Analyst

o

e Analyst

Room-temperature formaldehyde sensor based on hematite
for breast cancer diagnosis

Journal: | Analyst

Manuscript ID | AN-ART-11-2022-001796

Article Type: | Paper

Date Submitted by the

Author: 01-Nov-2022

Complete List of Authors: | Zhang, Rui; Dalian University of Technology

Liu, Chuanqun; Dalian University of Technology

Wang, Pu; Dalian University of Technology

Li, Yang; Norwegian University of Science and Technology

Su, Yue; Institute of Semiconductors Chinese Academy of Sciences
Dai, jianxun; Dalian University of Technology,

C(

||-' S OA
— Y LN

JONE™
Manuscripts




Page 1 of 17 Analyst

ROYAL SOCIETY
OF CHEMISTRY

(3

Analyst

Guidelines for Referees

s\OOO\IONU'I-hUUN—‘

12 Thank you very much for agreeing to review this manuscript for Analyst.

13
14
15
16
17
18
19
20
21
22
23
24
25
20 FULL PAPER
28
29
30 Original scientific work that has not been published previously. Full papers must represent a significant development
31 inthe particular field of analysis and are judged according to originality, quality of scientific content and contribution

32 to existing knowledge. Although there is no page limit for full papers, appropriateness of length to content of new

. Analyst publishes analytical and bioanalytical research that reports premier fundamental
discoveries and inventions, and the applications of those discoveries, unconfined by traditional
discipline barriers.

The following manuscript has been submitted for consideration as a

gi science will be taken into consideration. Further information on article types can be found on our website.
35
36 | Please consider these standards when making your recommendation for publication in Analyst:
37 . . . s T
38 e Use the journal scope and expectations to assess the manuscript’s suitability for publication in Analyst
39 e Comment on the originality, importance, impact and reliability of the science, with references as
40 appropriate. Your comments should both help the Editor to make a decision on the article and the authors
41 to improve it.
42 e English language and grammatical errors do not need to be discussed in detail, except where it impedes
23 scientific understanding.
45 e All articles submitted to Analyst must meet the significant novelty criteria; routine and incremental work
46 - however competently researched and reported - should not be recommended for publication.
47
48 Bestregards,
pi Prof N Dovichi Phili R
rofessor Norman Dovichi ilippa Ross
51 Editor-in-Chief Executive Editor
52 University of Notre Dame, USA Royal Society of Chemistry
53
54
55
56

57 Pleasevisit our reviewer hub for further details of our processes, policies and reviewer responsibilities as well as guidance on how to review,
58 orclick the links below.

59
—
W:at to do Reviewer (? Process &
SHER yOU g responsibilities @ policies
review %

60



https://www.rsc.org/journals-books-databases/about-journals/analyst/
https://www.rsc.org/journals-books-databases/author-and-reviewer-hub/reviewer-information/
mailto:analyst@rsc.org
https://www.rsc.org/globalassets/05-journals-books-databases/journal-authors-reviewers/reviewer-responsibilities/how-to-review-guide.pdf
https://www.rsc.org/journals-books-databases/journal-authors-reviewers/reviewer-responsibilities/
https://www.rsc.org/journals-books-databases/journal-authors-reviewers/processes-policies/

oNOYTULT D WN =

Analyst

Highlights

® The morphologies of hematite nanocrystals are only influenced by reaction

solvent.

® HCHO performance of the spindle hesitate stands out among the four

hesitates.

® Comparison of adsorption energies and bond lengths support performance
difference.
® Spindle hesitate differentiates healthy breath and simulated breast cancer

breath.
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The Title: Room-temperature formaldehyde sensor based on hematite for breast
cancer diagnosis
The Authors: Rui Zhang, Chuanqun Liu, Pu Wang, Yang Li, Yue Su, Jianxun Dai

