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a b s t r a c t   

Graphene materials have attracted considerable research interest owing to their applications in memristor 
and prospective spintronic devices. In this work, the bifunctional resistive and magnetic switching effect is 
investigated in Ag/graphene quantum dots (GQDs): graphene oxide (GO)/ITO device: (1) In the low-re
sistance state, the conductive filaments are formed by oxygen migration away inducing the C–C sp2 groups. 
(2) In the high-resistance state, the directions of magnetic moment align by increasing the C–O sp3 group. 
The resistive switching ratios and saturation magnetization of GQDs memristor are shown to be approxi
mately 20 and 2.2 times higher than that of GQDs-free memristor, respectively. Tunable magnetic switching 
makes GO-based memristive devices boosted by GQDs a promising candidate to future voltage-controlled, 
low-power, and high-density spintronics devices. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Resistive random-access memories (RRAMs), as one of the most 
promising next-generation information storage technologies, have at
tracted a lot of attention owing to their simple structure, fast speed, 
and low power consumption [1–4]. The resistive switching (RS) be
haviour exhibits non-volatility under the application of an electric field  
[5]. Recently, the control of non-volatile magnetism by using an electric 
field during the RS process has been observed in many oxide films  
[5–8], and it provides a promising avenue for combining charge and 
spin manipulations to produce novel spintronic devices [9]. The sig
nificant potential applications of graphene-based spintronic devices are 
promising, owing to their weak spin-orbit coupling, long spin diffusion 
lengths and coherence times, and extraordinary carrier mobility  
[10–12]. Various magnetic properties were recently reported in gra
phitic compounds [13–16] with layered structures, such as graphite. 
Graphene oxide (GO) is a typical semiconductor, which can be modified 
with oxygen groups such as epoxy (C‒O‒C), carbonyl (C˭O), and hy
droxyl (‒OH), along the basal plane and edges [17–20]. This structure 
equips GO with excellent optical, thermal, and dielectric properties, 

and also facilitates the mass production of graphene through reduction  
[21–23]. Notably, magnetism has been predicted in GO, and many in
vestigations have suggested that the magnetic properties originate 
from oxygen groups [24–30]. Tang et al. [24] identified the magnetic 
properties of GO by controlling the oxidation degrees. Lee et al. [14,30] 
suggested that the unpaired spin in certain carbon atoms, induced by 
the surrounding epoxy groups, produced a magnetic moment. It was 
apparent that the number of oxygen groups played a fundamental role 
in the observed magnetism. Most importantly, the electrical properties 
of GO could be modulated by the RS behaviour [31–36]. It was reported 
that the formation of graphitic filaments (highly conductive paths 
connected by sp2 clusters), induced by the migration of oxygen anions 
upon the application of an external field, could be considered as an RS 
mechanism in GO films [37,38]. Sp2 graphitic nano-filaments with 
conical shapes were observed using in-situ transmission electron mi
croscopy (TEM) techniques [39]. As the movement of oxygen anions 
has an extremely important effect on the RS behaviour of GO films, the 
number of oxygen groups in GO is closely related to its magnetism. 
Therefore, it is plausible to manipulate, as well as improve, the mag
netism of GO films by controlling their RS effect under an applied 
electric field, which can make GO an excellent material for spintronic 
and non-volatile-memory-based bifunctional device applications. 

Graphene quantum dots (GQDs), being edge-functionalized na
nometre-sized graphene fragments [40–44], possess unique elec
tronic properties [44,45] owing to the quantum confinement and 
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edge effects [44,46,47]. They can enhance the local electric field to 
guide the growth directions of conductive filaments (CFs) to provide 
superior uniformity of RS properties [40,44,48]. But so far, there is no 
report related to the effect of GQDs on the resistive and magnetic 
switching behaviour of GO film. In this work, we prepared bifunc
tional GO-based RRAMs with enhanced RS behaviour and magnetic 
properties at low operating voltages by incorporating GQDs with 
8 wt% into the GO film. The GQDs not only contributed to excellent 
RS characteristics such as centralized SET and RESET voltages, large 
RS ratios, and superior reliability, but also helped connect magnetic 
moments between GO layers when the RS dielectric layer is in the 
high-resistance state (HRS), and thereby improved the global mag
netic behaviour at room temperature. 

2. Methods 

2.1. Materials 

GQD nanoparticles and GO suspension (2 mg/mL) were obtained 
from Nanjing XFNANO Materials Tech. Co., Ltd. The indium-tin oxide 
(ITO with the sheet resistance of 15  ±  2 Ω sq−1 and thickness of 
approximately 120 nm)-coated polyethylene terephthalate (PET) 
substrate was purchased from Liaoning Advanced Election 
Technology Co., Ltd. 

