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A B S T R A C T

The development of materials toward ppb-level nitric oxide (NO) sensing at room temperature remains in high 
demand for the monitoring of respiratory inflammatory diseases. In order to find an iron-containing molecule 
without steric hindrance to combine with graphene for room temperature NO gas sensing, here a supramolecular 
assembly of ferrocene (Fc) and reduced graphene oxide (rGO) was designed and prepared for NO sensing. The 
assembly of Fc/rGO was characterized using FT-IR, TEM, and XPS measurements. The Fc/rGO-based sensors 
exhibited superior NO sensing properties at room temperature including high response (Ra/Rg = 1.73, 1 ppm), 
high selectivity against other exhaled gases, reliable repeatability and stability (less than 4 % decrease after 40 
days). A practical limit of detection (LOD) of 200 ppb was achieved. The theoretical simulation demonstrates that 
ferrocene is assembled via π-π interaction with rGO in edge-to-face configuration which provides relatively lower 
energy than face-to-face configuration does for the whole assembly. It was first verified that the enhanced 
adsorption capacity and the charge transfer between NO and Fc/rGO would result in improvement of the 
assembly’s sensitivity toward NO after ferrocene was assembled with graphene. This work provides a fresh 
approach of anchoring iron on graphene for gas sensing via supramolecular methods.

1. Introduction

Nitric oxide (NO), an important signaling molecule, is widely known 
as playing diverse roles in regulating physiological processes [1–5]. A 
large amount of evidence shows that determination of fractional exhaled 
nitric oxide (FeNO, ppb level) is an effective non-invasive way to eval
uate inflammatory respiratory diseases, which is helpful for clinical 
diagnosis [6,7]. However, due to the high reactivity and short half-life of 

NO, the exploitation of ppb-level room temperature NO gas sensors is 
still challenging to meet the increasing demand for clinical applications 
[8–10].

There are a variety of methods for detecting NO, such as chem
iluminescence, fluorescence sensing, gas chromatography-mass spec
trometer (GC-MS), etc. Normally, GC-MS is highly sensitive and 
responsive but rely on bulky, expensive instruments that make it diffi
cult to meet the requirements of the simplicity of diagnosis and 
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treatment [11–13]. Based on fluorescence sensing, fluorescent probes 
with structures such as phenylamine and o-phenylenediamine possess 
superior sensitivity and selectivity toward NO at room temperature, but 
the complex synthesis processes and poor reversibility of response limit 
their practical application [14,15]. Recently, metal oxide semi
conductors (MOS) such as ZnO [16], WO3 [17], SnO2 [18], etc., have 
become research hotspot of chemiresistive detection of NO gas. How
ever, since the sensing process requires the involvement of oxygen 
species that has to be produced at high temperatures, the MOS-based 
sensors typically work at a relatively high operating temperatures 
(usually >100 ◦C), which leads to high energy consumption and fire 
hazards [19,20]. Above all, there is an urgent demand for room tem
perature chemiresistive NO sensors with high sensitivity, reversibility, 
and selectivity for practical applications.

Two-dimensional (2D) carbon-based materials such as graphene, 
graphitic carbon nitride (g-C3N4), MXene, etc., which are well known by 
their mild operating temperature, have drawn a wide attention in the 
field of gas sensing [21–24]. Researchers typically adopted functional
ization approaches to overcome the poor sensitivity and selectivity of 
their intrinsic form [25–29]. In 2022, Wang et al. [30] reported that the 
composite of Hemin (Fe (III)-protoporphyrin IX) and graphene exhibited 
distinct performance for room temperature NO sensing depending on 
the specific interactions between iron and NO. Nevertheless, the 
self-stacking of porphyrin rings severely blocks iron ions from contact 
with NO molecules, resulting in its poor gas sensitivity. It could be 
deduced that constructing similar composites with graphene and 
iron-containing metal-organic small molecule with unoccupied active 
sites would achieve better room-temperature NO sensing performance.

Ferrocene, a metal-organic compound consisting of two cyclo
pentadiene and a ferrous ion (Fe2+) with a sandwich structure, has been 
widely used as catalysts and modifier of functional materials [31–33]. As 
an iron-containing metal-organic small molecule, it possesses three ad
vantages for graphene-based NO gas sensor. Firstly, as a mature devel
oped reagent, ferrocene has relatively stable chemical and physical 
properties to be involved in gas sensing process. Secondly, the iron ion of 
ferrocene would not be obstructed by cyclopentadiene because of its 
sandwich structure, while the aromatic rings could also compose with 
graphene via π-π interaction. And last but not least, specific chemical 
reaction would occur between ferrocene and NO, which has been re
ported by Priya Sudhesh et al. [34] in 2016. Therefore, it is reasonable to 
hypothesize that assembling graphene with iron-contained ferrocene 
would construct a distinctive room temperature NO sensing material.

