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s a unique two-dimensional material,
Agraphene has shown many unusual

properties and wide applications in
electronics, photonics, mechanics, and so
on." > To date, plenty of strategies have been
developed to prepare graphene, such as
micromechanical exfoliation,® CVD growth,” ~°
and plasma etching of multiwalled carbon
nanotubes.'®'" Unfortunately, these methods
suffer from the low-throughput, low reprodu-
cibility, and/or high cost. Therefore, the use of
wet-chemical methods for the exfoliation of
graphite’" is more promising due to the
low-cost and large-scale production. Recently,
the chemical oxidation and exfoliation of
graphite’ "7 has been recognized as a lead-
ing approach to synthesize graphene oxide
(GO), which is a kind of water-soluble,'®?
chemically active,”**" and biocompatible??
graphene derivative. However, the low
conductivity of GO restricts its electronic
applications.

In order to improve the electrical conduc-
tivity, various reduction methods with dif-
ferent reduction agents®®~2% and different
reduction conditions®*>*> have been de-
monstrated to prepare reduced graphene
oxide (rGO). However, most of the currently
used methods require high temperature,
toxic reagents, or vacuum conditions.>* In
addition, although rGO exhibits improved
conductivity®® by restoring partial sp>-hy-
bridized carbon domains, its solubility in
polar solvents is compromised due to the
removal of surface functional groups. In
order to address this issue, the reduction
of GO has been carried out in the presence
of polymers or surfactants,®~ 32 so that the
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We report a green and efficient method for chemoselective deoxidization of graphene oxide

via the ultraviolet irradiation catalyzed with 2,2,6,6-tetramethyl-4-piperidinol. While the sp’

hybridized oxygen functional groups are removed after the reduction, the epoxy and hydroxyl

groups are retained in the chemoselectively reduced graphene oxide (CrG0). The obtained (rGO

nanosheets exhibit the high solubility and excellent electronic stability, which allows for the

fabrication of thin film devices through a solution processing. As a proof of concept, a (rGO-

based write-once-read-many-times memory device with the desirable stability and long-time

operation is fabricated.

KEYWORDS: graphene oxide - chemoselective reduction - green catalysis -

photoreduction - memory devices

resulting rGO sheets remain dispersible in
many solvents. However, removal of the
polymers or surfactants might be required
for the further applications. Therefore, to
develop a facile reduction method which
can retain the solubility of rGO is mean-
ingful to its practical applications.
Recently, we have reported that rGO
can be used as electrodes in memory
devices.3**° Besides this, the graphene-
based material, with the tunable band gap
through the control of a reduction process
of GO,*" is also an attractive candidate as
the active layer in memory devices. Impor-
tantly, it was found that the functional groups
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on graphene are sensitive to the electrical degra-
dation,*? which shorten the device lifetime and affect
the device stability. Therefore, it is desirable to develop
new methods for the fine control of GO reduction in
order not only to improve the electronic stability of GO
by selective removal of certain functional groups but
also to maintain its solubility imparted by the residual
oxygen-containing groups.

Herein, we present a photoinduced organo-catalytic
method which gives a novel, green, and efficient path-
way for reduction of GO. As an example, by using
the 2,2,6,6-tetramethyl-4-piperidinol (TMP), which is a
member of hindered amine light stabilizers and a
nontoxic, water-soluble, and stable catalyst, as the
photocatalyst, GO can be selectively photoreduced;
that is, the sp>-hybridized oxygen functional groups on
the GO surface can be effectively removed, while the
epoxy and hydroxyl groups are retained. Thus, the
obtained chemoselectively reduced GO (CrGO) is dis-
persed in water and some polar solvents, due to the
partially remaining oxygen-containing groups on its
basal plane*® Moreover, we fabricate a nonvolatile
write-once-read-many-times (WORM) memory device by
using CrGO as the active layer to demonstrate that this
chemoselective deoxidization (CD) is an effective strategy
to improve the stability of rGO and its electronic devices.

