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a b s t r a c t

The development of the preparation strategy for high-quality and large-size graphene via eco-friendly

routes is still a challenging issue. Herein, we have successfully developed a novel route to chemi-

cally exfoliate natural graphite into high-quality and large-size graphene in a binary-peroxidant sys-

tem. This system is composed of urea peroxide (CO(NH2)2�H2O2) and hydrogen peroxide (H2O2), where

CO(NH2)2�H2O2 is used in preparing graphene for the first time. Benefiting from the complete decom-

position of CO(NH2)2�H2O2 and H2O2 into gaseous species under microwave (MW) irradiation, no water-

washing and effluent-treatment are needed in this chemical exfoliation procedure, thus the preparation of

graphene in an eco-friendly way is realized. The resultant graphene behaves a large-size, high-quality and

few-layer feature with a yield of ~100%. Then 4 μm-thick ultrathin graphene paper fabricated from the as-

exfoliated graphene is used as an electromagnetic interference (EMI) shielding material. And its absolute

effectiveness of EMI shielding (SSE/t) is up to 34,176.9 dB cm2/g, which is, to the best of our knowledge,

among the highest values so far reported for typical EMI shielding materials. The EMI shielding perfor-

mance demonstrates a great application potential of graphene paper in meeting the ever-increasingly EMI

shielding demands in miniaturized electronic devices.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to the unique properties of graphene, it exhibits great ap-

plication potential in thermal and conductive polymer compos-

ite films, smart electronics and portable devices, mechanical and

structural reinforcement and so forth [1-3]. Obviously, the devel-

opment of facile and efficient preparation technologies of graphene

is a critical prerequisite for its industrial applications.

Up to date, varieties of preparation methods exfoliating graphite

into graphene have been developed. Among them, the oxidation–

reduction route is widely used. However, the usage of strong ox-

idants and strong acids leads to the inferior quality of the as-

prepared graphene and the environmentally detrimental impact

caused by the effluent like waste acids [4,5]. In contrast, mechani-

cal exfoliation of graphite into graphene seems more eco-friendly,

since this kind of techniques do not involve the usage of strong

oxidants or strong acids [6-10]. However, graphite would break
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into little fragments during the graphene preparation, so the as-

obtained flakes of graphene are very small in size, which hinders

its further applications. In a word, how to prepare the high-quality

and large-size graphene via an eco-friendly route is still a challeng-

ing issue and further investigation is required.

Herein, we have proposed a novel non-acid preparation strat-

egy of graphite to the high-quality and large-size graphene, which

is realized by chemically intercalating and exfoliating graphite in

a binary-peroxidant system followed by microwave (MW) irradi-

ation. The newly-developed binary system is comprised of urea

peroxide (CO(NH2)2�H2O2) and hydrogen peroxide (H2O2). Where

CO(NH2)2�H2O2 is used in graphene preparation for the first time.

Since the used peroxidants-CO(NH2)2�H2O2 and H2O2 can be com-

pletely decomposed into gaseous species under microwave (MW)

irradiation, no water-washing and effluent-treatment are needed

during the whole process of graphene preparation. Thereby the

eco-friendly way of graphene preparation is guaranteed. The as-

exfoliated graphene behaves large-size, high-quality and few-layer
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features with a yield of ~100%. Furthermore, the ultrathin graphene

film (only ~ 4 μm in thickness) has been fabricated by simple vac-

uum filtration from the obtained graphene solution without any

high-temperature treatment. Which has shown excellent electrical

conductivity and electromagnetic interference (EMI) shielding per-

formance, suggesting its great potential in satisfying the increasing

needs for EMI shielding in electronic devices.

Firstly, we investigated the feasibility of exfoliating natural

graphite (NG) into graphene in a single-peroxidant system fol-

lowed by MW irradiation. NG powders were soaked in a single

peroxidant saturated solution followed by 500 W MW irradiation,

the as-treated products was then collected for further assessment.

Fig. S1 (Supporting information) shows the volumetric compari-

son of the used pristine NG powders and the product obtained

in (NH4)2S2O8, Na2CO3�H2O2 and CO(NH2)2�H2O2 system, respec-

tively. Clearly, there is no obvious difference in volume between

NG and these obtained products. However, the further field emis-

sion scanning electron microscope (FESEM) observation discovered

that some curled-up and loose structures were formed in all the

products obtained in these single-peroxidant system, as displayed

in Fig. S2 (Supporting information). This demonstrates that the ex-

foliation from graphite to graphene aggregates (GAs) happened af-

ter the soaking of NG powders in a single peroxidant system and

subsequent MW irradiation.

