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1. Introduction

Nitric oxide (NO), an active small molecule,  
plays a vital and diverse role in the regula-
tion of physiological processes.[1] Consid-
erable evidences successively show that 
the measurement of Fractional exhaled 
nitric oxide (FeNO) is an effective non-
traumatic method for assessment of 
inflammatory respiratory diseases, as a 
beneficial complement to clinical diag-
nosis.[2] Nevertheless, because of the high 
reactivity but specific oxidability of NO 
(lower than NO2 but higher than other 
non-oxidizing gas), it remains challenging 
in the improvement of NO gas sensors to 
meet the ever-increasing demand for clin-
ical applications.

Traditional detection methods for NO 
gas often depend on bulky instruments 
with high expense, which could hardly 
satisfy the requirement of facile diag-
nosis and treatment.[3] Metal oxide semi-
conductor (MOS), such as ZnO,[4] WOx,[5] 

SnOx,[6] etc., are widely focused on for NO gas sensing via 
chemoresistive methods in recent years. However, due to their 
low conductivity and poor surface activity under ambient condi-
tions, these gas sensors typically work at elevated temperature 
(often >180  °C), which would cause high energy consump-
tion and fire hazards. Based on fluorescent sensing, organic 
molecules and polymers with structures such as phenylamine 
and o-phenylenediamine exhibited excellent performances for 
NO gas sensing at room temperature,[7] but complicated syn-
thesis process and poor response reversibility derived from 
their chemical reactive mechanisms limited their practical 
applications.

In recent years, kinds of novel metallic materials have been 
developed by several research groups to realize room temper-
ature NO gas sensing with high reversibility and selectivity.[8] 
Generally hybridized with carbon-based materials and fab-
ricated into unique nanostructures, these metallic materials 
could effectively interact with NO molecule via the metal atoms 
as active sites. Nevertheless, insufficient sensing properties 
and the requirement of energy input such as UV-light have 
hindered their practical applications in clinical assessment 
and diagnosis. The development of novel high-performance 

It is a great challenge to develop efficient room-temperature sensing mate-
rials and sensors for nitric oxide (NO) gas, which is a biomarker molecule 
used in the monitoring of inflammatory respiratory diseases. Herein, 
Hemin (Fe (III)-protoporphyrin IX) is introduced into the nitrogen-doped 
reduced graphene oxide (N-rGO) to obtain a novel sensing material HNG-
ethanol. Detailed XPS spectra and DFT calculations confirm the formation 
of carbon–iron bonds in HNG-ethanol during synthesis process, which 
act as electron transport channels from graphene to Hemin. Owing to this 
unique chemical structure, HNG-ethanol exhibits superior gas sensing 
properties toward NO gas (Ra/Rg = 3.05, 20 ppm) with a practical limit of 
detection (LOD) of 500 ppb and reliable repeatability (over 5 cycles). The 
HNG-ethanol sensor also possesses high selectivity against other exhaled 
gases, high humidity resistance, and stability (less than 3% decrease over 
30 days). In addition, a deep understanding of the gas sensing mecha-
nisms is proposed for the first time in this work, which is instructive to 
the community for fabricating sensing materials based on graphene-iron 
derivatives in the future.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202103259.
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materials and the establishment of recognized sensing mecha-
nisms are of significance for the practical application if NO gas 
sensors.

Considering their chelate structures, researches on metal 
porphyrin derivatives (porphyrin, phthalocyanine, corrole, etc.) 
are widespread, especially in areas of molecular probes and 
sensors.[9] It was demonstrated that the heterocyclic structure 
of porphyrin could perform excellent gas absorption,[10] while 
chelated metal ions such as Fe2+ and Co2+ could act as selective 
catalyst for oxidation/reduction, resulting in efficient specific 
recognition of NO.[11] However, isolated porphyrin molecule 
with poor electroconductivity is difficult to show chemoresis-
tive response. Recently, graphene and its derivatives are con-
sidered to be very promising materials for room temperature 
gas sensing.[12] The doping of heteroatoms such as nitrogen 
or boron, is gradually served as a regular method to effec-
tively modify the electrical properties of graphene for applica-
tions.[13] Moreover, theoretical studies on single-atom catalysis 
have demonstrated that it is feasible and beneficial for charge 
transfer to construct carboniron (CFe) bonds in graphene-
metal derivatives.[14] Inspired by these previous works, it is rea-
sonable to propose that the combination between porphyrin 
and the electron-conductive N-doped graphene could construct 
CFe bonds as effective charge transfer channels, which would 
“empower” porphyrin with the capability to express the chem-
oresistive response toward NO gas.