In this work, an assembly of ferrocene (Fc) and reduced graphene 
oxide (rGO) was employed to fabricate NO sensing material (defined as 
Fc/rGO). The obtained Fc/rGO was prepared via a two-step preparation 
process including the reduction of graphene oxide followed by the as
sembly of ferrocene with rGO. The sensor possessed superior NO sensing 
performance including high response, reliable repeatability and high 
selectivity against other exhaled gases. Moreover, the sensing mecha
nism of Fc/rGO was further investigated via control experiments, X-ray 
photoelectron spectroscopy (XPS) measurement and Density functional 
theory (DFT) calculation. This work provides an approach of anchoring 
iron ions on graphene for gas sensing via supramolecular method.

2. Experimental section

2.1. Reagents and materials

The high-purity flake graphite (325 mesh) was purchased from 
XianFeng NANO Co., Ltd. Concentrated sulfuric acid (H2SO4, 98 %), 
hydrogen peroxide (H2O2, 31 %), potassium permanganate (KMnO4), 
anhydrous ethanol, nickelocene, and ferrocene were purchased from 
Shanghai Titanchem Co., Ltd. Ruthenocene was purchased from Beijing 
Innochem Science & Technology Co., Ltd. Ag–Pd interdigitated elec
trodes (IDEs) were purchased from Beijing Elite Tech Co., Ltd.

2.2. Preparation of graphene oxide (GO) and rGO

GO was obtained by a modified Hummers’ method [30]. The con
centration of GO was 5 mg/mL. The rGO was prepared by hydrothermal 
method. Specifically, 10 mg of GO and 12 mL of deionized water were 
sonicated for 10 min and stirred for 30 min to form a brown solution. 
The above solution was then transferred to a 25 mL stainless steel 
autoclave and kept at 120 ◦C for 9 h. The resulting dispersion was 
filtered with vacuum and washed twice with deionized water. Then rGO 
was obtained.

2.3. Synthesis of Fc/rGO

The Fc/rGO was synthesized via a one-step solvothermal process. 
Firstly, 10 mg of rGO and 30 mg of ferrocene were dispersed in a mixture 
of 4 mL of deionized water and 20 mL of anhydrous ethanol, after which 
the dispersion was sonicated for 10 min and stirred for 9 h. Secondly, the 
above dispersion was transferred to two 25 mL stainless steel autoclaves 
and kept at 120 ◦C for 5 h. The resulting dispersion was filtered with 
vacuum and washed twice with anhydrous ethanol. Finally, the 
dispersion was redispersed in 15 mL of anhydrous ethanol using ultra
sonication. The optimum amount of ferrocene was discovered by 
controlled experiments as shown in Fig. 3b. During the preparation of 
Fc/rGO, the percentage of ethanol of the solvent mixture used for sol
vothermal and the amount of ferrocene added affected the NO sensing 
performance of Fc/rGO, so comparative experiments were carried out, 
and the experimental results are shown in Fig. S2.

2.4. Materials characterization

The morphology and elemental composition of the materials were 
observed by using a scan electron microscope (SEM, Quanta 250 FEG, 
FEI, America) and a transmission electron microscopy (TEM, Talos 
F200X, FEI) with energy dispersive X-ray spectroscopy mapping (EDS 
mapping). Surface chemical groups of materials were characterized by 
using Fourier transform infrared (FT-IR) spectrophotometer (Vertex 70, 
Bruker, Germany) using potassium bromide (KBr) plate method in a 
spectral range of 4000-400 cm− 1 with the resolution of 2 cm− 1. Raman 
spectra were obtained by Raman microscope (inVia, RENISHAW, UK) at 
an excitation wavelength of 532 nm. Element compositions were ob
tained by XPS (Escalab 250Xi, Thermo Fisher, UK) with a mono X-ray 
source Al Kα as the incident radiation. The binding energy calibration 
was based on C 1s at 284.0 eV.

