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ABSTRACT: Selective surface-enhanced Raman scattering
(SERS) detection of target explosives with good reproducibility is
very important for monitoring soldiers’ health and ecological
environment. Here, the specific charge transfer pathway was
constructed between a stable nanodiamond-multilayer graphene
(MGD) film substrate and the target explosives. Two-step wet
chemical oxidation methods of H2O2 (30%) and HNO3 (65%)
solutions were used to regulate the terminal structure of MGD
films. The experimental results showed that the hydroxyl (−OH)
functional groups are successfully modified on the surface of MGD
thin films, and the MGD−OH substrates having good selectivity for
1,3,5-triamino-2,4,6-trinitrobenzene (TATB) explosive in mixed solutions of the TATB, 2,2-dinitroethene-1,1-diamine, 2,4,6-
trinitrotoluene, and 1,3,5-trinitroperhydro-1,3,5-triazine explosives compared with MGD substrates were demonstrated. Finally, first-
principles density functional theory simulations revealed that the SERS enhancement of the MGD−OH substrate is mainly
attributed to the transferred electrons between the −NO2 groups of TATB and the −OH groups of the MGD−OH substrate.

1. INTRODUCTION
As an indispensable destructive energy in various weapon
systems, explosives are important strategic materials all around
the world. Generally, explosives are used in military activities,
and the residues of explosives after the explosion will cause
serious pollution of air, water, and soil.1,2 Long-term exposure
of soldiers to explosive residues can cause serious harm to the
body; especially, accidental drinking of drinking water
contaminated with explosives can cause severe symptoms
such as convulsions, vomiting, coma, etc.3 Therefore, it is
essential to identify the target explosives in a complex
environment.

Surface-enhanced Raman scattering (SERS) technology has
occupied an important position in the nondestructive selective
detection of explosive molecules because of its high accuracy
and fast analysis speed.4−6 To make full use of their stable
advantage based on the chemical enhancement mechanism
(CM), constructing a special charge transfer pathway between
the SERS substrates and target molecules is an effective
method to further achieve highly selective detection.7−11 For
example, Mahmoud et al.12 realized the selective SERS
detection of 2,4,6-trinitrotoluene (TNT) molecule using the
magnetic microsphere PSA/SiO2/Fe3O4/AuNPs (L-MMS) by
constructing a hydrogen bond between substrate and target
molecule, and the detection limit (LOD) of TNT is lower than
1 pM. Yang et al.13 constructed a charge transfer pathway by
using the “Meisenheimer” complex formed between novel
coupling-activated graphene oxide (GO) nanocomposites and

TNT, achieving high sensitivity and selectivity for TNT
detection (LOD is 60 ppb). In addition, Feng et al.14

significantly enhanced the charge transfer ability between
substrate and target molecules by changing the nitrogen
content and lattice type of graphene, achieving LODs of 5 ×
10−11, 1 × 10−8, and 1 × 10−8 M for rhodamine B (RhB), R6G,
and protoporphyrin IX (PPP), respectively. Yu et al.15

constructed a local dipole to improve the charge transfer
ability on the surface of a graphene oxide substrate, and the
enhancement factor (EF) of RhB is 2 × 103. Meng et al.16

regulated the terminal structure of carbon cloth surfaces to
improve the charge transfer ability between substrate and
target molecules via surface modification. Obviously, these
studies suggest that the construction of special pathways can
realize the selective SERS detection of explosives molecules by
CM. However, the construction of a specific charge transfer
pathway between the carbon substrate and target explosive
molecules has not been sufficiently considered in the current
research. Especially, the stability and reproducibility of carbon-
based materials17−21 are also their major advantages as SERS
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substrates. Jiang et al.22 developed a simple method for
preparing an efficient and stable SERS substrate by combining
Ag nanoparticles (NPs) and microscale sheeted graphitic
carbon nitride (g-C3N4), and the EF of crystal violet (CV) is
4.6 × 108. Therefore, surface modification of carbon-based
materials with high stability is a good method to achieve high
selectivity for explosives.