Unfortunately, we found that only a small number of NG pow-

ders had been exfoliated into GAs, implying a poor exfoliation

yield. Indeed, the aqueous solution of peroxidant ((NH4)2S2O8,

Na2CO3�H2O2 and CO(NH2)2�H2O2) has the properties of H2O2,

which can release oxygen in the water. When graphite powders

were soaked in peroxidant aqueous solution followed by 500 W

MW irradiation, however, there was no obvious difference in vol-

ume between the pristine graphite and the obtained product. And

only a small number of graphite powders had been exfoliated into

GAs, implying that only a few graphite flakes were intercalated

and exfoliated. Since the edge-oxidizing is the important prereq-

uisite for the intercalation of graphite, the fact that only a small

number of graphite powders were exfoliated into GAs suggests the

oxidization of few graphite edges in the peroxidant aqueous so-

lution. That is to say, although there H2O2 existed in the peroxi-

dant ((NH4)2S2O8, Na2CO3�H2O2 and CO(NH2)2�H2O2) aqueous so-

lution, the concertation of H2O2 is not enough to oxidize many

graphite edges. To increase the concertation of H2O2 in the per-

oxidant saturated solution thus enhance the edge-oxidization of

graphite, H2O2 (30%) solution was used to replace the water sol-

vent. Three binary-peroxidant systems were further developed (i.e.,

(NH4)2S2O8/H2O2, Na2CO3�H2O2/H2O2 and CO(NH2)2�H2O2/H2O2)

respectively. Interestingly, after soaking NG powders in one of the

above binary-peroxidant system followed by 500 W MW irradi-

ation, we found the obvious volumetric expansion of collected

products compared with that of pristine NG powders (Figs. 1a-

c). Further characterization confirmed that a lot of loosely worm-

like GAs were formed and only a small amount of un-exfoliated

NG flakes were remained in all these products. From this, the

GAs yield can be roughly deduced as 30%, 30% and 70% for the

(NH4)2S2O8/H2O2, Na2CO3�H2O2/H2O2 and CO(NH2)2�H2O2/H2O2

system, respectively. Figs. 1d-f provide the FESEM images of the

typical GAs obtained in the three binary-peroxidant systems, which

all show the well-exfoliated structures with a semi-transparent

feature.

Although graphite can be exfoliated into more GAs after

graphite powders were soaked in CO(NH2)2�H2O2/H2O2 system at

room temperature followed by 500 W MW irradiation, the GAs

yield of < 100% is still not satisfied. Since the peroxidant can be-

have stronger oxidability at higher temperature [11], the soaking

experiments at different temperatures (30, 45, 60, 75 and 90 °C)
were performed to achieve a higher yield of GAs by strengthening

Fig. 1. Volumetric comparison of the product obtained in (a) (NH4)2S2O8/H2O2,

(b)Na2CO3�H2O2/H2O2 and (c) CO(NH2)2�H2O2/H2O2 system; the correspond-

ing FESEM images of the GAs obtained in (d) (NH4)2S2O8/H2O2 system, (e)

Na2CO3�H2O2/H2O2 system and (f) CO(NH2)2�H2O2/H2O2 system.

the oxidization of the graphite edges. We have found that when

the soaking is performed at 60 °C, graphite (Fig. S3 in Supporting

information) can be exfoliated into ~100% GAs after the MW irradi-

ation, as displayed in Fig. S4 (Supporting information). This result

suggests that, the soaking temperature of 60 °C is the most feasible

in this binary system.