In this work, Hemin, namely Fe (III)-protoporphyrin IX, was 
employed for the combination with nitrogen-doped reduced 
graphene oxide (N-rGO) to fabricate an NO gas sensing mate-
rial Hemin-N-doped-graphene (HNG-ethanol). The sensor 
exhibited outstanding sensing performances (Ra/Rg  >  300%, 
response time ≤ 500 s). Meanwhile, the sensing mechanism of 
the HNG-ethanol sensor was further explored via both experi-
mental methods and density functional theory (DFT) calcula-
tions. It was proposed for the first time that the CFe bonds 
on the surface of graphene could act as the electron transport 

channel from graphene to NO molecule, which determined the 
sensing properties of HNG-ethanol. This work provides a fresh 
strategy of fabricating carbon-based metallic materials for room 
temperature NO sensing.

2. Results and Discussion

The synthesis process was illustrated in Scheme 1. Graphene 
oxide (GO) and Hemin were composed via a simple solvo-
thermal method in ethanol, yielding suspension liquid of 
Hemin-N-rGO (HNG-ethanol). A similar hydrothermal process 
with the only substitution of water for ethanol was carried out 
to obtain suspension liquid of Hemin-N-rGO-water (HNG-
water). In addition, control group without the introduction of 
Hemin was carried out to obtain N-rGO for comparison.

The Raman spectra for GO and N-rGO presented the main 
features of graphene-based materials (Figure S1, Supporting 
Information). After reduction and combination, three char-
acteristic sharp peaks of Hemin at 1360 cm–1, 1560 cm–1 and 
1610 cm–1 remained in the Raman spectra of HNG-ethanol and 
HNG-water, confirming the successful attachment of Hemin to 
the graphene after three-time rinsing, respectively. The func-
tional groups of N-rGO, Hemin, HNG-ethanol, and HNG-water 
were characterized by Fourier transform infrared spectroscopy 
(FT-IR), respectively. As shown in Figure S2, Supporting Infor-
mation, the vibration peaks of NH stretching and CN from 
pyridine in N-rGO confirmed the successful reduction of GO. 
After the combination between N-rGO and Hemin, typical 
peaks of both appeared in the FT-IR spectra of HNG-ethanol. 
However, no characteristic peak of Hemin was found for HNG-
water. The sharp peak at 1710 cm–1 in Hemin red-shifted to  
1580 cm–1 in HNG-water, which could be ascribed to the for-
mation of the carboxylate. Besides, the broad peak at 3410 cm–1 
in HNG-water should be attributed to the strong hydrogen 
bonding happened between Hemin and rGO in HNG-water.

Scheme 1. Synthesis process of HNG-ethanol and HNG-water.

Small 2022, 18, 2103259
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The morphology and nanostructure of the as-prepared 
products were examined through TEM and SEM. As shown 
in Figure 1a–c, large aggregates with crystal-like morphology 
were observed for HNG-ethanol samples, while only gauzy 
graphene nanosheets were found in the TEM and SEM images 
of HNG-water (Figure  1d–f). To identify the contents of the 
aggregates, powder X-ray diffraction (XRD) patterns of HNG-
ethanol, HNG-water, Hemin and GO were obtained (Figure S3, 
Supporting Information), respectively. The characteristic peak 
of GO was absent in both patterns of HNG-ethanol and HNG-
water, because the successful introduction of Hemin destroyed 
the layered structure of graphene sheets. Sharp diffraction 
peaks with similar distribution were found in both patterns 
of HNG-ethanol and Hemin, which are consistent with that 
of the previously reported Hemin aggregates.[15] However, no 
such peaks existed in the pattern of HNG-water, indicating that 
the aggregates in HNG-ethanol were probably the crystalline 
Hemin. The SEM image of the control group without adding 
graphene oxide showed that clusters of Hemin crystalline rods 
were also generated with the absence of graphene (Figure S4, 
Supporting Information).

To investigate the sensing properties of Hemin aggregates 
on graphene, the as-prepared rGO, HNG-ethanol, and HNG-
water were employed as sensing materials to fabricate the sen-
sors on Ag–Pd interdigitated electrodes (IEs), respectively. Gas 
sensing tests were carried out for NO gas (N2 as background 
gas) at an operating temperature of 25 °C.