RESULTS AND DISCUSSION

The preparation of chemoselectively reduced gra-
phene oxide (CrGO) is described in the Materials and
Methods. As a control experiment, the GO solution was
irradiated under the UV light. It was observed that the
color of GO solution changed from light brown (inset A
of Figure 1) to dark brown (inset B of Figure 1) after
25 min UV irradiation, which was verified by the
partial restoration of the m-electrons arising from the
deoxidization.** However, when 2,2,6,6-tetramethyl-4-
piperidinol (TMP) was added into the GO solution, the
solution color immediately changed and turned to
dark after 25 min UV irradiation, suggesting that the
photodeoxidization process was accelerated in the
presence of TMP, and CrGO, which will be confirmed
in the following paragraphs, was obtained.

Figure 1 shows the UV—vis spectra of GO, UV-
irradiated GO, referred to as UV-rGO, and CrGO solu-
tions at the same concentration. It is observed that,
with addition of TMP, the intensity of the peak centered
at 228 nm, which is characteristic for GO, decreased
gradually accompanied with increased absorption in
the visible region, indicating that the reduction of GO
happened.** Meanwhile, the time-dependent deoxidiza-
tion process of GO in the presence of TMP was further
monitored by UV—vis spectroscopy (Figure S1 in Sup-
porting Information (SI)), which confirmed that this
photoreduction was very fast.

X-ray photoelectron spectroscopy (XPS) was em-
ployed to provide the detailed information on the
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Figure 1. UV—vis spectra and photographs of GO solution
(inset A), GO solution after 25 min UV irradiation (i.e., UV-
rGO solution, inset B), and 25 min UV-irradiated mixture of
GO and TMP followed by removal of TMP (i.e., CrGO solu-
tion, inset C).

results of the chemoselective deoxidization (CD). In
Figure 2A, the deconvoluted peaks of GO are assigned
to epoxy (C—O-C, 285.7 eV), hydroxyl (C—OH,
286.7 eV), carbonyl (C=0, 288.0 eV), and carboxyl
(—COOH, 289.1 eV) groups, and the peak centered at
the binding energy of 284.6 eV is assigned to the C—C
bond.*® In the experiment of photoreduction of GO
without TMP, after 25 min of UV irradiation, all of the
oxygen-containing groups were only partially removed
because of the decreased peak intensities of epoxy,
hydroxyl, carbonyl, and carboxyl groups compared to
that of C—C bond (Figure 2B). If TMP was added in the
GO solution, after 25 min of UV irradiation, the peak
intensities of carbonyl and carboxyl groups were re-
duced by ~98 and ~100%, respectively (Figure 2C).
However, less than 15% reduction of intensities of
hydroxyl and epoxy groups was obtained, indicating
that the CD process was successfully realized in the TMP-
catalyzed photoreduction of GO. Moreover, the value of
C1s/01s atomic ratios of GO, UV-rGO, and CrGO are 2.4,
6.8, and 3.6, respectively, indicating that the CD process
presents a desirable selectivity for the reduction of GO.

In order to get the pure CrGO used for the electronic
device application, the complete removal of TMP in the
final reduced product is necessary. The successful
purification of CrGO was confirmed by the Fourier
transform infrared (FT-IR) spectroscopy. The typical
FT-IR spectrum of GO (curve a in Figure 2D) exhibits
stretching vibration peaks of O—H (vo_y at 3150—
3700 cm™ "), C=0 (vc—o at 1730 cm ™), C=C (vc—c at
1620 cm™"),and C—0 (vc_pat 1368 cm ™' and vc_o_c
at 1110 cm™"),*”*® while the mixture of CrGO and TMP
gives the extra peaks, such as those attributed to N—H
(vn_pat3420cm ™ "Yand C—H (vc_around 2970cm ™)
from TMP (curve b in Figure 2D). However, in the
spectrum of CrGO (curve c in Figure 2D), the strong
absorption peaks at 3420 and 2970 cm™ ' in curve b were
eliminated, indicating that the TMP was completely
washed away and the CrGO was purified (Figure S2in SI
shows the 'H NMR and '®C NMR spectra of this
extracted TMP, indicating that TMP played the role of

VOL.6 = NO.4 = 3027-3033 = 2012 ACSN\JA]

.