To thoroughly investigate the effect of H2O2 on the chemi-

cal exfoliation of graphite, three comparative experiments were

designed and performed by soaking the graphite sample in

CO(NH2)2�H2O2, H2O2 and CO(NH2)2�H2O2 + H2O2 at 60 °C, re-
spectively. The three soaked graphite samples were characterized

by X-ray diffraction, as shown in Fig. S5 (Supporting informa-

tion). It can be observed that two strong X-ray diffraction peaks

on the pattern of pristine graphite are located at 26.7° and 54.8°
in Fig. S5a, corresponding to (002) and (004) crystal planes, re-

spectively. It is worth noting that both the CO(NH2)2�H2O2-soaked

(Fig. S5b) and H2O2-soaked (Fig. S5c) graphite samples exhibit a

similar X-ray diffraction (XRD) pattern with the pristine graphite,

indicating no obvious structural change when the graphite is

soaked in the single peroxidant (CO(NH2)2�H2O2 or H2O2) sys-

tem. As for the CO(NH2)2�H2O2 + H2O2-soaked graphite sam-

ples, its XRD pattern (Fig. S5d) is distinctly different. Beside the

(002) and (004) graphite peaks, four additional diffraction peaks

appeared at 10.2°, 19.1°, 25.9° and 29.1°, corresponding to (002),

(004), (005) and (006) planes, respectively. This result implies

the formation of graphite intercalation compound (GIC) in this

CO(NH2)2�H2O2 + H2O2-soaked graphite sample [12]. Based on the

XRD characterization above, therefore, we can conclude that the

introduction of H2O2 in the CO(NH2)2�H2O2 system can enhance

the opening of the graphite edge, thus facilitating the intercala-

tion of graphite. Due to the thermal instability, the intercalated

CO(NH2)2�H2O2 and H2O2 will then decompose into gaseous sub-

stances under MW irradiation, leading to a sudden pressure raise

between interlayer gallery of graphite. Once the sudden raise of

gas pressure can overcome the Van der Waals force, GICs will be

transformed into GAs. Fig. 2 provides a schematic of the interca-

lation and exfoliation of graphite to graphene via the optimized

route.

The GAs prepared by the optimized exfoliation route were dis-

persed into ethanol under 100 W ultrasonication for 20 min, and

a graphene dispersion was acquired. FESEM and high resolution

transmission electron microscope (HRTEM) were performed to de-

termine the morphologies of the product. Fig. 3a displays FE-

SEM image of some graphene nanosheets extracted randomly from

the dispersion, which are restacked but exhibit a crumpled and

wrinkled structural feature. Furthermore, in order to avoid this

restacking, the obtained graphene dispersion was deposited on
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Fig. 2. Schematic of the intercalation and exfoliation of graphite to graphene via

the optimized route.

a Cu micro-grid for FESEM and HRTEM characterization to mea-

sure the areal size and layered number of graphene nanosheets

more clearly. FESEM observation shows that the Cu frame is clearly

visible through the crumpled and wrinkled graphene nanosheets

(Fig. 3b), suggesting a semi-transparent feature for the graphene.

This level of transparency implies that the obtained graphene has

a few layers feature [13]. By measuring 40 graphene nanosheets

under FESEM observation, their areal size distribution histogram is

plotted in Fig. 3c, from which the average areal size of graphene

nanosheets is calculated to be ~160 um2, far larger than those ac-

quired by other eco-friendly exfoliation methods reported previ-

ously [6-9]. Fig. 3d shows representative TEM image of graphene

with crumpled morphology, the folded and scrolled edge was re-

garded as intrinsic property of graphene nanosheets. The edge

stripes of wrinkle nanosheet in HRTEM image revealed that the as-

prepared graphene was 6 layers (the inset in Fig. 3d). Atomic force

microscopy (AFM) height profile analysis was further employed

to assess the thickness of graphene nanosheets. Fig. 3e displays

a typical AFM image of the exfoliated graphene, it can be deter-

mined that the thickness of nanosheet was approximately 3.8 nm.

Furthermore, a histogram of the thickness distribution based on

the statistical analysis for 40 graphene nanosheets is showed in

Fig. 3f, which enables us to identify the average thickness of the

Fig. 4. (a) XPS survey spectra of graphite and graphene; (b) C 1s spectra of graphite

and graphene.

as-exfoliated graphene sheet is ~4 nm, corresponding to ~6 layers

[14], which is consistent with HRTEM characterization.