As shown in Figure 2a, the HNG-ethanol sensor exhibited a 
significantly enhanced response (Ra/Rg = 3.05) toward 20 ppm 
of NO gas, compared to N-rGO and HNG-water. After purging 
the chamber with air, the response of HNG-ethanol recov-
ered to 100% of the initial value in despite of a relatively long 
recovery time (1500 s). It should be noted that the low response 
of HNG-water toward NO was not due to the absence of 
Hemin, since the XPS spectra of HNG-water (Figure 3) verified 
the existence of Fe. Moreover, an excellent linear relationship 

(Figure 2b) between gas concentration (0.5–20 ppm) and sensi-
tivity, and good sensing repeatability (Figure 2c) toward NO at 
room temperature were illustrated in Figure  2. The gradually 
increased recovery time could be caused by the slower diffusion 
of NO after more response-recovery cycles. For comparison, all 
the reported room temperature NO gas sensors based on metal 
derivatives (metal oxide, metal nanoparticles, metal complex, 
etc.) and our work were summarized in Table 1. To the best of 
our knowledge, HNG-ethanol should be regarded as top of the 
most promising NO gas sensing metallic materials so far.

Generally, the selectivity and stability of sensors were highly 
required for practical application in medical research and clin-
ical diagnosis. As shown in Figure 2d, the HNG-ethanol sensor 
exhibited a much higher response toward NO (Ra/Rg  = 3.05,  
20  ppm) than other exhaled gases including ammonia  
(Ra/Rg = 1.14, 20 ppm), acetone (Ra/Rg = 1.03, 20 ppm), ethanol 
(Ra/Rg = 1.04, 20 ppm), and water (Ra/Rg = 1.02, 200 ppm). Its 
good selectivity to NO could be ascribed to the specific inter-
action between Hemin and NO molecules. To investigate the 
stability of our sensing material, an aging test of the HNG-
ethanol sensor was carried out for over a month (Figure  2e). 
The response of HNG-ethanol remained about 98% of the 
initial value after 30 days, indicating its excellent stability. As 
another important interferent, water would inevitably exist in 
the exhaled gas. As shown in Figure 2f, the responses of HNG-
ethanol under 0–75% relative humidity were 3.05, 3.38, 3.26, 
and 3.06, respectively, with a standard deviation of 4.6%. To the 
best of our knowledge, this is the highest humidity resistance 
so far reported for room temperature NO sensors.[18] Interest-
ingly, although HNG-ethanol performed the highest response 
under 25% relative humidity, it only recovered to 90% of the 
initial value (Figure S5, Supporting Information). The reason 
for this could be that the dissolving of NO in the adsorbed 
water on the surface of electrode would improve the sensing 
performance of HNG-ethanol,[19] but simultaneously reduce the 
diffusion speed of NO in the recovery process.

Figure 1. SEM images of a,b) HNG-ethanol and d,e) HNG-water. TEM images of c) HNG-ethanol and f) HNG-water. The crystal-like Hemin was 
marked by red circles.
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It is usually cognized that good dispersity of active sites on 
the planar configuration of conventional 2D materials would 
benefit the gas sensing performance of the materials.[20] 
However, large crystalline aggregates of Hemin accidentally 
appeared on the graphene nanosheets of HNG-ethanol, and 
seemingly played the key role for NO sensing in this work. 
Which factor influence most on the sensing performance of 

HNG-ethanol, the structure of Hemin aggregates, or the inner 
interaction between Hemin and graphene?

To investigate this question, XPS spectra of HNG-ethanol 
and HNG-water were obtained and shown in Figure  3. The 
survey spectra of both samples (Figure 3a,b) verified the pres-
ence of carbon, oxygen, nitrogen and iron. Firstly, the high-
resolution spectra of C 1s of HNG-ethanol was shown in 

Figure 3. XPS spectra of HNG-ethanol and HNG-water: Survey spectra of a) HNG-ethanol and b) HNG-water; high resolution spectra of C 1s of  
c) HNG-ethanol and d) HNG-water; O 1s of e) HNG-ethanol and f) HNG-water; Fe 2p of g) HNG-ethanol and h) HNG-water.

