in Fig. 3a and b clearly
indicate that the nano-sized tubular structure of the PDA
products has been retained aer ZnO template removal. The
inner diameter of the PDA nanotubes is measured to be about
70 nm. There are also some nanoparticles with irregular shapes
observed in the TEM image, which may be caused by damage
resulting from the dissolution of NH4Cl for PDA or formed by
free polymerization in solution. An annular dark-eld STEM
image (Fig. 3c), together with selected-area elemental analysis
mapping of C (red), N (pink) and O (green), shows that the three
kinds of atoms are distributed through the whole area,
revealing a homogeneous element distribution in the PDA
nanotube. The specic surface areas of the prepared PDA
nanotubes are measured by using the nitrogen sorption
method. The measurements indicate that the BET surface is
measured to be 52.1 m2 g�1 and the BJH pore volume is about
0.33 cm3 g�1. In the control experiment, amorphous PDA
Fig. 2 Powder XRD patterns of the ZnO template, nanorods,
ZnO@PDA and PDA nanotubes.

J. Mater. Chem. A, 2016, 4, 3487–3493 | 3489
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Fig. 3 (a) TEM and (b) high resolution SEM images clearly show the
nano-tubular structure of the PDA products. (c) STEM image of indi-
vidual PDA nanotubes, corresponding elemental maps showing the
distribution of C (red), N (pink) and O (green), respectively.

Fig. 5 Morphology characterization of ZnO templates. (a) TEM image
and (b) SEM image.
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particles are also synthesized for the comparison with PDA
nanotubes. The BET surface is measured to be 9.3 m2 g�1 and
the BJH pore volume is about 0.062 cm3 g�1, which are lower
than those of PDA nanotubes. Accordingly, the nanotubular
structure of PDA provides a large quantity of sites for gas
molecule transport and adsorption, which may be highly valu-
able for enhancement of gas sensing performance.

FT-IR measurements of the product veried the successful
formation of PDA. As shown in Fig. 4, the split peaks located at
1628 cm�1 and 1512 cm�1 can be assigned to the vibration of
the aromatic ring and NH groups. The peak at 1284 cm�1 is
attributed to the stretching vibration of phenolic CO. The broad
peak located at 3411 cm�1 can be assigned to the stretching
vibration of phenolic OH and NH groups. These characteriza-
tion results are consistent with previous FTIR measurements of
polydopamine.29–31

The TEM and SEM images of ZnO templates are shown in
Fig. 5. The results from morphology characterization indicate
that ZnO templates are about 60 � 10 nm in diameter and up to
several micrometers long. It is observed that PDA nanotubes are
obtained with an inside diameter of about 70 nm, and the
length ranging from several hundred nm to one mm. The size of
PDA nanotubes formed outside of ZnO nanorods closely ts
with the size of ZnO nanorod templates, indicating that this
Fig. 4 The FT-IR spectrum of the PDA nanotubes.

3490 | J. Mater. Chem. A, 2016, 4, 3487–3493
template method is an efficient method for the synthesis of PDA
nanotubes.

In our experiments, the thicknesses of the PDA nanotubes
could be tuned by adjusting the polymerization time. It has
been reported that the maximum absorbance of UV-vis spectra
around 400 nm is normally used to characterize the polymeri-
zation degree of PDA in aqueous solution.32 The real-time
recorded from UV-vis spectra in Fig. 6 indicates that the self-
polymerization degree of dopamine molecules in Tris–HCl
buffer solution increases with the reaction time. To a given
substrate with a constant surface area, the higher degree of
polymerization brings a larger PDA thickness. Thus, PDA
nanotubes with a tunable thickness can be obtained with the
control of polymerization times.

TEM images in Fig. 7a–e show ve different PDA nanotube
samples prepared with different polymerization times from 24
to 120 min. The results show that the average wall thickness of
the ve PDA nanotubes (i.e., 1#–5# PDA nanotubes) is 13, 24, 37,
53 and 75 nm, respectively. Fig. 7f quantitatively summarizes
the average wall thickness of ve PDA nanotubes obtained with
different polymerization times. It should be noted that different
wall thicknesses bring different BET surface areas and BJH pore
volumes. As summarized in Table 1, 3# PDA nanotubes show
the largest surface area and pore volume, which could facilitate
molecule transport and adsorption during the sensing process.
Fig. 6 UV-vis spectra of a dopamine aqueous solution during oxida-
tion and self-polymerization in Tris–HCl buffer solution at pH¼ 8.5. To
avoid the formation of PDA precipitates, the dopamine concentration
is kept as low as 0.2 mg mL�1.

This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ta00396f


Fig. 7 TEM images of PDA nanotubes prepared with different poly-
merization times of dopamine in 10 mM Tris–HCl buffer (pH ¼ 8.5): (a)
24 min; (b) 48min; (c) 72 min; (d) 96 min; (e) 120min. According to the
TEM results, the wall thicknesses of PDA nanotubes with different
polymerization times are plotted in (f).