The increased emissions of various pollutants that adversely impact air quality have
been recognized as major environmental and health risks. The development of gas
sensing materials to meet the demands for sensitive, rapid, and user-friendly sensors
has become an important research direction for the assessment of environmental
samples. Development of nanoscience and nanotechnology crucially depends on our
ability to design and synthesize advanced nanomaterials. The cost-effective transition
metal oxide semiconductors (TMOS) exhibited low activities and required an operation
temperature of typically over 100 °C to achieve satisfied sensitivity and speed of HCHO
sensing. When considering recent progress in materials science, it is recognized that
TMOS with high-index exposed can provide excellent opportunities for sensing various
gaseous targets. Consequently, as sensing materials in gas sensors, the hematite
nanocrystals with (012)-facet exposed have a stable response/response behavior of
less than 3 s and are able to retain its sensitivity through reproductivity of the device, i.e.,
42, to 50 ppm HCHO gas at room temperature. Moreover, the experimental results
coincide with theoretical calculations. This work highlighted that the facet engineering
could be regarded as an efficient strategy for the gas device design.

We believe this article will be of great interest to a wide audience in “Analyst’. And
we look forward to receiving comments from the reviewers. If you have any queries,
please don'’t hesitate to contact me at the address below.

Thank you and best regards.

Sincerely yours,

Dr. Jianxun Dai

School of Optoelectronic Engineering and Instrumentation Science,
Dalian University of Technology, China

Email: jianxundai@dIlut.edu.cn



oNOYTULT D WN =

Analyst

Journal Name

»

OF CHEMISTRY

Room-temperature formaldehyde sensor based on hematite for

breast cancer diagnosis

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Rui Zhang?, Chuanqun Liu!, Pu Wang?, Yang Li3, Yue Su?, Jianxun Dai*?2

Formaldehyde (HCHO) is regarded as one kind of indoor pollutants. Additionally, HCHO serves as a biomarker in the

exhaled breath of breast cancer patients. Early warning and management are crucial for environment and human health.

www.rsc.org/

Thus, we have elaborately synthesized hematite (a-Fe,03) employing a facet-engineering hydrothermal strategy by fine-

tuned solvent composition, with special attention to the effect of different exposed surface on HCHO detection. The

spindle like a-Fe,03 nanocrystals with (012) facet exposed exhibited impressively higher response towards HCHO at room

temperature than that of the disk-like a-Fe,0; with mainly (001) facet exposed, partly due to the abundant vacancy

oxygen and adsorbed oxygen of high-index facets of a-Fe,0;. More importantly, our experimental results coincide with

theoretical calculations. Overall, the surface engineering strategy could be extended to a versatile approach for HCHO

detection.

1. Introduction

Formaldehyde (HCHO) is a kind of colorless but toxic
pollutants. It has been recognized as the most common of
hydrocarbon volatile organic compounds (VOCs) in indoor
polluted air.! Frequent exposure to HCHO atmosphere
significantly increases the risk of disease, such as sneezing,
coughing, emesis, asthma and even underlying death.? In the
work atmosphere, the exposure limit of HCHO is restricted to
0.08 ppm by the World Health Organization (WHO) and 1 ppm
by the National Institute for Occupational Safety and Health
(NIOSH), respectively.> Furthermore, the concentration of
HCHO from human breath could serve as the biomarker for
breast cancer (0.3-0.6 ppm from a healthy person and 1.2 ppm
from a patient).* Hence, the emphasis given to environmental
and health protection results in imperious demands for
advanced HCHO sensors.

Metal oxide semiconductors (MOSs) are widely used
materials for HCHO sensing due to their satisfactory sensitivity,
fast response to the targets, low cost and simplicity in
operation.>”’ Typically, hematite (a-Fe,0s), a typical n-type
MOS with a corundum-type structure, holds rich opportunities
for surface engineering, becoming an appealing substrate for
HCHO sensing. Many works focused on the composition and

structure control of o-Fe,03, including heterojunction
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fabrication, surface modification and lattice doping, which are
efficient to enhance the sensitivity, selectivity and sensing
speed of MOSs to VOCs, including HCHO.8° However, the high
working temperature of a-Fe,0s3-based sensor (most at 200-
400 °C) brings extra energy consumption for heating the
sensing film and monitoring the sensor’s temperature, causing
difficulties in miniaturization and integration. Additionally, the
stability of sensing layers decreases with the growth of a-Fe,03
grains that are induced by heating. Thus, it is always a
challenge of HCHO sensing at relatively lower temperature or
even ambient temperature.