2.5. Gas sensing measurements

Keithley 2450 Sourcemeter was employed to obtain resistance values 
for sensing materials. IDEs should be ultrasonically cleaned with ethanol 
for 30 min before use. 10 μL of rGO or Fc/rGO dispersion was dropped 
onto the IDEs, after which the IDEs were dried in an oven at 65 ◦C for 5 
min. The sensing test cycle contains three consecutive steps. Firstly, the 
IDEs were placed into a blank chamber filled with air (relative humidity: 
20 %) to record the baseline. Secondly, after the baseline has stabilized, 
the IDEs were transferred to a sensing test chamber filled with a specific 
concentration of target gas (diluted with N2). Thirdly, when the response 
curve leveled off, the IDEs were transferred to a blank chamber filled 
with dry air. All gas sensing measurements were performed at room 
temperature (25 ± 2 ◦C) [35].

2.6. DFT calculation

In the theoretical calculation, the B3LYP exchange-correlation 
function and Grimme’s DFT-D3(BJ) empirical dispersion correction 
were employed for geometric optimizations [36]. The def2-TZVP basis 
set was employed for all elements. Gaussian was used for DFT calcula
tions and Multiwfn was used for analysis [37].
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3. Results and discussion

The synthesis process is illustrated in Scheme 1 rGO and ferrocene 
were assembled by a simple solvothermal method in a mixed solvent of 
ethanol and water, yielding a suspension liquid of Fc/rGO. Additionally, 
control experiments without the introduction of ferrocene were con
ducted to obtain rGO for comparison.

The Raman spectra of rGO and Fc/rGO exhibited the main charac
teristics of graphene-based materials. As Fig. 1a showed, two broad 
peaks at 1346 and 1603 cm− 1 corresponded to the characteristic D- and 
G-bands of graphene, respectively [38]. The functional groups of 
ferrocene, rGO, and Fc/rGO were characterized by FT-IR respectively. 
As shown in Fig. 1b, in the FT-IR spectrum of the ferrocene, the peak at 
484 cm− 1 was attributed to the stretching vibration of the cyclo
pentadienyl ring and Ferrum in ferrocene [39]. In the FT-IR spectrum of 
the rGO, a broad peak at 3431 cm− 1 was observed, which was attributed 
to the O–H stretching vibration. The peak at 1628 cm− 1 was attributed 
to C–O bending vibrations [40]. In the FT-IR spectrum of the Fc/rGO, 
there is not only the O–H stretching vibration peak of rGO at 3428 cm− 1 

but also the cyclopentadienyl ring and Ferrum stretching vibration peak 
at 491 cm− 1, which indicates that ferrocene is successfully anchored on 
rGO.

XPS spectra of Fc/rGO were obtained and shown in Fig. 1c–f. The 
survey spectra sample verified the existence of carbon, oxygen, and iron. 
Firstly, the high-resolution spectra of C 1s of Fc/rGO are shown in 
Fig. 1d. Three peaks centered at 288.18, 285.47, and 284.00 eV were 
attributed to C––O, C–O, and C–C bonds respectively. Secondly, in 
Fig. 1e, the high-resolution spectra of the O 1s of Fc/rGO revealed the 
peaks at 532.97 and 531.62 eV, assigned to C––O and C–O bonds 
respectively. Thirdly, the peaks of the Fe 2p3/2 band (710.07 eV) and Fe 
2p1/2 band (724.11 eV) were presented in the high-resolution spectra of 
Fe 2p of Fc/rGO [41,42]. The appearance of iron in XPS spectra of 
Fc/rGO proved that the composite material was successfully prepared as 
expected.

TEM and SEM images were obtained to observe the morphology and 
structure of the materials. As displayed in Fig. 2a, smooth graphene 
nanosheets were discovered in the SEM images of rGO, while rough 
surface was observed from Fc/rGO after the introduction of ferrocene. 
Besides, as shown in Fig. S1, iron atoms were found in the EDS of Fc/rGO 
but not in rGO, which proves the success of the combination of 
ferrocene.

Furthermore, as shown in Fig. 2, muslin-like graphene nanosheets 
were discovered in the TEM images of rGO, and the aggregates in the 
TEM of Fc/rGO indicate the successful assembly of ferrocene and rGO. 
To further demonstrate the presence of ferrocene in the composite, the 
high-angle annular dark-field scanning transmission electron micro
scopy (HAADF-STEM) was employed and the corresponding EDS 
elemental mapping images were obtained to observe the elemental 
composition of the Fc/rGO. As shown in Fig. 2. The elemental mapping 
characterization demonstrated that the C, O, and Fe elements were 
uniformly distributed on the composite. The uniform distribution 

indicates the successful preparation of the Fc/rGO composite.
In order to explore the sensing performance of ferrocene assembled 

graphene, the sensors were fabricated on IDEs with rGO and Fc/rGO as 
sensing materials. The gas sensing tests were conducted at 25 ◦C for NO 
(N2 as background). The detailed data of resistance value was listed in 
Table S1.