N\

WWww.acsnano.org

3028



D)
-
=S
s
3700-3150 (C-0)
b4 (0-H)
o
c
©
i
>
5 2970
C) c 3420 (C-H)
© (N-H)
t &
L 1110
(C-O-C)l
292 288 280 4000 3000 2000 1000

284
Binding Energy (eV)

Wavenumber (cm-)

Figure 2. XPS spectra of (A) GO, (B) UV-rGO, and (C) CrGO. (D) FT-IR spectra of GO (a), CrGO before (b) and after (c) removal of TMP.
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Figure 3. Raman spectra of GO, UV-rGO, and CrGO.

catalyst in the CD process). In addition, the peak at
1730 cm ™' disappeared, suggesting that the C=0
group was completely reduced in CrGO. Moreover,
the hydroxyl and epoxy groups in CrGO were effec-
tively protected as shown in the peaks at 1368 and
1110 cm ™, respectively. These results are consistent
with those obtained by XPS (Figure 2C).

The Raman spectra of GO, UV-rGO, and CrGO are
shown in Figure 3. Obviously, the D band and G band
are centered at 1340 and 1580 cm™’, respectively,
while the small but perceptible 2D band and S3 band
appeared around 2700 and 2930 cm ' (Figure S3A in
Sl), respectively.*® Generally, the Raman D/G intensity
ratio (Ip/lg) is proportional to the average size of the sp?
domains.”® The UV-rGO has higher Ip/lg value (1.03)
compared to that of GO (0.88) and CrGO (0.93), as
shown in Figure 3, meaning the partial restoration of
the z-conjugated structures in the GO nanosheets by
UV irradiation.** However, due to the efficient protec-
tion of hydroxyl and epoxy groups, the Ip/lg value of
CrGO (0.93) is only slightly larger than that of GO (0.88).
In a control experiment, the hydrazine-reduced GO
(HrGO) exhibits the highest Ip/Ig (1.14, in Figure S3B).
Moreover, the I,p/lg was introduced to further evaluate
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Figure 4. (A) AFM image and (B) TEM image of purified
CrGO nanosheets.

the reduction ability.”" The /,p/lg ratios of GO, UV-rGO,
and CrGO are 0.101, 0.135, and 0.108, respectively,
indicating that the reduction degree of CrGO is lower
than that of UV-rGO. It is consistent with the XPS results;
that is, more oxygen-containing groups were retained in
CrGO. The slight increase of the lp/lg value of CrGO
(0.108) compared to GO (0.101) should be attributed to
the removal of carboxyl and carbonyl groups.>

If the residual hydroxyl and epoxy groups decorate
the basal plane of graphene sheet, the similar thick-
ness and solubility of CrGO, as compared to GO, are
thereby expected. Topographic analysis of CrGO was
carried out by atomic force microscopy (AFM). A typical
CrGO nanosheet shows a thickness of about 1.1 nm
(Figure 4A), which is similar to the thickness of the
original GO nanosheet (Figure S4 in Sl), suggesting
that CrGO is a single-layer sheet decorated with hydro-
xyl and epoxy groups as confirmed above.>®* More-
over, the obtained CrGO nanosheets exhibited the
excellent solubility in water and several polar solvents
(Figure S5). Evidently, the single-layer CrGO na-
nosheets, instead of stacked ones, were observed by
TEM after placing a droplet of CrGO solution on a
copper grid followed by drying (Figure 4B).
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Figure 5. (A) Schematicillustration of the Au/CrGO (30 nm)/ITO memory device. (B) Typical /—V curve of the memory device in
(A). (C) Retention test of the device in (A), read at 2 V without disturbance for around 10° s. (D) Retention test of the
Au/GO(30 nm)/ITO memory device, in which a permanent breakdown occurred.