Herein, on the basis of previous studies of our group proving
that the MGD film is an excellent SERS substrate with
ultrahigh sensitivity and stability,23,24 we further modified the
surface of MGD films by a two-step wet chemical oxidation of
H2O2 (30%) and HNO3 (65%). The experimental results
exhibited that hydroxyl (−OH) functional groups were
successfully modified on the surface of the MGD film.
Compared with unmodified MGD substrates, the MGD−OH
substrates demonstrated to have good selectivity for 1,3,5-
triamino-2,4,6-trinitrobenzene (TATB) in different concen-
trations and mixed solutions of explosives (TATB, 2,2-
dinitroethene-1,1-diamine (FOX-7), 2,4,6-trinitrotoluene
(TNT), and 1,3,5-trinitroperhydro-1,3,5-triazine (RDX)),
and the LOD is 10−7 M and EF is 814. Meanwhile, the first-
principles density functional theory (DFT) calculation is used
to further reveal the electron transfer of the characteristic
functional group of TATB and the oxygen-containing func-
tional groups of the MGD−OH substrate. This suggests that
selective SERS detection of explosive molecules has been
realized by constructing a specific charge transfer pathway
between the substrate and explosives in a complex environ-
ment.

2. EXPERIMENTAL SECTION
2.1. Materials. Si wafers were purchased from Kaihua

Silicon Valley Technology Service Co., Ltd. Hydrogen
peroxide (H2O2, ≥30%), butylamine (C4H11N, ≥99.5%),

nitric acid (HNO3, 65−68%), and acetone (C3H6O,
≥99.5%) were purchased from Sinopharm Chemical Reagent
Co., Ltd., and used without modification.

Caution! FOX-7 (C2H4N4O4), TATB (C6H6N6O6), TNT
(C7H5N3O6), and RDX (C3H6N6O6) compounds have highly
explosive characters. They should be used with the best safety
protection and with extreme care. Only small quantities (in the
M range) can be handled during the testing process. All
aqueous solutions were prepared with deionized water (18.2
MΩ·cm).
2.2. Synthesis of MGD Films. MGD films were deposited

on a Si wafer using a quartz bell in a microwave plasma
chemical vapor deposition (MPCVD) reactor. Briefly, N-
butylamine was used as a sole reactive source and introduced
into H2 plasma through the pressure difference between the
vessel used to store N-butylamine and the chamber of the
MPCVD reactor.

The state of the MGD substrate was changed by wet
chemistry to make it easier to form a charge transfer path
between the substrate surface and the target explosive
molecules. In a two-step wet chemical oxidation of MGD
film, the MGD film was oxidized in H2O2 for 2 h, then washed
with deionized water four times, and dried in the oven. After
drying, the MGD film was oxidized in HNO3 (65−68%) for 2
h and then washed with deionized water six times to obtain the
MGD−OH film.
2.3. Characterization. The microstructure of the films was

observed using field emission scanning electron microscopy
(SEM, Zeiss Sigma 500). Raman spectrum was performed on a
commercial system (InVia micro-Raman, Renishaw, U.K.)
using a 514.5 nm laser for excitation. The laser power was kept
at 5−15 mW, and the Raman emission was collected by a
100× objective via backscattering. Regions of interest were
identified from maps for which single spectra were obtained
with an acquisition time of 10 s and by integrating once. The

Figure 1. (a) Low-magnification SEM image of MGD thin films (the illustration shows the height of MGD films). (b) High-magnification SEM
images of MGD films (the illustration is a high-magnification SEM image of a wire frame enlarged). (c) Low-magnification SEM image of MGD−
OH thin films (the illustration shows the height of MGD−OH films). (d) High-magnification SEM images of MGD−OH films (the illustration on
the left shows the pore width of MGD and MGD−OH films, and the illustration on the right is a high-magnification SEM image of a wire frame
enlarged). (e) Raman spectra of MGD and MGD−OH films. (f) XRD spectra of MGD and MGD−OH films.
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static water contact angle of the pristine and oxidized MGD
films was measured by a K100 instrument. Chemical bonding
features of the pristine and MGD−OH films were measured
using X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha, excitation source: Al Kα ray (hυ = 1486.6
eV), beam spot: 400 μm, chamber vacuum better than 5.0 ×
10−7 mBar, working voltage: 12 kV, filament current: 6 mA;
the combined energy standard is C 1s = 284.80 eV).
2.4. SERS Measurements. Before the SERS detection, the

explosive molecules (TATB, FOX-7, TNT, RDX) were
dissolved in acetone to prepare solutions of different
concentrations; 20 μL of explosives with different concen-
trations were drip-added to Si, MGD, and MGD−OH films.
After drying at room temperature for 12 h, SERS detection was
conducted under the condition λ = 514.5 nm to evaluate EF
and LOD. In the process of measurement, the diameter of the
laser spot on the sample is about 1 μm, the integration time of
the signal is 10 s (1 time), and the test range is 500−1700
cm−1.
2.5. Theoretical Simulation. The intermolecular inter-