The gas adsorption process strongly depends on the atom
species, dangling bonds and the density of oxygen defects of
the surface of sensing layer. Thus, endowing a-Fe,03 with an
exposed facet that was composed of high density of atomic
steps could offer large amounts of coordinatively unsaturated
active sites, resulting in higher catalytic activity and lower
working temperature for gas adsorptions. For example, Deng
et al. reported that Fe,03 {113} facet interaction increased the
density of active oxygen species, further boosting the
activation of O, and NO.° Similarly, hollow a-Fe,03
octadecahedrons enclosed by {113} and {104} facets were
conducive to generation of O-vacancy and surface OH species,
resulting in high activity and stability to HCHO.!! However,
there have been few studies and efforts in developing facet-
enclosed a-Fe;03-based HCHO gas sensing devices at room
temperature.

Herein, a series of single-crystalline a-Fe,Os nanocrystals
(NCs) with disk (D), cylinder (C), ellipsoid (E) and spindle (S)-like
morphologies were well-controlled and synthesized by
hydrothermal method. The spindle-like NCs were enclosed
with facets of high surface energy, and presented remarkable
sensing ability to HCHO with a liner range from 1 to 10 ppm
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and a fast response-recovery speed (< 3 s) at room
temperature. We built a sensor that could effectively
distinguish healthy breath and simulated breast cancer breath
using HCHO as the biomarker. Furthermore, the corresponding
sensing mechanisms were studied and discussed with
theoretical simulations.

2. Experimental section
2.1. Chemical materials

Iron(lll) nitrate nonahydrate (Fe(NOs)3-9H,0, 98%), ethylene
glycol (EG, C,HeO,, 99%), and ammonia solution (NHs3-H,O,
25%) were used as the starting chemicals without further
purification. Moreover, deionized water (DI) and absolute
alcohol (EtOH) were also used in this experiment.

2.2. Chemical synthesis

The o-Fe,03 NCs were prepared according to the previous
reported hydrothermal methods with a slight modification.1?
In this work, Fe(NO)3-9H,0 (0.8 mmol) was totally dissolved in
EG. Then, NH3-H,0 was dropped into the above mixture under
continuous stirring for 1 h. The obtained suspension was
transferred into a 50 mL Teflon-lined autoclave, following
hydrothermally treated at 200 °C for 30 h. The collected
precipitates were centrifugated for four times with DI and
EtOH (1:1, 10000 rpm, 10 min). Finally, the brick-red
precipitate was obtained through calcination at 500 °C for 2 h
(10 °C/min). Target products with different morphologies were
tuned by introducing different ratios of EG and NH;3-H,0 in the
mixed solution, that is, 13/7 mL, 10/10 mL, 7/13 mL and 5/15
mL for disk (D), cylinder (C), ellipsoid (E) and spindle (S)-like a-
Fe,03 NCs, respectively.

2.3. Characterization

Field emission scanning electron microscopy (FESEM, JEOL
JSM-7500F microscope) and transmission electron microscopy
(TEM, Tecnai G220S-Twin microscope) images were used to
investigate morphology of samples. Selected area electron
diffraction (SAED) and energy-dispersive X-ray spectroscopy
(EDS) data were measured using the above TEM microscopy
that equipped a spectrometer. The crystal structure and
composition of samples were examined by X-ray diffraction
(XRD, CuKa radiation source (A = 1.54059 A)) on a Rigaku
D/Max-2550 diffractometer with a scan range of 20-80°. X-ray
photoelectron spectroscopy (XPS) was conducted on a PREVAC
X-ray  photoelectron  spectroscopy system. Electrical
measurements of the sensing devices were recorded by a CHI
650E potentiostat-galvanostat (CH Instruments Inc.).