Figure 2. a) Response curves of N-rGO (black), HNG-ethanol (blue), and HNG-water (red) sensors toward 20 ppm of NO. b) Successive response 
curve of HNG-ethanol sensors to different NO concentrations ranging from 0.5 to 20 ppm. Inset: corresponding linear fit of the responses of NO 
concentration (R-square = 0.99782). Error bars for the data points lie within the symbols themselves. c) Cyclic response curve of HNG-ethanol sen-
sors upon exposure to 5 ppm NO. d) Selective response of the HNG-ethanol sensors toward 20 ppm of NO and interferential gases, including NH3, 
acetone, ethanol, and 200 ppm of H2O. e) Aging test of HNG-ethanol sensors toward 20 ppm of NO for 30 days. f) Response of HNG-ethanol toward 
20 ppm of NO under 0–75% relative humidity. Error bars for the data points lie within the symbols themselves.
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Figure  3c. Four peaks centered at 288.07, 285.39, 284.00, and 
283.09 eV were attributed to CO, CO, CC, and CFe bonds 
respectively,[21] which was quite surprising since few literature 
was concerned about the CFe bonds existing in conventional 
metal (nanoparticles/oxide/complex)-graphene based materials. 
In contrast, in the high-resolution spectra of the C 1s of HNG-
water (Figure  3d), the intensity of the peak corresponded to 
CFe bond around 283.20  eV was very weak, indicating that 
much less Hemin were chemically combined with N-rGO in 
aqueous solution. Second, in Figure  3e, the high-resolution 
spectra of the O 1s of HNG-ethanol revealed the peaks at 
532.87 and 531.39 eV, assigned to CO and CO bonds respec-
tively. Besides, an extra peak at 530.09 eV was found in the O 
1s spectra of HNG-water in Figure  3f, which was assigned to 
FeO bond. Third, the peaks of Fe 2p3/2 band (709.80 eV) and 
Fe 2p1/2 band (723.31 eV) were presented in the high-resolution 
spectra of Fe 2p of HNG-ethanol (Figure 3g). Herein, it is worth 
noting that the binding energy of Fe 2p3/2 band and Fe 2p1/2 
band in HNG-water (Figure 3h) slightly differed from which in 
HNG-ethanol, illustrating the different interrelation of Fe with 
surrounding atoms.

It could be concluded that the surprising distinction between 
the bonding status of Fe atoms in the two samples resulted in 
their significantly different sensing performances. Especially, 
it would be crucial to demonstrate whether or not the CFe 
bond plays the KEY role in the sensing process of HNG-ethanol 
sensor. As reported by Pagola, Hemin aggregates are built of 
hydrogen-bonded head-to-tail dimers, in which the central iron 
ion within the porphyrin ring of one Hemin coordinates with 
a carboxylate oxygen of a second Hemin.[22] Later researches 
generally produced crystalline Hemin by adding a Hemin-
NaOH solution into its poor solvents such as alcohols, triggered 
by the attachment of the first Hemin molecule to a smooth 
surface.[15a,23] Different from above, referred to Egan's work, 
hydroxyl ions can combine with iron ions in aqueous solu-
tion, then the FeOFe bond will form in the Hemin dimers 
under high pH condition.[24] Hence, it is reasonable that there 
be CFe bonding happening between Hemin and graphene 
on the surface of graphene nanosheets in non-aqueous sol-
vent such as ethanol, while hindered by the hydroxyl ions in 
aqueous solution.

A possible mechanism of the formation of CFe bond was 
then proposed in Scheme 2. Carboxylic groups of graphene 
oxide are eliminated via decarboxylation during the solvo-
thermal process (i), which produces carbonanions (ii).[25] Sub-
sequently, iron ions in porphyrin rings with positive charges 

electrostatically interact with the carbonanions to form CFe 
bonds, while such process will hardly occur in aqueous  
solution due to the hindrance of hydroxyl ions (iii). At last, 
Hemin-N-rGO complexes are generated with CFe bonds as 
conjunctions (iv).

In addition, a hypothesis was proposed to interpret the 
appearance of the weak peak (283.20  eV) in the C 1s spectra 
of HNG-water (Scheme 3). The peak could be attributed to the 
small amount of CFe bonds with hydroxyl ions occupying the 
top sites of the Fe ions. These hydroxyl ions provide a steric 
hinderance, essentially impeding the contact of NO molecule 
with Hemin. This interpretation could also explain the decrease 
of the gas response in Figure  2f. The further increasing of 
humidity (>25%) would raise the amount of the hydroxyl ions 
from the adsorbed water around HNG-ethanol complexes, 
resulting in the formation of FeOH.