action between the rGO molecule and TATB was investigated
using a density functional theory (DFT) of the ORCA 5.0.3
program package. RIJCOSX was applied to accelerate the
calculations. The geometry optimization of these models was
performed by using the B3LYP functional with the def2-
TZVP(-f) basis set. DFT-D3(BJ) corrections were taken into
consideration for each calculation. Also, single-point calcu-
lations were performed on the basis of the equilibrium
geometries at the B3LYP/def2-TZVP level. All of the
structures were fully relaxed until the residual forces on

every atom were less than 0.01 eV Å−1. To evaluate the SERS
enhancement performance between oxygen-containing func-
tional groups and TATB, the vacuum layer was set to larger
than 15 Å to avoid interactions between two adjacent slabs.

3. RESULTS AND DISCUSSION
From a low-magnification SEM image (Figure 1a), a large
number of vertical nanosheets with a thickness of about 10−15
nm are interlaced with each other, resulting in the formation of
a three-dimensional (3D) porous morphology. As shown in the
high-magnification SEM image (in the inset of Figure 1b), the
small particles attached to both sides of the nanosheet further
increase the specific surface area of the MGD film. The cross-
sectional SEM in the inset of Figure 1a further displays the
vertical growth behavior of the nanosheet, and the height of
MGD films is about 34.97 μm for the growth time of 2 h. The
structure of the MGD−OH film oxidized by H2O2 and HNO3
is shown in Figure 1c,d. The number of small particles attached
to the nanosheet increases obviously, but the height of MGD−
OH films increases to 40.93 μm (Figure 1c). It can be
observed that there is almost no change in the 3D porous
morphology after the H2O2 and HNO3 treatments. The quality
of the MGD films by performing Raman spectra is displayed in
Figure 1e, where two prominent peaks of the D and G bands
are at around 1355 and 1584 cm−1,25 which correspond to
disordered sp3-hybridized carbon featured as defects or
impurities and the E2g phonon modes of the sp2-bonded
carbon. A broad and symmetric peak located at 2709 cm−1 can
be assigned as a second-order (two-dimensional (2D))
process. A weak peak at 2945 cm−1 is related to the defects

Figure 2. XPS spectra of MGD and MGD−OH films. (a, b) C 1s and O 1s spectra of MGD thin films. (c, d) C 1s and O 1s spectra of MGD−OH
thin films.
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in the sp2 sites and a graphene domain edge in the MGD films.
The intensity ratio of the 2D to G band is only about 0.50,
proving that most of these vertically aligned nanosheets are
probably an ultrathin graphene multilayer according to the
previous works.26,27 The weak peak at 1332 cm−1 belongs to
the diamond peak.28 Meanwhile, the values of ID/IG and I2D/IG
slightly increase to 1.03 and 0.58, respectively, indicating a
little increase in the disorder degree after the oxidation
treatment. In the grazing incident X-ray diffraction (XRD)
pattern (Figure 1f), a sharp peak appears at the 2θ value of
about 26.3°, corresponding to the (002) plane of graphite
phase, in addition to two board peaks at 43.9 and 78.1°
corresponding to the diamond phase.27,29,30 This result
confirms the coexistence of diamond and graphite phases in
the MGD films.

The surface of MGD film is hydrophobic, and its contact
angle is as large as 126° (in the inset of Figure 2a). Apparently,
such a hydrophobic surface would make it difficult for the
probe molecules to be adsorbed on the substrate surface. In
other words, the 3D porous characteristics of MGD films were
not fully utilized. To further achieve the selectivity of the SERS
performance, a two-step wet chemical oxidation treatment was
performed using a hydrogen peroxide solution as a chemical
oxidizing agent. As exhibited in the inset of Figure 2c, the
contact angle of MGD−OH films rapidly reduces to 83.9°,
confirming the hydrophilic feature. From the XPS spectra, the
content of oxygen atoms increases to 5.41% for MGD−OH
films, demonstrating that more oxygen-containing functional
groups have been grafted on the surface. To obtain the peak
positions and relative contributions of chemically shifted
components, curve fitting was performed using the Gauss−