Table 1 Textural data of the PDA nanotubes measured by N2

adsorption–desorption isothermsa

Sample
VP
(cm3 g�1)

SBET
(m2 g�1)

Wall thickness
(nm)

PDA particles 0.062 9.3 —
1# PDA nanotubes 0.24 30.0 13
2# PDA nanotubes 0.29 33.8 24
3# PDA nanotubes 0.33 52.1 37
4# PDA nanotubes 0.31 48.4 53
5# PDA nanotubes 0.31 40.9 75

a VP is the total pore volume obtained using the t-plot method. The total
pore volume was estimated from the amount of N2 adsorbed at a relative
pressure of 0.95. SBET is the surface area determined by using the BET
method between the relative pressures (P/P0) 0.06–0.26.

Fig. 8 (a) Responses of the PDA nanotube based QCM sensors to
different HCHO concentrations in the range of 10–60 ppm. (b) Real-
time dynamic response curve of 3# PDA sensor exposure to HCHO
with increasing concentration at room temperature. The inset shows
the sensing response to 100 ppb HCHO. (c) Repeatable and reversible
sensing response of the 3# PDA nanotube sensor to 30 ppm of HCHO.
(d) Responses of 3# PDA nanotubes and amorphous PDA particle
based QCM sensors to seven kinds of interfering gases compared with
the response to formaldehyde (all at 50 ppm concentration).
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Gas sensing properties

It is known that N-containing groups such as amine and imine
groups can react with formaldehyde molecules through the
specic hydrogen-bond interaction between the ]NH group
and aldehyde group. Considering that there is a large quantity
of imine (–NH–) groups on the PDA surface, PDA nanotubes
with a desired thickness have the potential for the detection of
formaldehyde molecules. Herein, a micro-gravimetric sensing
platform such as QCM is used for PDA-based sensor construc-
tion. In this research, commercially available QCM chips with
10 MHz resonance frequency are employed to evaluate the
sensing performance of the PDA nanotubes. According to the
Sauerbrey equation of DF ¼ �2.26 � 10�6f2Dm/A,33 the molec-
ular adsorption induced mass change (Dm) brings the corre-
sponding frequency shi of DF.

First, the formaldehyde sensing properties of ve different
PDA nanotube samples are investigated. The experimental
results are plotted in Fig. 8a. Compared with other four
samples, 3# PDA nanotubes show the highest response to
formaldehyde in the whole range of detected concentrations.
The reason lies in that the 3# PDA nanotube sample has the
largest pore volume and surface area among ve samples (see
This journal is © The Royal Society of Chemistry 2016
Table 1). Fig. 8b shows the response results of 3# PDA nano-
tubes to formaldehyde with the concentration change from 100
ppb to 60 ppm. The entire detection is implemented within 6
minutes. With the increased concentration, the response of the
QCM sensor increased correspondingly. The inset of Fig. 8b
shows the magnied response curve of the QCM sensor to 100
ppb formaldehyde. Obviously, the ratio of signal to noise (S/N)
is much larger than 3 in this detection cycle. Hence, we can
safely conclude that the limit of detection (LOD) of the QCM
sensor is lower than 100 ppb. Based on the results in Fig. 8b, the
response/recovery time of the QCM sensor is also satised.
Taking the detection cycle to 10 ppm as an example, the
response and recovery times are about 8.3 s and 2.2 s, respec-
tively. The repeatability of the QCM sensor is also evaluated. As
shown in Fig. 8c, the sensor is repeatedly used to detect 30 ppm
formaldehyde three times, which shows a good repeatability of
the sensor.

Besides sensitivity and response/recovery speed, selectivity
for target molecules (i.e., cross-sensitivity) is another key
parameter of the sensor. Herein, the responses of 3# PDA
nanotubes and amorphous PDA particles to different gases are
explored to evaluate the selectivity of the formaldehyde sensors.
As shown in Fig. 8d, the responses of 3# PDA nanotubes to eight
kinds of gases are all improved compared with that of amor-
phous PDA particles, especially towards HCHO molecules. The
PDA nanotubes show the highest response to HCHO with
a value up to 1328 Hz, while the responses to other interfering
gases are all lower than 300 Hz at the same concentration. The
negligible interfering signals to other gases may be ascribed to
the inevitable physical/nonspecic adsorption. From these
results, it is possible to conclude that PDA nanotubes show
good selectivity towards formaldehyde which could be
J. Mater. Chem. A, 2016, 4, 3487–3493 | 3491

http://dx.doi.org/10.1039/c6ta00396f


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
9 

Ja
nu

ar
y 

20
16

. D
ow

nl
oa

de
d 

by
 S

ha
ng

ha
i U

ni
ve

rs
ity

 o
n 

01
/0

8/
20

17
 1

0:
01

:1
5.