2.4. Fabrication of gas sensor

To study the sensing performance of a-Fe,Os; NCs, the as-
synthesized samples were integrated onto the interdigital
electrodes. First, 10 mg of samples were added into the 10 mL
of DI to form the uniformly dispersed suspension under
continuously ultrasonication. Then, 100 pL of the above
dispersed suspension was drop casted onto an alumina
ceramics substrate that was patterned with five pairs of Ag-Pd
interdigital electrodes (IEs), and the gap and finger width of

2| J. Name., 2012, 00, 1-3
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each |Es are both 0.2 mm. To improve the adhesion of the
sensing material on the substrate, the sensors were then
heated at 55 °C for 10 min before testing.

2.5. Measurement of gas sensor

A certain concentration of gas analytes was obtained by a
static liquid gas distribution method according to the previous
works.1314 The electrical signals were monitored on a CHI 650E
potentiostat-galvanostat using a two-electrode configuration
with a constant bias voltage of 10 V. The response (S) of the
device was defined as follows, S = (I-lg)/lp, where Iy and |
represent the initial current in ambient air and dynamic
current in target gases, respectively. The response time (Tes)
and recovery time (T,ecov) are the time required for the sensor
to achieve 90% of current change maximum. The relative
humidity (RH) atmospheres were prepared using different
saturated salt solutions in their equilibrium states.>

2.6. Collection of breath samples

The exhaled breath samples were collected from ten health
volunteer after eating at least 2 h and rinsing the mouth
before testing. The exhaled samples were collected by a gas
collection bag (1 L, BKMAM, Hunan, China). Then, 1.2 ppm of
HCHO was injected to prepare the simulated gas mixture.
Before testing, the simulated gas mixture was dried by silica-
gel drier.

2.7. Computational details

The density functional theory (DFT) -calculations of gas
adsorption on a-Fe,03 NCs were conducted by CP2K using the
Gaussian and Plane Waves (GPW) method. In this calculation,
the energy cutoff was set as 600 Ry. Additionally, DZVP-
MOLOPT-SR-GTH for each atom with a Goedecker-Teter-
Hutter (GTH) pseudo potential was used to set molecularly
optimized basis.'® The DFT-D3 was employed to accommodate
the weak forces that might be present. The geometry
optimizations were updated with the L-BFGS algorithm. 1 x 10
& Hartree and 0.001 Hartree/Bohr were the energy
convergence for the self-consistent field (SCF) calculation and
the largest force on atoms, respectively. The adsorption
energy AE,4 was calculated as follows, AE.g = Emoisurf — (Emol +
Esurf), Where Enojsur, Emol @nd Egy¢ are the energies of the
surface with adsorbates, an isolated analyte gas molecule, and
the clean facet surface, respectively.’

3. Results and Discussions
3.1. Structural and morphological characterization

Well-shaped NCs from disk to spindle were regulated by
controlling the volume ratio of NH3-H,0 to EG. The shapes of
the NCs gradually varied from nanodisk to nanospindle with
the decreasing aspect ratio (Fig. 1). The average edge length
(EL) and average apex to apex length (AL) of D-a-Fe,03 NCs are
about 90 nm and 245 nm, respectively. The TEM images (Fig.
1al) further confirmed the quasi-circular shape from the top
view. Fig. 1a2 showed the corresponding SAED pattern of a
single nanodisk. The ordered reflecting spots indicated that
the top facet of D-Fe,03 is the (001) plane. The HRTEM image

This journal is © The Royal Society of Chemistry 20xx
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in Fig. 1a3 showed the related crystalline structure from the
red rectangle in Fig. 1al. The entire surface of the NC was
perfectly aligned by three sets of parallel lattice fringes with an
angle of 120° between each other. The d-spacing of lattice
fringe is visible and measured as 0.25 nm, that corresponds to
the (110), (-120) and (-210) planes of hematite (JCPDS 33-
0664). And it could be deduced that the surfaces of the disk
exposed (001) planes, which is consistent with the previous
report.}2 The inset of related fast-Fourier transform (FFT)
pattern agreed with the result of SAED and the single
crystalline nature of the nanodisk was further confirmed. The
corresponding SAED patterns illustrated that all samples were
in good crystalline structure (Fig. 1(a2-d2)). In addition, as
shown in Fig. 1(a3-d3), the parallel lattice fringes changed and
were different from the (001) facets, indicating that the
decrease of EG ratios facilitated exposing facets with higher
energy than (001).18 Thus, the sensors based on C-a-Fe,0;, E-
a-Fe,03; and S-a-Fe,O; NCs were expected to show better
performance than those of D-a-Fe,03-based one.