Lorentz functions.31 For the MGD films, three subpeaks at
284.8, 285.5, and 286.1 eV can be observed in the C 1s
spectrum (Figure 2a), which can be assigned to C-sp2, C-sp3,
and C−O/C−N, respectively.22,24 In addition, there are no
other peaks in the C 1s spectrum of MGD−OH, but its
content changes obviously for thin films (Figure 2c), indicating
that the surface state of the thin film changes after oxidation.
There are four peaks in the O 1s spectrum (Figure 2b,d) of
MGD and MGD−OH thin films, namely, C−OH (531.1 eV),
C−O (532.5 eV), C�O (533.6 eV), and −COOH (534.6
eV),24,32 but the proportion of their oxygen-containing
functional groups is different. In other words, the chemical
bonding state of the film surface changes after a simple wet
chemical treatment with H2O2 and HNO3.

To demonstrate the potential application of MGD films as a
SERS substrate, we performed the SERS detection of TATB,
FOX-7, TNT, and RDX on the MGD substrate (Figure 3).
Figure 3a gives the Raman spectra of TATB molecules with the
concentration range from 10−3 to 10−4 M. Several character-
istic peaks at 611, 701, 830, 880, 1029, 1143, 1168, 1193, 1220,
1318, and 1341 cm−1,33 can be clearly observed when the
concentration of TATB molecules is not less than 10−3 M. The
characteristic peak of the substrate at 1352 and 1585 cm−1 is
not detected, which indicates that the peak of the MGD
substrate is completely masked by the signal of the TATB
molecule. For comparison, when the concentration of TATB is
1 × 10−4 M, only a weak characteristic peak is observed at
1143 cm−1. It is well-known that the EF value is a very
significant parameter to evaluate a SERS substrate, which can
be calculated by34

Figure 3. Raman spectra of different explosive molecules detected on the MGD substrate: (a) TATB, (b) FOX- 7, (c) TNT, and (d) RDX.
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where ISERS and I0 represent the peak intensities of the SERS
spectra and the normal Raman spectra, respectively. CSERS and
C0 are the concentrations of molecules on the SERS and
normal substrate, respectively. Using the peak at 1169 cm−1

(C-NO2 stretching + NO2 deformation + C-NH2 stretching +
H−N−H shearing) as a criterion, we can further estimate that
the EF value of TATB molecules on the MGD substrate is as
high as 565. Figure 3b is the Raman spectra of FOX-7
molecules with the concentration range from 10−3 to 10−5 M.
Several characteristic peaks at 624, 790, 861, 1024, 1065, 1206,
1340, 1480, and 1524 cm−1,35 can be clearly seen when the
concentration of TATB molecules is 10−3 M. Even when the
concentration was as low as 10−5 M, a weak characteristic peak
could be detected at 1340 cm−1. Using the peak at 856 cm−1

(N−O + NH common vibration mode) as a criterion, we can
further estimate that the EF value of FOX-7 molecules on the
MGD substrate is 3.2. Figure 3c displays the Raman spectra of
TNT molecules with the concentration range from 10−3 to
10−4 M. Several characteristic peaks at 792, 821, 1210, 1361,
1536, and 1618 cm−1,36 can be clearly observed when the
concentration of TNT molecules is 10−3 M. Using the peak at
1208 cm−1 (−CH3 vibration) as a criterion, we can further
estimate that the EF value of TNT molecules on the MGD
substrate is 2.3. Figure 3d demonstrates the Raman spectra of
RDX molecules with the concentration range from 10−3 to
10−5 M. Several characteristic peaks at 589, 607, 674, 847, 882,
930, 1025, 1257, 1316, and 1419 cm−1,37 can be clearly seen
when the concentration of RDX molecules 10−4 M. Using the
peak at 877 cm−1 (ring bending and O−N−O tension) as a

criterion, we can further estimate that the EF value of RDX
molecules on the MGD substrate is 3.8. The results exhibited
that MGD films have a certain enhancement ability for four
kinds of explosives, especially for TATB molecules, which
indicates that MGD films have a certain application potential
in the SERS detection of explosives.

Similarly, using the MGD−OH films as a SERS substrate, we
further discovered that the performances could be remarkably
improved. For the TATB molecules, the LOD value is as low
as 10−7 M (Figure 4a) and the EF value increases to 814. For
the FOX-7, TNT, and RDX molecules (Figure 4b−d), a part
of the Raman signals can gradually disappear and/or be
submerged due to strong characteristic Raman peaks (D and G
bands) of the MGD−OH substrate. Using the formula (eq 1),
it is calculated that the EF, FOX-7, and TNT are 0.23 and 0.3,
respectively, almost only the base signal. In other words, the
MGD−OH substrate has excellent enhancement and selectiv-
ity to TATB, and the Raman signals of FOX-7, TNT, and RDX
are suppressed.