Due to the strong electrochemical activity and
hydrophilicity of carboxyl group, the decarbonylated
GO (i.e., the CrGO here) is considered as a promising
stable electroactive material as compared to GO. The
thermogravimetric analysis (TGA) shows that CrGO
has higher thermal stability than GO (Figure S6). To
further confirm the improved stability of CrGO after
the CD process, a typical device with the configura-
tion of Au/CrGO (30 nm)/ITO was fabricated (Figure 5A),
where the CrGO film acted as the electroactive layer.
Its current—voltage property and retention char-
acterization were studied in detail. The CrGO-based
device exhibited the electrical bistable behavior,
with a memory effect of write-once-read-many-
times (WORM) (Figure 5B). The switch voltage, as the
transition from high resistance state (HRS, off state)
to low resistance state (LRS, on state), is about 5 V.
The high on/off current ratio of 10° promises a low
misreading during operation, which is comparable
with that of GO-based memory.>* The unerase opera-
tion under a reverse bias is attributed to an irreversible
breakdown of the oxygen-containing functional groups
of CrGO, instead of forming metal oxides at the interface
between electrodes and CrGO due to the chemical
inertness of Au. Most importantly, the CrGO-based mem-
ory devices exhibited an excellent stability and no sig-
nificant degradation in both HRS and LRS, which were
investigated by a 10° s of continuous retention test at 2 V
(Figure 5Q).
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In a control experiment, the GO-based device with
the same configuration was prepared and character-
ized. Compared to the CrGO-based memory device,
the GO-based memory device exhibited poor
stability. An obvious degradation in both HRS and
LRS was observed under the same retention test
(Figure 5D), which limits the practical use of GO as
a functional material in the device applications. The
reason is that CrGO (i.e., the decarbonylated GO)
contains less active and hydrophilic carboxyl and
carbonyl groups, compared to GO, implying that the
residual oxygen-containing functional groups on
CrGO are more stable. Therefore, the CD process
offers an effective strategy to improve the stability
of GO-based materials in electronic devices. In addi-
tion, the obtained CrGO provides a new platform to
create stable carbon-based semiconductor devices,
particularly in the data storage field, with the advan-
tage of stable operation, permanent lifetime, and
low misreading probability.

CONCLUSION

In conclusion, a chemoselective deoxidization (CD)
process has been successfully achieved by using an
efficient, low-cost, and nontoxic photocatalytic meth-
od. The obtained chemoselectively reduced graphene
oxide (CrGO) shows the high solubility and outstand-
ing electrical stability, allowing for the solution-
processed fabrication of stable electronic devices.
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CrGO-based thin film device (Au/CrGO/ITO) exhibits
the WORM-type memory effect with a desirable service
lifetime. We believe that the CD strategy can be

MATERIALS AND METHODS

Materials. Graphite powder (325 mesh) was purchased from
Baichuan Graphite Co. Ltd. (Qingdao, China). Sulfuric acid
(H,SO,4), sodium nitrate (NaNOs), potassium permanganate
(KMnQ,), potassium persulfate (K,S,0g), phosphorus pentoxide
(P,05s), hydrogen peroxide (H,0,), hydrochloric acid (HCl), and
2,2,6,6-tetramethyl-4-piperidinol (TMP) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Unless
otherwise specified, all reagents were used without further
purification.