‘Size (nm)
Fig. 1 SEM images of the as-synthesized a-Fe,0s; NC products: (a) D-a-Fe,0s, (b) C-a-
Fe,0s, (c) E-a-Fe,03, and (d) S-a-Fe,0s; (al-d1) TEM images, (a2-d2) SAED patterns, (a3-
d3) HRTEM images from the area of the red square in (al-d1) and the related fast-
Fourier transform pattern, (a4-d4) size distributions of four a-Fe,0; samples.

With the decreasing ratios of EG to NH3-H,O, the surface of
NCs became more irregular and rougher, implying that a facet
with higher surface energy appeared.!® The AL of all samples
were 240-250 nm, but EL increased with the decreasing
volume ratios of EG to NH3-H,0 (Fig. 1(a4-d4)). The EL-to-AL
ratio of the NCs increased from around 0.4 to 2.5, which
indicated that the tip growth was promoted. It could be
speculated that the hindrance function to edge growth
become stronger with the decreasing EG ratios, resulting in
formation of ellipsoid and spindle-like particles.

High-index planes will be eliminated during the particle
formation because of the minimization of surface energy. It is
clearly observed that the morphology of a-Fe,03 NCs changed
from nanodisk to nanospindle, indicating that the <001>
retarded growth became weaker. In this work, crystal
anisotropy was only controlled through adjusting the mix ratio
of EG to NH3-H,O. It is reasonable to assume that NH;-H,O
played a vital role in changing the growth rates of various
facets of a-Fe,03 NCs (Fig. 2a). Three types of surface hydroxyl
groups (from NH;3-H,0) with different coordination modes

This journal is © The Royal Society of Chemistry 20xx

existed in a-Fe,03; NCs, regarded as singly, doubly and triply
coordination (donated as S, D and T). For (001), they were all
inert D coordination. However, for other common crystal faces
of a-Fe,03, such as (100), (110) and (012), S and T-coordination
exhibited, which were reactive. Thus, adsorption capacities
and affinities of NH3, which equipped with a lone pair of
electrons, were much higher for (100), (110) and (012) planes
than (001) plane, further retarding these crystal planes from
taking part in further reactions growth (Fig. 2b).

(a) wo,
So@ 2 NH, Fair P .
- Increasing ammonia Increasing ammonia Increasing ammonia ~
D-a-Fe,0, C-a-Fe,0,
S-a-Fe,0,
ooy
b c 11gy (214 (300)
( ) ( ) w2 H"'." '"ﬁ“‘a:ﬂﬂ) \ (=)
Fe atom 3 | o
© oatom i L A
. B e H P W 0
‘ g
2
e . (100) = | O I P Y 0
JCPDS 33-0664
I | PR OB
20 30 40 50 60 70 80
26 (deg.)

Fig. 2 (a) Schematic diagram of the evolution of morphology from D-a-Fe,0; to S-a-
Fe,03; (b) Configuration of atoms on the hematite (001), (100), (110) and (012) facets;
(c) XRD patterns of a-Fe,03 NCs.

To further explore the crystalline structure of as-
synthesized samples, XRD analysis was conducted. The sharp
and narrow peaks of every sample in Fig. 2c corresponds to
hexagonal hematite (a-Fe,0Os;, R-3c, JCPDS no. 33-0664).
Additionally, the D-a-Fe,03 NCs exhibited the highest intensity
of (110) and (300) diffraction peaks, indicating better grown
along the a- than the c- direction, resulting in plate and disk-
like morphologies.’® Generally, the final morphology of NCs
was determined by the different growth rates of different
planes, resulting in different gas sensing properties.

3.2. Gas sensing performance

Table 1 Comparison of formaldehyde-sensing properties of sensors based on different
materials at room temperature.