Next, the anti-interference, uniformity, and stability SERS
performance of the MGD−OH film for the detection of the
TATB explosive were further evaluated. Four solutions were
prepared with TATB, FOX-7, TNT, and RDX at the same
concentrations (10−3 M) by mixing the analyte solutions in
equal volumes, as shown in Figure 5a, several characteristic
peaks at 616, 703, 833, 883, 1030, 1146, 1170, 1196, 1221,
1320, and 1348 can be clearly observed in the mixture of
TATB, TNT, FOX-7, and RDX. The results show that no
matter in which mixed solution, the intensity of the
characteristic peak will be affected to a certain extent, but
the characteristic peak of TATB is not affected by other
explosives, indicating that the MGD−OH film has a certain

Figure 4. Raman spectra of different explosive molecules detected on the MGD−OH substrate: (a) TATB, (b) FOX- 7, (c) TNT, and (d) RDX.
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degree of anti-interference in the detection of TATB. As shown
in Figure 5b, almost the same Raman spectra can be observed,
indicating good uniformity. From a quantitative point of view,
the relative standard deviation (RSD) of Raman intensity
corresponding to the peak at 1170 cm−1 is about 12.7%. In
addition, the stability of the MGD−OH substrate was
evaluated by using the variation of Raman intensity of the
peak at 1170 cm−1. In addition, the SERS stability of the
MGD−OH film for the detection of the TATB explosive after
exposure to the air for 30 days is shown in Figure 5c, and the

Raman intensity of peak at 1170 cm−1 decreases about 27.6%
for the MGD−OH films, also demonstrating good long-term
stability. All of the above observations manifest that MGD−
OH films are an effective SERS substrate for the TATB probe
molecule with low LOD, large EF, high uniformity, and
excellent stability. Table 1 summarizes the typical SERS
performances of other substrates reported in recent
years.12,13,38−51 Compared with other substrates used for the
detection of explosives, MGD and the O-MGD films show
better selectivity for TATB.

Coincidentally, the SERS detection performance of MGD−
OH films was also better than that of MGD films for the real
TATB molecules. To further understand the SERS mechanism
of the characteristically functional group of TATB and the
oxygen-containing functional groups (−OH, −COOH) of the
MGD−OH substrate, DFT calculations were carried out to
achieve further insight into the adsorption energy and electron
transfer performance.52 The surface of the oxidized MGD−
OH substrate is rich in oxygen-containing groups such as −OH
and −COOH. Figure 6a shows the electrostatic potential
diagram of the interaction between TATB-NO2 and the
MGD−OH surface −OH and −COOH groups. The electro-
static potential is positive, indicating that this area is easier to
gain electrons (TATB) and has electrophilicity. On the
contrary, the electrostatic potential is negative, indicating
that this region is more likely to give electrons (−OH, −
COOH) and has nucleophilic properties. Therefore, it is easy
to form a charge transfer path to enhance the Raman signal.
The theoretical simulation results demonstrate that the
interaction between −OH and −NO2, −OH and −NH2, and
−COOH and −NO2 is −5.607, −7.514, and −9.882 kcal·
mol−1, respectively. The more negative the adsorption energy,
the stronger the interaction between groups. In other words,
the hydrogen bond strength between −COOH and −NO2 is
stronger than that between −OH and −NO2 and that between
−OH and −NH2. Next, we compare the TATB electron
transfer properties of different functional groups on the surface
of graphene oxide to obtain the kinetic point of view of surface-
mediated bond chemistry. The calculation results of TATB
display that when −OH is close to −NH2 (Figure 6b), the N
atoms of TATB lose 0.004, 0.002, and −0.008 e−, and the H
atoms of TATB gain 0.003 and −0.018 e−, the O atoms of
TATB gain 0.007, 0.006, 0.005, and −0.018 e−, the benzene
ring of TATB gains 0.028 e−, and the O atoms of −OH lose
0.028 e−. The calculation results of TATB show that when
−OH is close to −NO2 (Figure 6c), the N atoms of TATB
lose 0.004, −0.057, and 0.016 e−, the H atoms of TATB gain
0.002 e−, the O atoms of TATB lose 0.057 and 0.016 e−, the
benzene ring of TATB gain 0.018 e−, and the H atoms of
−OH gain 0.018 e−. The calculation results of TATB indicate
that when −COOH is close to −NO2 (Figure 6d), the N
atoms of TATB gain 0.024, −0.038, and 0.012 e−, the H atoms
of TATB lose 0.001, −0.010, 0.002, and 0.0002 e−, the O
atoms of TATB lose 0.056 and 0.009 e−, the benzene ring of
TATB loses 0.011 e−, and the H atoms of −COOH gain 0.011
e−. Obviously, the charge transfer between the −NH2
functional group and −OH, −NO2 functional group, and
−COOH in TATB is more likely. This result corresponds to
the detection of TATB on the MGD−OH substrate. Hydrogen
bonds are formed between −OH and −COOH and TATB
molecules, which promote charge transfer between the MGD−
OH substrate and TATB molecule after laser excitation.