2.2. Fabrication of Ag/GQDs:GO/ITO device 

GQDs were added to a GO suspension through ultrasonic dis
persion in a water bath at 25 °C for 40 min. The weight ratio of GQDs 
in the suspension was 8%. The resultant mixture suspension was 
then spin-coated, at 300 rpm and 2000 rpm for 20 s and 60 s, re
spectively, on a commercial ITO-PET to obtain GQDs:GO hybrid films 
by annealing at 100 °C for 60 min in air. Ag with a thickness of ap
proximately 100 nm [49,50] was deposited as top electrode (TE) [51] 
on the surface of the hybrid film to form an Ag/GQDs:GO/ITO device 
using thermal evaporation with a shadow mask. For purposes of 

comparison, the Ag/GO/ITO sandwich structure without the GQDs 
was produced as a control memory using the same process. 

2.3. Characterization 

The morphology and structure of the samples were characterized 
through TEM (JEOLJEM2010), scanning electron microscopy (SEM, 
Hitachi S-4800) with energy-dispersive spectroscopy (EDS, EDAX 
E1506-C2B), Fourier transform infrared spectrometry (FT-IR, 8400 S 
Shimadzu), Raman spectroscopy (Yvon-Horiba T64000), thermo
gravimetric analysis (TGA, Mettler-Toledo) with heating from 25° to 
600 °C at 10 °C min−1, and X-ray diffraction (XRD, X′pert PRO MPD). 
The chemical states of the elements were analyzed using X-ray 
photoemission spectroscopy (XPS, PHI5000 Versa Probe) with a C1s 
peak of carbon contamination at 284.8 eV. The energy bands of GO 
and GQDs were determined with ultraviolet photoelectron spectro
scopy (UPS, Thermo ESCALAB 250XI) with a He I (21.22 V) radiation 
source and ultraviolet-visible absorption spectra (UV–Vis, TU-1901) 
in the wavelength range of 200–700 nm. The RS characteristics were 
measured at room temperature with a Keithley 2612 A source meter. 
The magnetic hysteresis (M-H) curves at room temperature were 
obtained using a magnetic-property measurement system (MPMS, 
Quantum Design, Inc.) with a magnetic field applied in the in-plane 
direction. 

3. Results and discussion 

The TEM image shown in Fig. 1(a) indicates that the as-received 
GQDs are monodispersed with a size of 4.23  ±  0.21 nm (inset of  
Fig. 1a). Fig. 1(b) displays the Raman spectrum of the GQDs: a dis
ordered (D) peak representing sp3 bonding defects and a crystalline 
(G) peak representing sp2 carbon [38] appear clearly at the centre of 
1373 cm−1 and 1608 cm−1, respectively. The value of the peak in
tensity ratio between D band and G band, ID/IG is 0.96, indicating 
that there are massive structural defects, mainly oxygen groups, in 
the GQDs [44,52,53]. This is further confirmed by the FT-IR spectrum 

Fig. 1. Characterization of the as-received GQDs. (a) TEM image. The inset shows the size distribution. (b) Raman spectrum. (c) FT-IR spectrum. (d) High-resolution C1s XPS 
spectrum. (e) High-resolution O1s XPS spectrum. (f) TGA profile. 
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shown in Fig. 1(c). The oxygen groups, including epoxide (C–O–C), 
carbonyl (C˭O), and hydroxyl (–OH) [44,52], exist in the GQDs. Only 
C1s and O1s signals were detected in the XPS analysis, without any 
other impurities in the GQDs (see Fig. S1 in the Supporting 
Information). The corresponding high-resolution C1s and O1s XPS 
spectra are shown in Fig. 1(d) and (e), respectively. The C1s spectrum 
can be subdivided into three peaks at approximately 284.4, 286.5, 
and 288.3 eV, attributed to the C–C (sp2), C–O (epoxide), and C˭O 
(carbonyl), respectively [54–56]. 

The relative percentage of oxygen is determined to be approxi
mately 31.2% by calculating the area of the fitting peak. The O1s 
spectrum indicates that oxygen mainly exists in the form of C–O 
(epoxide) and C˭O (carbonyl) with peaks located at 532.8 and 
531.5 eV [57], respectively. The thermal stability was determined by 
TGA for the GQDs, as shown in Fig. 1(f). A mass loss of approximately 
30.6% occurs at 120–280 °C caused by the decomposition of oxygen 
groups [52] in the GQDs, consistent with the above C1s spectrum. In 
addition, the 8.2% loss below 120 °C is due to adsorbed water, which 
is in agreement with a predominant OH peak shown in Fig. 1(c), and 
the continued weight loss above 280 °C can be mainly ascribed to the 
carbon burning [58]. This indicates that the oxygen groups in the 
GQDs do not decompose at the film preparation temperature 
of 100 °C. 