The formation process of CFe bond in HNG-ethanol was 
simulated by a density functional theory (DFT) calculation. A 
Hemin molecule and a polycyclic aromatic hydrocarbon with 
a carbanion sited at the edge were built in this model. After 
geometry optimization, the distance between Fe ion and the 
carbanion was 1.93 Å (Figure 4a), less than the sum (2.25 Å) 
of the covalent atomic radii of sp2-C (0.73 Å) and Fe3+ (1.52 Å) 
ion.[26] Therefore, it could be concluded that a CFe chem-
ical bond successfully formed in this model. In addition, 
Figure  4b displayed the electron localization function (ELF) 
map of HNG-ethanol, showing a high electron localization 
region existed between the carbanion and the Fe ion. Obvi-
ously, the majority of the electron cloud was distributed near 
the carbanion, which is similar with the electron distribution 
in adjacent N-Fe coordination bonds of Hemin, that is, the 
electron cloud is closed to the nitrogen atoms. Therefore, 
it could be proposed that coordination bond dominates the 
CFe bonding in this work.

rGO Fe por NO rGO Fe NO por3 3 )(− − + → − −+ +  (1)

rGO Fe NO por rGO Fe NO por3 2) ) )( ( (− − → − −+ + +  (2)

rGO Fe NO por rGO Fe NO por2 3) ) ) )( ( ( (− − → − −+ + + + −  (3)

rGO Fe NO por rGO Fe por NO3 3) )( (− − → − − ++ + − +  (4)

As shown in Figure  2d, it is apparent that NO would act 
as an oxidizer in this sensing process based on the com-
parison with the typical reductive gas ammonia. Moreover, 

Table 1. Performances of similar room temperature NO gas sensors based on metal derivatives (metal oxide, metal nanoparticles, metal complex, etc.).

Materials NO concentration [ppm] Response (Ra/Rg or Rg/Ra) UV illumination Response/recovery time [s] LOD Ref.

Coralline-like porous ZnO 40 ppm 23.59 / 331/1285 5 ppm [8a]

CS-MoS2 1 ppm 2.65 λ = 365 nm 50/≈1300 0.06 ppm [8b]

TiO2@NGQDs 100 ppm 1.31 λ = 365 nm 235/285 10 ppm [8c]

3D-hierarchical WSe2 nanoscrews 1 ppm ≈2.0 / 120/≈400 0.06 ppm [8d]

CNFs/CoS2/MoS2 10 ppm ≈1.045 / 1200/6000 1 ppm [16]

MoS2 100 ppm 1.72 λ = 254 nm ≈200/≈550 10 ppm [17]

N-rGO-Hemin 1 ppm 1.34 / 400/1000 0.5 ppm This work

Small 2022, 18, 2103259
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the decreasing of the resistance of the as-prepared material 
once contacting with NO proves that HNG-ethanol behaviors  
as a p-type semiconductor. Thus, a possible mechanism 
of the catalyzed reduction of NO by iron was proposed as  
Equations (1)–(4). 1) NO is first absorbed onto the porphyrin 
ring of Hemin to contact with Fe3+ ion. 2) Benefiting from the 
strong electronegativity of NO, an electron is transferred from 
graphene to the Fe3+ ion of Hemin. 3) The electron is sub-
sequently given to the NO molecule. The efficient transport 
of electrons through CFe bonds increases the amount of 
the holes on the p-type graphene nanosheets, which induces 
the decline of the resistance of the sensing material. More 
importantly, the CFe electron transport channel successfully 
empower Hemin with the capability to express the chemore-
sistive response toward NO gas. Whereas, much less CFe 
bonds exist in HNG-water with hydroxyl groups occupying the 
top sites of the Fe ions, leading to no response toward NO. 
4) A complete recovery of the resistance of HNG-ethanol will 

be realized by the removal of NO from the sensing system, 
accompany with the return of the electron to graphene.