Material Structure Con.(ppm) Res. Tres(s) Ref.
Au-ZnO octahedrons 800 2100 210 24
Au-ZnO nanorod 100 6880 216 25

rGO-ZnO flower particle 10 5.2 117 26
rGO-ZnO nanorod 1 21 82 27
rGO-ZnO quantum dot 100 210 30 28
rGO-ZnO sheet 9 150 36 29
rGO-ZnO flower particle 15 600 34 30
Sn0,-VG sheet 5 550 46 31
NiS-Ni-ZnO particle 10 330 39.4 32

J. Name., 2013, 00, 1-3 | 3
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formaldehyde, toluene and acetone. (e) Dynamic current curves of S-a-Fe,0s-based
sensor against 100 ppm formaldehyde; (f) Response of the S-a-Fe,0;-based sensor vs
HCHO concentration; (g) The responses of the S-a-Fe,0;-based sensor to 50 ppm HCHO
during 15 days, and inset was the SEM and HRTEM images of S-a-Fe,0; after 15 days.

Con.: Concentration; Res.: Response; T..(s): Response time; Ref.: Reference

To investigate the gas sensing properties of the S-a-Fe,03; NCs,
the a-Fe,03-deionized water dispersion was drop-coated onto
an Al,O3 substrate (1.3 cm x 0.7 cm), as shown in Figure 3a and
b. The current voltage (I-V) curve of the devices show a linear
ohmic behavior between the sensing samples and the
electrode (Fig. 3c).2%2! In addition, the similar conductivity
characteristics of three different devices indicated highly
reproducibility. The responses of the S-a-Fe,0; NCs-based
sensor to HCHO (42) is remarkably higher than CgH; and
CH3COCHj;, exhibiting a good selectivity (Fig. 3d). Chemical
sensing experiments that conducted on target HCHO gases
showed that all o-Fe,O; NCs possessed n-type sensing
behavior, and the current variation increased with decreasing
proportion of (001) crystal plane (Fig. $1).2%23 Surprisingly, the
S-a-Fe,03-based sensor showed rather fast response-recovery
speed (<3 s) (Fig. 3e). Moreover, the response of the sensing
layer could be tuned by HCHO gas concentrations. As a result,
the S-a-Fe,0; NCs-based sensor achieves a highly sensitive
detection of 6.5-19 for 1-20 ppm HCHO (Fig. S2 and Fig. 3f).
Compared with the reported sensors in the literature, the S-a-

Fe,03 NCs-based sensor stands out for HCHO sensing (Table 1).
24-33

To determine the practical feasibility of the sensor, the
repeatability and long-term stability were evaluated. A
consistent saturation behavior with no significant signal
degradation was observed even after several repeated cycles,
demonstrating the sustained response and recovery
characteristics of the sensor (Fig. S3). Moreover, the sensor
exhibited a long-term stability towards 50 ppm HCHO, as
shown in Fig. 3g. It retained the morphology and sensing
activity over the continuous 15-day test period.

(a) (b)

Current (nA)

-2 2 0 5 10 15 20 25

04
-0 1 hyde e
alde! ene » caton! .

For™ e Time (s)

Voltage (V) 10

f)s (@) *

® 3
4 $ % ‘ e

—

= _9
E =18 i, - E
55 ¢ =R §
¢ L
0 CSnca‘alrantiona(pp‘I;) 7 o 5...’.‘.!"|
0 50 100 150 200 4 8 12 16

Concentration (ppm) Time (day)

Fig. 3 (a) Optical images of the bare device with Pt interdigitated electrodes. (b)
Schematic theoretical diagram of the gas sensor. (c) I-V curves of S-a-Fe,0;-based gas
sensing devices. (d) selectivity of S-a-Fe,0;-based sensor towards 50 ppm
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Fig. 4 (e) Relationship between the 50 ppm HCHO sensing response and relative
humidity. (b) Simulated breath (breast cancer) sensing responses of S-a-Fe,03-based
sensor.