Preparation of Graphene Oxide (G0). GO was prepared by the
modified Hummers method.>>>® Briefly, the graphite powder
(0.5 g) was mixed with 3 mL of 98% H,SO,, 0.5 g of K,5,0g, and
0.5 g of P05 at 80 °C for 4.5 h. Then the obtained powder was
washed by DI water and dried. The product mixed with 20 mL of
98% H,S0,4 and 0.5 g of NaNOs; followed by slowly adding 2.5 g
of KMnOj,. Note that, during the addition of KMnOy,, an ice bath
should be used in order to avoid the overheating and explosion.
The solution temperature was increased to 40 °C, which was
then maintained for 2 h. Then 10 mL of 30% H,SO,4, 40 mL of
H,0, and 5 mL of 30% H,O, were added sequentially. Finally, the
product was purified by centrifuge washing three times with 1
M HCl and three times with DI water. The purified GO was dried
in a vacuum drier to get GO powder.

Preparation of Chemoselective Reduced Graphene Oxide (CrG0). The
GO powder (30 mg) was added to 100 mL of TMP aqueous
solution (0.3 mg/mL). The mixture was sonicated for 15 min. The
obtained solution was transferred into a culture flask and exposed
to the ultraviolet irradiation with violent stir for 25 min. Then, the
obtained black liquid was dumped into a separating funnel.
Twenty milliliters of toluene was used to extract the TMP, and
the extraction procedure was repeated 3—5 times. Finally, the
obtained CrGO was dried in a vacuum drier.

Fabrication of Memory Devices. CrGO film was fabricated on a
precleaned ITO glass substrate by spin-coating of 180 uL of
CrGO ethanolic solution (0.8 mg/mL) at 3000 rpm under ambi-
ent conditions. The obtained CrGO film was dehydrated under
vacuum at 30 °C for 30 min to obtain a ca. 30 nm thick film.
In a control experiment, the 100 4L GO methanolic solution
(0.8 mg/mL) was spin-coated on ITO at 3000 rpm under ambient
conditions to obtain a ca. 30 nm GO film, which was also
dehydrated under vacuum at 30 °C for 30 min. Finally, a
60 nm top Au electrode was deposited onto the CrGO or GO
films by thermal evaporation under vacuum to obtain the
Au/CrGO (30 nm)/ITO and the Au/GO (30 nm)/ITO devices,
respectively.

Characterization. The UV—vis spectra were performed using
Shimadzu UV-3600 spectrometer with correction for the solvent
background. Fourier transform infrared (FT-IR) spectra were
recorded using an IR-Prestige-21 FT-IR spectrophotometer with
a mid-IR (MIR) globar source. Samples for infrared measure-
ments were predried in vacuum. Ultraviolet light was performed
with a MEJIRO GENOSSEN MUA-165 (365 nm, 230 W, 3800 mW/
c¢m?). The Raman measurement was carried out on a WITec
CRM200 confocal Raman microscopy system (WITec Instru-
ments Corp, Germany) with excitation line of 633 nm and an
air cooling charge-coupled device (CCD). The Raman band of a
silicon wafer at 520 cm™" was used as a reference to calibrate
the spectrometer. The thermogravimetric analysis (TGA) was
carried out in a TGA-50 (Shimadzu) at a heating rate of
10 °C min~" under N, gas flow (20 mL min~"). Atomic force
microscopy (AFM, Dimension 3100 Veeco, CA) was performed in
tapping mode with a Si tip (resonance frequency = 320 kHz;
spring constant = 42 N m™") at a scanning rate of 1 Hz. For
transmission electron microscopy (TEM, NOVA NANOTEM 600)
analysis, CrGO solution was drop-casted onto a copper grid and
imaged in high vacuum mode. Core-level X-ray photoelectron
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extensively applied in the selective modification of var-
ious carbon-based materials and polymers to obtain the
stable carbon-based semiconductor composites.

spectroscopy (XPS) measurements were carried out (with Al Kot
radiation, 1486.6 eV) using a VSW EA45 analyzer at 100 eV pass
energy for dried solid samples of GO, CrGO, and the mixture of
CrGO and TMP. C1s and O1s peaks were analyzed. The |-V
measurements were performed by Hewlett-Packard 41568
semiconductor parameter analyzer under ambient conditions.
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