To further understand the relationship between the sensing 
performance and the crystalline morphology of Hemin, control 
groups were carried out in EtOH/H2O mixed solutions with 
various volume ratios of 7:1, 6:2, and 4:4, respectively. The SEM 
images of all the above-mentioned samples including HNG-
ethanol, HNG-7:1, HNG-6:2, HNG-4:4, and HNG-water were 
exhibited in Figure 5. Obvious crystalline Hemin were observed 
on all the graphene nanosheets of HNG-ethanol, HNG-7:1 and 
HNG-6:2, while only tiny pieces of crystals were found for 
HNG-4:4, and no crystal was observed for HNG-water. Two pos-
sible reasons for this phenomenon have been proposed. The 
hydroxyl ions in water bonded with Fe3+ ions will hinder the 
formation of the head-to-tail Hemin dimers for Hemin crystal-
lization.[22] On the other hand, higher proportion of water could 
improve the solubility of Hemin in the mixed solution, which is 
unbeneficial to the growth of the crystals.

Scheme 3. Illustration of the comparison between a) HNG-ethanol and b) HNG-water in the sensing process toward NO.

Scheme 2. Proposed mechanism of the formation of CFe bonds in HNG-ethanol.
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As revealed in Figure  5 and Figure S6, Supporting 
Information, the gas responses of the obtained five samples 
toward 20  ppm NO were not related with the proportion of 
water, neither with the morphology of crystalline Hemin. The 
high-resolution spectra of C 1s of all the five samples were 
also studied (Figure S7, Supporting Information) to confirm 
that the sensing performance of HNG-ethanol was positively 
correlated with the proportion of CFe bonds in the total 
carbon bonding. That is to say, more CFe electron transport 
channels will bring about higher gas response toward NO.

3. Conclusion

In summary, a complex (HNG-ethanol) of N-rGO and Hemin 
was successfully prepared via one-step solvothermal method. It 
was proposed that carboniron (CFe) bonds formed through 
the decarboxylation of graphene oxide and the electrostatic 
interaction between carbanion and Fe3+. This unique CFe 
bonds play a crucial role in the gas sensing process by serving 
as electron transport channels between graphene and NO. Ben-
efited from the existence of the CFe bonds, HNG-ethanol 

Figure 4. a) Geometry optimization of rGO and Hemin molecule showed the distance between C and Fe was 1.93 Å. b) Electron localization function 
(ELF) map of HNG-ethanol. The red color reveals the high electron localization nature in the bonding regions.

Figure 5. Response toward 20 ppm NO gas (black) and the proportion of CFe bonds in the C 1s spectra (blue) of HNG-ethanol, HNG-7:1, HNG-6:2, 
HNG-4:4, and HNG-water. The inner images were the corresponding SEM images of the series of HNG complex.
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performed excellent gas sensing properties toward NO gas 
(Ra/Rg = 3.05, 20 ppm) with a practical LOD of 500 ppb and reli-
able repeatability (over 5 cycles). In addition, the HNG-ethanol 
sensor exhibited high selectivity against other exhaled gases, 
high humidity resistance, and stability (less than 3% decrease 
over 30 days). The strategy developed in this work would ben-
efit the design and preparation of other metallic-carbon based 
functional materials such as sensing materials, single-atom 
catalysts, and energy storage materials.

4. Experimental Section
Materials: The high pure flake graphite (325 mesh) was purchased 

from XianFeng NANO Co., Ltd. Concentrated sulfuric acid (H2SO4, 
98%), hydrogen peroxide (H2O2, 31%), Hemin, hydrogen peroxide 
(NH3·H2O, 25%), anhydrous ethanol, and potassium permanganate 
(KMnO4) were purchased from Shanghai Titanchem Co., Ltd.

Preparation of Graphene Oxide (GO): GO was obtained from the high 
pure flake graphite by a modified Hummers’ method. First, 23  mL of 
concentrated sulfuric acid were added to a beaker, and the solution 
was stirred in an ice bath until the temperature reached −1 to 1  °C. 
Subsequently, 1.0  g of high pure flake graphite was added into the 
solution, which was stirred for another 50 min. This step was followed 
by the slow addition of 6 g of KMnO4 within 30 min, keeping the reaction 
temperature below 5 °C. The solution was further stirred for 3 h at a low 
temperature reaction stage. Afterward, the mixture was kept stirring in 
water bath at 40 °C for 45 min (moderate-temperature reaction stage). 
Next, the beaker was transferred into a water bath at 80  °C. 80  mL of 
deionized water was added into the solution successively, followed by 
further stirring in the water bath for 15 min. Then 60 mL of water was 
added to the solution for dilution. Afterward, the solution containing 
60 mL of deionized water and 10.81 mL of H2O2 was added to end the 
reaction. It was then repeatedly centrifuged and washed with amount of 
water until the pH of the suspension was about 6. The final sediment 
was dispersed in 100 mL of deionized water and a brown homogeneous 
supernatant was collected.