 
View Article Online
attributed to the specic interaction between –NH– functional
groups and HCHO molecules.
Fig. 10 (a) Computed electrostatic potential at the isodensity contour
(0.001 electron per bohr3) surface of PDA. Colour ranges, in kcal
mol�1, are as follows: red < �51.61 < yellow < �0.25 < green < 20.69 <
blue. The positions of Vs,min are marked by the black arrow on the
surface. (b) Optimized geometries and the H-bonding interaction
between the PDA monomer and formaldehyde molecule under study.
Adsorption thermodynamics of PDA nanotubes to HCHO
molecules

It is known that thermodynamics plays an important role
during the adsorption induced mass-type sensing.34,35 For
example, our research studies indicated that the adsorption
heat (�DH�) is one of the key parameters during the sensing
material design. According to the classical physical-chemistry
theories, the higher �DH� would make it difficult for molecules
to be desorbed from the materials (i.e. the repeatability is poor)
and smaller �DH� brings poor selectivity. The moderate value
of �DH� during the process of target molecules adsorbed onto
sensing materials is helpful for specic detection as well as
multiple usages.36

The Sauerbrey equation of DF ¼ �2.26 � 10�6f2Dm/A indi-
cates that the DF signal obtained from QCM sensing experi-
ments can be correspondingly transformed to the adsorbing
mass of formaldehyde. Based on this principle, the �DH� can
be extracted by using the same method (i.e., the so-called
temperature-varying micro-gravimetric method) as we
described previously, where another micro-gravimetric plat-
form of a resonant micro-cantilever was used. In order to obtain
DH� by using the Clausius–Clapeyron equation, at least two
isotherms should be obtained. Herein, by using the QCM
sensor, two micro-gravimetric sensing curves of 3# PDA nano-
tubes towards various HCHO concentrations are real-time
recorded at 298 and 313 K, respectively. As shown in Fig. 9a and
b, two isotherms are obtained and the corresponding linear
plots calculated from different temperatures can be found in
Fig. 9c. According to the Clausius–Clapeyron equation, �DH� is
calculated to be 53.6 kJ mol�1. Such a moderate �DH� value
indicates a typical hydrogen-bonding interaction between the
Fig. 9 Gravimetric curves of 3# PDA nanotubes at 298 K (a) and 313 K
(b) to HCHO with different concentrations of 100, 200, and 300 ppb,
respectively. On the basis of the temperature-varied micro-gravi-
metric curves, the plotted isotherms are used for extracting the
thermodynamic parameter of �DH�, which is further used to evaluate
the HCHO sensing properties of the PDA nanotubes. (c) Based on the
experimental results in (a) and (b), two isotherms are plotted to
calculate the adsorption heat (�DH�).

3492 | J. Mater. Chem. A, 2016, 4, 3487–3493
HCHO molecule and the –NH– functional group of PDA
nanotubes.

The �DH� value obtained by using our temperature-varying
micro-gravimetric method is also veried by using simulation
soware of Gaussian. The molecular surface electrostatic
potentials of the PDA monomer are graphically depicted in
Fig. 10a. It can be seen that the Vs,min positions are found to be
around the N atom due to the existence of the unshared pair of
electrons, which means that each PDA monomer can electro-
statically interact with HCHO molecules effectively. To obtain
more direct interaction between the PDA monomer and form-
aldehyde, the optimized structures, bond lengths, and the
binding energies for the PDA–HCHO complex are displayed in
Fig. 10b. As known from this gure, two short H-bond interac-
tions are formed between aldehyde O of formaldehyde and two
imino H atoms of the PDA monomer. For the PDA–HCHO
complex, the computed binding energy is �55.47 kJ mol�1,
which indicates that the formaldehyde molecule can form
hydrogen-bond interaction with PDA. The optimized calcula-
tion results (DEPDA–HCHO ¼ �55.47 kJ mol�1) are in good
accordance with the experimental result obtained from our
temperature-varying micro-gravimetric method (�53.6 kJ
mol�1). The thermodynamic parameter of �DH� signies that
PDA nanotubes with imino groups on their surface are good
sensing materials to HCHO molecules.
Conclusions

In summary, PDA nanotubes have been synthesized success-
fully by using ZnO nanorods as the template. The character-
ization results veried that the ZnO template has been etched
completely in NH4Cl aqueous solution. By varying different
polymerization times, the wall thickness of the PDA nanotube
can be tuned from 13 to 75 nm. The specic surface area and
pore volume of the PDA nanotube product reached 50 m2 g�1

and 0.32 cm3 g�1, respectively. The formaldehyde sensing
properties of the obtained PDA nanotubes were investigated by
using QCM as the micro-gravimetric sensing platform. The
sensing results indicated that the sensor showed a good selec-
tivity, sensitivity and repeatability to formaldehyde. The
This journal is © The Royal Society of Chemistry 2016
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detection of limit of the sensor to formaldehyde was lower than
100 ppb. The thermodynamic experiments indicated that PDA
nanotubematerial is suitable for formaldehyde detection due to
the moderate value of �DH�.
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