As shown in Fig. 3a, the response of the Fc/rGO sensor to 1 ppm NO 
gas was noticeably enhanced (Ra/Rg = 1.73) compared to rGO. The Tres 
and Trec of Fc/rGO toward 1 ppm NO were 364 s and 1760 s, respec
tively. Here, Tres was defined as the time needed to reach 90 % of the 
maximum response, while Trec was defined as the time for the resistance 
in equilibrium to go down to 10 % of the initial value after releasing the 
test gas. Furthermore, the optimum amount of ferrocene was explored 
(Fig. 3b). With the increase of ferrocene dosage, the response of the 
composites to 1 ppm NO firstly increased and then remained at a close 
level with a slight decrease. This result was mainly because the intro
duced ferrocene gradually reached saturation, while the excessive 
ferrocene was washed away. Therefore, 30 mg of ferrocene introduction 
was was determined as the optimal condition to prepare materials for 
subsequent experiments. In addition, Fig. 3c and d showed excellent 
linearity between gas concentration (0.2–8 ppm) and response values, as 
well as reliable sensing repeatability for NO at room temperature. The 
gradual increase in baseline could be ascribed to the slower diffusion of 
NO after multiple cycles.

Typically, there is a high demand for the stability and selectivity of 
gas sensors in practical applications of clinical diagnostics. An aging 
experiment of the Fc/rGO sensor was performed for over 40 days 
(Fig. 3e). The response of the Fc/rGO sensor remained around 96 % of 
the initial value after 40 days, which indicated the excellent stability of 
the composite. As for the selectivity, as displayed in Fig. 3f, the Fc/rGO 
sensor possessed a much higher response toward NO (Ra/Rg = 1.73, 1 
ppm) than other exhaled gases including ammonia (Ra/Rg = 0.96, 10 
ppm), acetone (Ra/Rg = 0.97, 100 ppm), ethanol (Ra/Rg = 0.98, 100 
ppm), methanol (Ra/Rg = 0.99, 100 ppm) and BTEX (a mixture of 
benzene, toluene, ethylbenzene, and xylene, Ra/Rg = 1.01, 10 ppm). The 
excellent selectivity of Fc/rGO for NO could be attributed to the specific 
interaction between ferrocene and NO molecules. It is worth mentioned 
that humidity resistance is an important factor for gas sensors, especially 
for exhaled gas. As shown in Fig. S3, the response values of Fc/rGO 
under 0–75 % relative humidity were 1.73, 1.45, 1.33, and 1.04, 
respectively. The possible reason might be that water molecules would 
occupy the reactive sites on the central Fe ions in ferrocene, which is 
similar to the case of metalloporphyrin as early reported [30]. Drying 
devices that have already been developed in modern exhaled breath 
testing could be applied to solve this problem [43].

For comparison, Table 1 summarized all the reported carbon-based 
room temperature NO gas sensors, indicating that the gas sensing per
formance of Fc/rGO was in a leading position. The Fc/rGO-based sensor 
possessed excellent response and a practical LOD of 200 ppb, which is 
relatively low for NO under RT conditions for carbon-based sensitive 
materials.

Scheme 1. The preparation process of ferrocene and reduced graphene oxide composite Fc/rGO.
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3.1. Gas sensing mechanism

To further explore the significance of iron in NO gas-sensing, as 

shown in Fig. 4a, ferrocene was changed into nickelocene (Nc) and 
ruthenocene (Rc) for control experiments. The corresponding control 
groups were named as Nc/rGO and Rc/rGO, respectively. EDS and XPS 

Fig. 1. (a) Raman spectra and (b) FT-IR spectra of ferrocene, rGO, and Fc/rGO materials; XPS spectra of Fc/rGO: Survey spectra of (c) Fc/rGO; high-resolution 
spectra of C 1s (d), O 1s (e), and Fe 2p (f) of Fc/rGO.