Synthesis of Hemin-N-Doped Reduced Graphene Oxide (HNG-Ethanol): 
The HNG-ethanol hybrid composite was synthesized via a two-step 
solvothermal process. Typically, 5  mg of GO was dispersed in 8  mL of 
anhydrous ethanol, followed by ultrasonication for 10 min to form a brown 
solution. Next 30 mg of Hemin was added into the as-prepared suspension 
and another ultrasonication of 5 min was carried out. The optimized 
amount of Hemin was found by control experiments as shown in Figure S8  
and Table S1, Supporting Information. Then, the mixture was subjected 
to vigorous stirring for 5 min and 240  µL of ammonium hydroxide was 
added drop by drop. After refluxing at 80 °C for 10 h, the solution from the 
previous step was transferred to a 25 mL autoclave for further solvothermal 
reaction at 120  °C for 3 h. The resultant dispersion was rinsed twice 
by vacuum filtration with anhydrous ethanol. Finally, the solution was 
re-dispersed in 10 mL of anhydrous ethanol under mild ultrasonication. For 
comparison of gas-sensing performance, N-rGO was prepared through the 
same procedure mentioned above without adding Hemin. The preparation 
of the HNG-water was also similar with the preparation of the HNG-
ethanol, the only difference was that the anhydrous ethanol was replaced 
by deionized water. Besides, the control groups with no nitrogen doping 
and employing DMF as solvent were carried out respectively, as shown in 
Figures S9 and S10, Supporting Information.

Characterization: The morphology of all the materials were observed 
using a scan electron microscope (SEM, Quanta 250 FEG, FEI, 
American) and a transmission electron microscope operated at 200 kV 
(JEM-2010, JEOL, Japan). Crystal structure was determined by X-ray 
powder diffraction (XRD; D8 Advance, Bruker, Germany), using Cu-Kα 
as the incident radiation. Surface chemical groups were characterized by 
Fourier transform infrared (FT-IR) spectrophotometer (Vertex 70, Bruker, 
Germany) in a spectral range of 4000–400  cm−1 with the resolution of 
2 cm–1 using potassium bromide (KBr) plate method. Raman spectra 

were obtained by Raman microscope (inVia, RENISHAW, UK) under an 
excitation wavelength of 532  nm. Element composition was analyzed 
by X-ray photoelectron spectroscopy (XPS; Escalab 250Xi, Thermo 
Fisher, UK) with a mono X-Ray source Al Kα as the incident radiation. 
Binding energy calibration was based on C 1s at 284.0  eV. The iron 
species’ contents of hybrids were determined by the inductively coupled 
plasma atomic emission spectrometer (ICP-AES; SPECTRO ARCOS MV, 
SPECTRO, Germany).

Sensor Fabrication: The Ag–Pd interdigitated electrodes (IDEs) 
deposited on a ceramic substrate through screen printing technique 
were used to measure the gas-sensing properties. First, IDEs were 
cleaned with ethanol by ultrasonication for 30 min before using. 10 µL 
of N-rGO, HNG-ethanol, and HNG-water were dropped onto the IDEs 
followed by drying in an oven at 75 °C for 15 min.

Gas-Sensing Measurement: The gas sensing measurements were 
performed using a Keithley 2450 Sourcemeter. A typical sensing test 
cycle consisted of three sequential steps. First, the IDEs were put into 
a blank chamber filled with dry air (R.H. ≈ 20%) to record a baseline. 
Then, the IDEs were transferred into the sensing test chamber filled with 
target gas diluted in N2. Finally, the sensor was recovered in the blank 
chamber of dry air. All the measurements were carried out in ambient 
temperature (25 ± 2 °C).

DFT Calculation: In the theoretical calculation, geometry 
optimizations were performed using the B3LYP exchange-correlation 
functional with Grimme's DFT-D3(BJ) empirical dispersion correction.[27] 
The def2-TZVP basis set was performed for Fe element, and 6–311G* 
basis set was adopted for other elements. The DFT calculations were 
performed with Gaussian and analyzed by Multiwfn.[28]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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