For real application, humidity should be considered as an
important factor. As shown in Fig. 4a, a slight variation of
sensing response occurred when RH below 40%, however,
response approximately changed to half in high relative
humidity, which could be explained as follows: (1) Water
molecules blocked the adsorption of oxygen and HCHO gases;
(2) Water molecules reacted with the adsorbed oxygen species,
thus increasing the initial current baseline of the sensor; (3)
OH groups from H,0 act as weak acceptors and compete with
HCHO to occupy adsorption sites. Furthermore, to confirm the
potential of the S-a-Fe,0s-based sensor for medical diagnosis,
the sensor was exposed to the gas atmosphere of simulated
breath of breast cancer (Fig. 4b). The fabricated S-a-Fe,0s-
based sensor could discriminate the simulated breast cancer
and healthy breath according to the response values with a
large difference of about 4 times.

3.3. Gas sensing mechanism

a-Fe,0; is a typical n-type MOS that electron is the carrier. The
observed current variation was attributed to the reaction
between the adsorbed oxygen species and the targets on the
surface of a-Fe,0s (Fig. 5a). When a-Fe,03; exposed to air, the

This journal is © The Royal Society of Chemistry 20xx
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electrons flowed from the conduction band of a-Fe,Os; to
adsorbed oxygen, resulting in formation of negatively charged
oxygen (0;’). Meanwhile, an electron depletion layer (space
charge layer) created on the surface of a-Fe,0s;. Thus, the
resistance (current) of the a-Fe,0s-based sensor exhibited a
high (low) baseline. After reducing gases (HCHO, CjHg,
CH3COCH;3) introduced, the electrons could be released back
from gas molecules from gases. Thus, the resistance of the
sensor decreased, that is, the current increased. Overall, the
corresponding process could be simply expressed as follows:34
0, (gas) — 0, (ads)

0, (ads) +e- — O, (ads)

HCHO + O, (ads) — CO; (gas)+ H,0 (gas) + e

C;Hg + 90, — 4H,0 + 7CO, + 9e”

CH3COCH;5 (gas) + 40, (ads) — 3CO, (gas) + 3H,0 (gas) + 4e”

"adsorbed oxygen " vacancy oxygen ™ lattice oxygen]

(@) Inair In gas (b) gm
5 =TT
; £ a0
@ :coHo 5
g w —
2w -
[
S 20| N -
o — LI —

D-a-Fe,0, C-a-Fe,0, E-a-Fe,0, S-a-Fe,0,

(c) (d)
By sieiinging E,
E, '..‘.m.\},.w :"‘M"“"""j A Sample | Zeta potential g
E E D 3.2 mv z
c 157 mV |
B s E _ E 198 mv £
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Fig. 5 (a) Schematic model and energy band structure of the S-a-Fe,0s-based sensor in
air and in HCHO. (b) The histogram of the percentage of chemisorbed oxygen and (c)
the values of zeta potential of four a-Fe,03; NCs. (d) Fe 2p XPS spectra of S-a-Fe,03 NCs.

The adsorption capacity of the faceted a-Fe,03 NCs could
be characterized by their ability to adsorb oxygen. Thus, XPS
analysis was carried out to explore the surface chemical states
of existed elements on the a-Fe,03 NCs. The O 1s spectra
shown in Fig. S4 could be deconvoluted into three different
oxygen species, namely lattice oxygen (O, ~530 eV), vacancy
oxygen (Oy, ~531 eV) and the adsorbed oxygen (O, ~532 eV).3°
The O, Oy and Oc originated from to the O, in the hematite
lattice, the O, around the oxygen vacancy regions in the
matrix of hematite and the chemisorbed/dissociated oxygen
species, respectively.’? In Fig. 5b, S-a-Fe,03; NCs showed the
highest percentage of the Oc component among four samples.
In addition, all samples showed negative zeta potential values,
and the absolute value of S-a-Fe,03 NCs is higher than those of
other three samples, indicating that S-a-Fe,O3; NCs prefers to
adsorb the ionized oxygen species with a more electrophilic
surface layer (Fig. 5c). Furthermore, the strong binding
energies at 724.1 and 710.4 eV were the characteristic
doublets of Fe 2p,;, and Fe 2p;/,, respectively (Fig. 5d). Besides,
the appearance of satellite peaks at 718.5 and 732.4 eV
confirmed the presence of ferric ions in a-Fe,0s.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Optimized adsorption geometries of the sensing process by DFT calculations for
(a) HCHO, (b) C;Hg, and (c) CH3COCH;.