Furthermore, X-ray photoelectron spectroscopy (XPS) measure-

ment was employed to examine defects and functional groups of

the as-exfoliated graphene nanosheets, as displayed in Fig. 4. The

XPS survey spectrum (Fig. 4a) of the graphene nanosheets shows a

prominent C1s peak at 284.8 eV and a weak O 1s peak at 532.2 eV,

respectively. The calculated O content of the graphene is only

0.98%, a little higher than that of NG (0.92%) but far lower than

those of the graphene obtained by other conventional chemical ex-

foliation methods [15,16]. Fig. 4b shows the typical C 1s core level

spectra of graphite and graphene nanosheets. Both the C 1s spectra

could be fitted with four different components with binding en-

ergy at 284.8 eV, 285.6 eV, 286.6 eV and 287.2 eV, assigned to C=C,

C-C, C-O and C=O bonds, respectively[16]. This result demonstrates

that the existence of similar oxygen species in natural graphite

and as-exfoliated graphene nanosheets. This should be ascribed to

the use of MW irradiation in this work. Generally, MW irradiation

is employed as a convenient and rapid heating source. However,

it was discovered that MW-irradiation can effectively reduce the

graphene oxide [17], heating treatment can repair the nano-holes

and recover the high-quality graphene conjugated network [18-

20]. Therefore, although the peroxidants can oxidize the pristine

Fig. 3. (a, b) FESEM images of the exfoliated graphene nanosheets and (c) histogram of the areal size distribution observed from 40 nanosheets. (d) Representative TEM and

HRTEM images of graphene. (e) AFM image of the exfoliated graphene nanosheets and (f) histogram of the thickness distribution calculated from 40 nanosheets.
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graphite leading to the increase of O content on the graphite, this

O increment could be removed during the MW-irradiation. In con-

sideration of the low O content and the unchanged oxygen species

existing in the obtained graphene, we can deduce that the chemi-

cal exfoliation in the CO(NH2)2�H2O2/H2O2 system has very weak

impact on the structure of graphite, thus ensuring the high-quality

of graphene.

Raman spectroscopy is a widely applied technique to evaluate

the quality and thickness of as-exfoliated graphene nanosheets. As

displayed in Fig. S6 (Supporting information), two sharp peaks at-

tributed to G band (~1580 cm−1) and 2D band (~2700 cm−1) re-

spectively on the spectra of the resultant graphene and pristine

graphite, confirming both the samples were highly crystallized.

Meanwhile, both the samples existed a very weak D band (1350

cm−1), resulting from the existence of defects such as edges or

structural disorders [21]. It should be noted that the D/G band in-

tensity ratio (ID/IG) can provide a measurement of the degree of

structural defects. The calculated ID/IG ratio of graphite (0.05) and

graphene (0.07) were similar, indicating that this chemical exfolia-

tion could avoid most fragmentation of graphene nanosheets [22].

Moreover, based on the Raman peak redshift (from 2717 cm−1 to

2704 cm−1) and the shape of 2D band, these results revealed few-

layer feature of the obtained graphene nanosheets [21].

To further identify surface functional groups on graphite,

graphite and as-exfoliated graphene were tested through Fourier

transform infrared spectroscopy (FTIR) analysis in Fig. S7 (Support-

ing information). It can be observed that three absorption bands

around 1400 cm−1, 1630 cm−1 and 3400 cm−1 were presented in

the FTIR spectrum of graphite and as-exfoliated graphene, which

were assigned to C–O group, C=O group and −OH group, re-

spectively [23]. The FTIR spectrum of graphite and as-exfoliated

graphene had no significant difference, indicating that both sam-

ples had very similar chemical groups, which is consistent with

XPS results.

X-ray diffraction was used to investigate the crystal struc-

ture of the as-exfoliated graphene nanosheets, as shown in Fig.

S8 (Supporting information). Obviously, a sharp and strong X-ray

diffraction signals at 26.7° was attributed to the typical charac-

teristic of graphite with high crystalline, corresponding to (002)

plane. After exfoliating in the CO(NH2)2�H2O2/H2O2 system, the

product exhibited a weak and flat (002) peak with broad full

width, this is attributed to the exfoliated yet restacked state of

the graphene powder [16]. No new peaks for graphene oxide ap-

peared, suggesting graphite structure has not been oxidized in the

CO(NH2)2�H2O2/H2O2 system followed by MW irradiation.