Fig. 2. SEM images of (a) rGO and (d) Fc/rGO. TEM images of (b, c) rGO and (e, f) Fc/rGO. HAADF-STEM (g) and EDS elemental mapping images of C (h), O (i), and 
Fe (j) of Fc/rGO.
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measurements were carried out to confirm the successful preparation of 
the composites Nc/rGO and Rc/rGO (Figs. S5 and S6). NO sensing tests 
of these two control groups were then carried out, as shown in Fig. 4b 
and c. Compared with Fc/rGO, the response value of Rc/rGO to 1 ppm 

NO was 1.33, while Nc/rGO performed no significant response, indi
cating that iron plays a key role in the sensing process.

In addition, XPS measurements were carried out to reveal the sensing 
process. For pretreatment, Fc/rGO and pristine rGO were respectively 
sealed in excess NO gas (500 ppm, N2 as background) for 3 days. Sub
sequently, XPS spectra of these two samples and the control groups 
without NO treatment were obtained.

As shown in Fig. 5a, there was no obvious difference in the N 1s band 
of rGO before and after NO treatment. However, as shown in Fig. 5b, the 
N 1s band of Fc/rGO showed a significant peak after NO treatment. 
Moreover, the NO adsorption peak was found at 530.35 eV in the cor
responding high-resolution XPS spectra of O 1s (Fig. 5c) [34,52]. 
Therefore, it could be speculated that the assembly of ferrocene would 
enhance the adsorption capacity of the material for NO, resulting in 
excellent sensing properties. As shown in Fig. 5d, the peak of Fe 2p3/2 
blue shifted from 710.07 eV to 710.62 eV after NO treatment. This 
variation in binding energy was thought to be the result of electron 
transfer from Fc/rGO to NO gas molecules when gas molecules were 
adsorbed onto the surface of the assembly [53].

At last, theoretical analysis was carried out to investigate the inner 
sensing mechanism. In 2019 Salma et al. [54] demonstrated by DFT 
calculation that the ferrocene molecules would be composited with 
graphene in such a way that their molecular axes are parallel to the 
plane of graphene through. This edge-to-face configuration possesses 
higher adsorption energy, lower system energy, and higher stability than 
the face-to-face configuration. Specifically, based on the principle of π-π 
interactions, it can be hypothesized that the edge-to-face configuration 
would result in weak electrostatic interaction between the slightly 
electron-deficient hydrogen atoms on cyclopentadiene and the 
electron-rich graphene [55,56]. To further prove the above speculations, 
the possible configurations of ferrocene with rGO were simulated by 
DFT. As shown in Fig. 6, after geometry optimization, the DFT simula
tion showed that the total energy of the face-to-face configuration was 
− 10.7518 kcal/mol, while the total energy of the edge-to-face 

Fig. 3. (a) Response-recovery curves of rGO (black) and Fc/rGO (red) sensors toward 1 ppm of NO. (b) Response values of Fc/rGO after the introduction of different 
amounts of ferrocene. (c) Consecutive response-recovery curve of Fc/rGO sensors toward various NO concentrations from 0.2 to 8 ppm. Inset: corresponding linear fit 
of the responses of NO concentration (R-square = 0.993). Error bars for the data points lie within the symbols themselves. (d) Cyclic response curve of Fc/rGO sensors 
upon exposure to 1 ppm NO. (e) Aging test Fc/rGO sensors toward 1 ppm of NO for 40 days. (f) Selective response of the Fc/rGO sensors toward NO and interferential 
gases including NH3, acetone, ethanol, methanol, and BTEX. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)

Table 1 
Comparison of NO sensing properties of carbon-based materials at room 
temperature.

Materials NO 
(ppm)

Responsea Tres/Trec
b

(s/s)
DR

c (ppm) pLODd

(ppm)

TiO2@NGQDse

[44]
100 0.76 235/285 10–100 10

MoS2/rGO/paper 
[45]

2 1.06 150/ 
>600

2–10 2

CNFs/CoS2/MoS2 

[46]
10 ≈1.045 1200/ 

6000
1–100 1

SWNT@MoS2 [47] 100 1.18 45/528 1–300 1
TiO2/rGO [48] 2.75 1.06 440/881 0.69–2.75 0.69
Hemin-N-rGO [30] 1 1.34 229/770 0.5–20 0.5
N-rGO [49] 1 1.7 ≈100/– 0.4–1 0.4
SWCNT@PEI [50] 1 ≈2.5 ≈1800/ 

>3000
0.1–5 0.1

en- 
APTAS@SWCNTs 
[51]

2 1.37 ≈600/ 
>600

– 0.1

HNS-rGO [40] 1 <1.5 ≈261/ 
≈500

0.1–20 0.1

Fc/rGO (This 
work)