To further explore the sensing mechanism and study the
selectivity of S-a-Fe,O; NCs-based sensors, DFT calculations
were carried out. Three theoretical models combined with
HCHO, C;Hg, CH3COCH3 on the (001) surface of a-Fe,05; were
showed in Fig. 6.2%- 36 In comparison, the HCHO on the a-Fe,0;
has a shortest Fe-O bond length (1.82 A), while the C;Hg and
CH3COCH;3; molecules yield Fe-C and Fe-O bond lengths (1.96
and 1.92 A). Moreover, the adsorption energy of HCHO, C;Hg
and CH3COCH; molecules were -2.50 eV, -1.93 eV and -1.81 eV,
respectively. The shortest bond length and largest adsorption
energy on (001) faceted surface indicated the most stable
adsorption configuration of HCHO gas, contributing to the
adsorption and reaction between gas molecules and sensing
materials.

Fig. 7 Molecular structure map of HCHO adsorbed S-a-Fe,0; with different exposed
facets.

The numerous active sites for the adsorption of ionized
oxygen species are attributed to the highly exposed reactive
facets in a-Fe,03 NCs.3” In recent years, the powerful
independent gradient model (IGM) method pose a visual
analysis of intermolecular interactions. To gain more insight
into the molecule surface adsorption, the facet effect of the a-

J. Name., 2013, 00, 1-3 | 5
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Fe,03-based sensor was studied by IGM in the presence of
HCHO, as shown in Fig. 7. The blue and red lobes represent
prominent attractive interaction and repulsive interaction,
respectively.3® Compared with the other three facets, the
attractive interaction between HCHO and (012) facet of a-
Fe,03; is more prominent, which explains why S-a-Fe,0;
exposed with high energy facets is more likely to interact with
HCHO gas molecule. High-index facets may expose large
numbers of unsaturated coordinated surface atoms, thus show
modified electronic properties. Moreover, the high-index
facets of a-Fe,O; are conducive to the creation of lattice
oxygen defects compared with the low-index facets,
facilitating to the dissociative adsorption of reactant.!! The
above series of theory simulations highlights the advantages of
using S-a-Fe,03 with high energy facets on gas sensing.

Conclusions

In summary, a solvothermal method was conducted to
synthesize a-Fe,03; NCs for HCHO sensing. The morphology of
a-Fe,0; were successfully regulated through adjusting the
volume ratio of EG to NH3'H,0. The S-a-Fe,O; NCs was
enclosed by a series of high-index facets, which exhibited
excellent surface activity. Thus, the S-a-Fe,0s-based sensor
exhibited superior HCHO sensing activity at room temperature
with a response of 60 (100 ppm) and a fast response-recovery
speed (<3 s). Furthermore, the healthy group and diseased
group could be distinguished from each other, roughly through
detecting the HCHO concentration in their exhaled breaths,
indicating that the sensor exhibit the potential to assist
physicians in diagnosis of breast cancer. According to the DFT
results, the high selectivity of the sensor could be attributed to
the short bond length and large adsorption energy on the
(001), and the high sensitivity could be ascribed to the strong
attractive reaction of HCHO on the (012) surface of a-Fe,Os.
The facet engineering could be regarded as an efficient
strategy for the gas device design.
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24 Figure S1. Response-recovery curve of four a-Fe,0; NCs-based sensors to 20 ppm HCHO.
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Figure S2. Response-recovery curve of the S-a-Fe,03; NCs-based sensor to 1-20 ppm HCHO.
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29 Figure S5. The UV-visible absorption spectrum of S-a-Fe,03 NCs.

31 The calculated band gap of S-a-Fe,03 NCs is about (1240/585=) 2.12 eV, which confirmed the wide band-gap property and

33 corresponded to the previous reports.'2
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