To conclude, we have developed a novel chemical exfoliation

system of graphite, where graphite powders can completely exfoli-

ated into GAs through soaking in the CO(NH2)2�H2O2/H2O2 system

followed by MW irradiation. The resultant graphene nanosheets,

obtained from GAs by simple low-power sonication, behave a

large-sized and high-quality feature. Distinctly from those conven-

tional chemical exfoliation methods, our exfoliation route does not

involve the usage of corrosive acids. In the meantime, benefiting

from the decomposition of the used peroxidants under MW irradi-

ation, no water-washing and effluent-treatment are required dur-

ing the whole graphene preparation process. This suggests that our

technical strategy is outstanding in exfoliating the large-size and

high-quality graphene nanosheets based on eco-friendly notion.

To explore the possible application of the as-exfoliated

graphene nanosheets, a silver-gray graphene paper (GP) was pre-

pared from graphene dispersion by simple vacuum filtration and

room-temperature mechanical pressing, as displayed in Fig. 5a. The

GP sample can be tightly rolled and deeply folded like paper in

the life (Fig. 5b and Fig. S9 in Supporting information), the visi-

ble creases was observed in the opened GP but without any crack

or fracture, suggesting that the obtained GP is superior in tough-

Fig. 5. (a) The fabricated GP, (b) the deeply rolled GP, (c) the cross-sectional SEM

image of GP, which exhibits a well-aligned layered structure. (d) EMI shielding per-

formance of GP.

ness. As expected, benefiting from the large lateral size and high

quality of the as-exfoliated graphene nanosheets, the fabricated GP

with ~4 μm (Fig. 5c) behaves an excellent electrical performance,

its average electrical conductivity is up to 6.1 × 105 S/m. Fig. 5c

discloses that the graphene nanosheets are well aligned in the GP.

This well-aligned layered architecture together with the high elec-

trical conductivity should suggest its great potential in EMI shield-

ing [24]. Therefore, we performed the measurement of EMI SE for

the GP in the X-band range (8.2–12.4 GHz) by a Vector Network

Analyzer. As expected, the ~1 μm-thick and ~4 μm-thick GP ex-

hibits a superior EMI SE value of 32 dB and 43 dB, respectively

(Fig. 5d and Fig. S10 in Supporting information). By comparing

SEabs and SEref value of ~1.0 μm and ~ 4 μm-thick GP samples

at a constant frequency of 8.2 GHz, it can be known that SEabs
has more contribution to the SEtotal value for the ~ 4 μm-thick

GP sample. Which indicates that the shielding due to absorption

is the crucial factor in determining the EMI performance with the

increasing of the GP thickness.

Now the miniaturization of electronic devices has become

an inevitable trend with the development of electronic technol-

ogy. Particularly for EMI shielding application, the ultra-thin EMI

shielding materials having a high EMI Shielding effectiveness are

urgently needed. In this situation, the absolute effectiveness of EMI

shielding (SSE/t) is of more practical value to assess the shielding

performance of materials [25]. It is known that the SSE/t value

can be obtained by dividing SE with density (ρ) and thickness

(t). Therefore, the SSE/t value of the fabricated GP is calculated as

34,176.9 dB cm2/g, which is higher than mostly typical EMI shield-

ing materials reported previously (Fig. S11 in Supporting informa-

tion) [24,26-37]. Based on this, we can conclude that this ultrathin

GP will be of great advantage in satisfying the ever-growingly EMI

shielding requirement of miniaturized electronic devices.

In this work, an attempt has been made to investigate the fea-

sibility of chemically exfoliating natural graphite into graphene

in a non-acid system. On the basis of understanding on the

exfoliation of graphite in a single-peroxidant system, we have

successfully developed a novel non-acid preparation strategy of
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graphite to the high-quality and large-size graphene, which is re-

alized by chemically intercalating and exfoliating graphite in the

CO(NH2)2�H2O2/H2O2 system followed by MW irradiation. Due to

the complete decomposition of CO(NH2)2�H2O2 and H2O2 into

gaseous species under MW irradiation, no water-washing and

effluent-treatment are required during the whole chemical exfo-

liation, thereby ensuring the realization of preparing graphene in

a eco-friendly way. The as-exfoliated graphene behaves a few-layer

feature with a yield of ~100%. Interestingly, the ~4 μm-thick ultra-

thin graphene paper, fabricated by simple vacuum filtration from

the obtained graphene solution with no high-temperature treat-

ment, exhibits excellent EMI shielding performance. Its SSE/t value

is higher than most typical EMI shielding materials reported pre-

viously, suggesting its great potential in satisfying the increasing

needs for EMI shielding in miniaturized electronic devices.
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