1 1.73 364/ 
1760

0.2–8 0.2

a Response is defined as Response = Ra/Rg (Ra denotes the resistance the 
material in N2 and Rg denotes the resistance the material in the target gas).

b Tres and Trec represent the response time and recovery time.
c DR represents the detection range.
d pLOD represents practical limit of detection.
e The gas sensing performance of TiO2@NGQDs was carried out under 365 nm 

illumination.
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configuration was lower (− 11.9854 kcal/mol), It could be deduced from 
the results that the supramolecular assembling of Fc/rGO was controlled 
by the π-π stacking interaction between graphene and ferrocene, taking 
the configuration energy as consideration [57]. Two cyclopentadiene 
rings involved in the interaction with graphene rather than one, which 
would be the possible reason that the edge-to-face configuration has 
lower total energy than face-to-face.

Independent gradient model based on Hirshfeld partition (IGMH) 
analysis was carried out to further visualize the interaction inside the 
Fc/rGO [58]. As revealed in Fig. 6c, obvious interaction between 
ferrocene and graphene was present in the Fc/rGO assembly, indicating 
that more electrons would accumulate at the lower part of the ferrocene 
and the surface of the graphene sheet. This configuration would facili
tate the constructing of effective charge transport channel between 
ferrocene and graphene [59]. Besides, by comparison with a typical 
reducing gas, ammonia, it is clear that NO act as electron-withdrawing 
molecules in the sensing process (Fig. 3f). Therefore, the direction of 
charge transfer was from graphene to the ferrocene molecules.

These results suggested that ferrocene plays a key role in NO sensing 
by enhancing adsorption capacity and electron transfer. Bicyclopenta
diene would act as a container for the Fe2+ to be anchored onto the 
surface of graphene to better utilize the sensing properties in NO 
sensing. The sensing mechanism based on charge transfer was proposed 
as shown in Scheme 2 and Equations (1)–(4)(Ferrocene is expressed as 

(C5H6)2Fe2+). 

rGO-(C5H6)2Fe2+ + NO ➞ rGO-(C5H6)2Fe2+(NO)                             (1)

rGO-(C5H6)2Fe2+(NO) ➞ rGO-(C5H6)2Fe3+(NO)-                              (2)

rGO-(C5H6)2Fe3+(NO)- ➞ (rGO)+-(C5H6)2Fe2+(NO)-                         (3)

(rGO)+-(C5H6)2Fe2+(NO)- ➞ rGO-(C5H6)2Fe2+ + NO                       (4)

(1) NO molecules were adsorbed onto the surface of the assembly 
and came into contact with Fe ions. (2) Electrons were transferred from 
the graphene to the Fe ions and subsequently to NO molecules, which 
possess strong electronegativity. (3) As a result, the hole concentration 
of rGO increases with the increasing NO concentration, leading to a 
decrease in the resistance of the sensing material. (4) Finally, the 
resistance of Fc/rGO would recover to its initial value by the removing 
NO from the sensing system, accompany with the return of the electron 
to graphene.

4. Conclusion

We successfully prepared a composite (Fc/rGO) of rGO and ferrocene 
by one-step solvothermal method. The introduction of ferrocene en
hances the adsorption capacity of the material for NO, resulting in 
excellent gas-sensitive properties. Benefiting from the introduction of 

Fig. 4. (a) Synthesis of Nc/rGO and Rc/rGO composites of nickelocene and ruthenocene with reduced graphene oxide. (b, c) Response toward 1 ppm NO gas of Fc/ 
rGO (i), Rc/rGO (ii), rGO (iii), and Nc/rGO (iv).

L. Zhang et al.                                                                                                                                                                                                                                   Talanta 285 (2025) 127365 

6 



ferrocene, the Fc/rGO possessed superior sensing performance (Ra/Rg =

1.73, 1 ppm NO, response time <400 s) with a practical LOD of 200 ppb, 
reliable repeatability (over 7 cycles), excellent selectivity against other 
exhaled gases, and high stability (less than 4 % decrease over 40 days). It 
is also explored that the excellent performance of NO gas-sensitive 
performance is mainly attributed to the introduction of ferrocene to 
enhance the adsorption capacity of Fc/rGO for NO, in which ferrous ions 
play a role in NO adsorption as well as electron transport. This work not 
only provides guidance for the utilization of ferrocene-containing 
compounds for NO sensing, but also opens the way for the preparation 
of Fe/C composites.
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