Figure 5. SERS of TATB molecules on the MGD−OH substrate. (a)
Raman spectra of TATB molecules in different mixed solutions
detected by the MGD−OH substrate. (b) Raman spectra of TATB
molecules with a concentration of 10−3 M, randomly collected from
five positions in the same MGD−OH substrate. (c) Raman spectra of
TATB molecules (the solution on 10−3 M) measured on the 0th day
and 30th day, respectively.
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4. CONCLUSIONS

In summary, the −OH terminal group was successfully
modified on the surface of MGD. The SERS results displayed
that the MGD−OH substrate has good selectivity for TATB in
different concentrations and mixed solutions of TATB, FOX-7,

TNT, and RDX explosives (LOD is 10−7 M and EF is 814),
good uniformity (RDS is 12.7%), and good stability (the
characteristic peak signal only decreases by 27.6% after 30
days). In addition, the DFT calculation revealed that the
selectivity of SERS performance is attributed to the
construction of the charge transfer path between the −NO2

Table 1. Comparison of the EF, LOD, Stability, and Selectivity of MGD and O-MGD Films for SERS Detection in Explosives
with Different Substrates

substrate probe EF LOD stability selectivity references

L-MMS TNT <1 pM TNT 12
coupling-activated GO nanocomposites TNT 60 ppb TNT 13
Au-AgNPs/glass TNT, RDX pg levels 38
AgNPs/hydrophilic photonic crystal biosilica TNT 10−10 M 39
AuNPs/TiO2 NR TNT 4 × 106 10−7 M 40
AuNPs and nanostructures 2,4,6-trinitrophenol (PA) 10 μM 41
Ag−Cu alloy NPs PA 2.8 × 104 5 μM 42

AN 3.3 × 104 5 μM
Ag−AuNPs/NSs FOX-7 108 5 μM 43
Ag@AuNPs PA 104 10−6 M 44
CuNPs with rough edges 5-amino-3-nitro-1,2,4-triazole (ANTA),

FOX-7
2 × 10−4 M 45

Ag sinusoidal nanograting TNT 104 10−5 M 46
AuTNPs/glass TNT, RDX, PETN 6 × 106 10−6 M 47
hydrophobic Ag nanopillars PA 20 ppt 48
Au nanocage/GO TNT, RDX 1011 49
AgNCs/borosilicate slides RDX 1011 50

TNT 1011

Ag/ZnO film ANTA 107 51
FOX-7 107

CL-20 104

MGD film TATB 565 10−4 M 30 days this work
O-MGD film 814 10−7 M TATB

Abbreviations: TNT: 2,4,6-trinitrotoluene; RDX: cyclotrimethylenetrinitramine; PA: 2,4,6-trinitrophenol; FOX-7: 1-diamino-2,2-dinitroethene;
ANTA: 5-amino-3-nitro-1,2,4-triazole; PETN: penthrite(pentaerythritol tetranitrate); CL-20: 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso-
wurtzitane; GO: graphene oxide.

Figure 6. (a) Electrostatic potential diagram of the interaction between TATB-NO2 and −OH and −COOH groups on the surface of MGD−OH
materials. (b) Charge transfer between −NH2 of TATB and −OH of the substrate. (c) Charge transfer between −NO2 of TATB and −OH of the
substrate. (d) Charge transfer between −NO2 of TATB and −COOH of the substrate.
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functional group of TATB and the −OH functional group of
MGD−OH. This study provides great potential to bring a new
way for the recognition of residual explosives in soldiers’
bodies or in the natural environment.
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