Fig. 2 compares the structures and morphologies of the GQDs:GO 
hybrid film and GO film. XRD patterns (Fig. 2a) reveal that, in ad
dition to a strong peak at 2θ = 11.2° for GO film [59], the GQDs:GO 
hybrid film has a peak at 26.5°, which can be well indexed to gra
phite (002) with the standard JCPDS card (89-7213) [42,60], con
firming the coexistence of GO and GQDs. This is further corroborated 
by the SEM analysis, as shown in Fig. 2(b). The top view SEM images 
show that GQD nanoparticles are homogeneously dispersed in the 
GQDs:GO hybrid film (Fig. 2b1) compared with the significant 
wrinkles of pure GO film (Fig. 2b3). Both films have the same uni
form thickness of approximately 80 nm from the cross-sectional 
SEM images shown in Fig. 2(b2) and (b4). Fig. 2(c) shows the SE
M–EDS spectra of the GQDs:GO hybrid film and GO film on ITO/PET 
substrate. Only C and O elements were detected in addition to In and 
Sn from the substrates, and those element percentages are listed in  
Table. S1 in the Supporting Information. 

The RS performance of the Ag/GQDs:GO/ITO and Ag/GO/ITO de
vices are expressed in Fig. 3. The schematic configuration of the Ag/ 
GQDs:GO/ITO device is depicted in the left inset of Fig. 3(a). All the 
negative and positive bias was applied on the Ag top electrode (TE) 
with the ITO bottom electrode (BE) grounded. The bias voltage was 
swept from zero → −Vmax → zero → +Vmax → zero with a com
pliance current (100 mA) to avoid the device being permanently 
broken down during the measurement. Fig. 3(a) displays the first 
current-voltage (I–V) curve of the as-fabricated Ag/GQDs:GO/ITO 
device. The device demonstrated forming-free bipolar RS behaviour, 

which is desirable for low-power-consumption devices [61,62]. The 
device is originally in the HRS, which is set to the low-resistance 
state (LRS) (termed as the SET process) when subjected to a negative 
bias voltage of approximately −0.43 V (SET voltage). It is subse
quently reset back to the HRS again (termed as the RESET process) 
under a positive bias voltage of around 0.43 V (RESET voltage). The 
SET and RESET voltages, denoted as VSET and VRESET, respectively, are 
about 65% lower than the corresponding values of −1.24 and 1.22 V of 
the Ag/GO/ITO device shown in the right inset in Fig. 3(a). The cor
responding I–V 3D plot of both the devices over 100 consecutive 
cycles are displayed in Fig. S3 in the Supporting Information. The 
histograms of the operating voltage distributions of both the Ag/ 
GQDs:GO/ITO and Ag/GO/ITO devices over 100 switching cycles are 
shown in Fig. 3(b). This shows that VSET and VRESET of the Ag/ 
GQDs:GO/ITO device, with the small variations of 0.06 and 0.04 V, 
have more centralized distributions than those of the Ag/GO/ITO 
device with large fluctuations, implying significantly improved 
uniformity of the operating voltages with GQDs. The deviation 
ranges shown in Fig. 3(c) for the Ag/GQDs:GO/ITO device, in both 
HRS (≈ 41 kΩ) and LRS (≈ 40 Ω) within 500 cycles are less obvious 
than those for the Ag/GO/ITO device, and the RS ratio (in the re
cognisable window) is greater than 103, which is about 20 times 
higher than the value of 51 for the latter device and other GO-based 
RS memories [54,63,64]. Moreover, the RS ratio is still more than 103 

for the Ag/GQDs:GO/ITO device after 28 days of placement at room 
temperature (see Fig. 3d). The above results show that the Ag/ 
GQDs:GO/ITO device exhibits centralized VSET and VRESET, high re
sistance ratio, and superior endurance and retention properties, 
which are suitable for practical device applications. 

To evaluate the reliability of the device, 36 memory cells were 
randomly selected and switched in the Ag/GQDs:GO/ITO device. The 
corresponding resistance values of each memory cell in the HRS and 
LRS are shown in Fig. 4(a) and (b), respectively. It was found that 32 
cells out of the 36 cells were functional, implying a high yield of up 
to 89% for the device, and the cell-to-cell variation was small. As 
shown in Fig. 4(c), well-defined bi-stable states were found in a 
vertical-bar array structure of the resistance values for each memory 
cell, and the RS ratio was stable at a value greater than 103. The 
operating voltages of 32 normal memory cells were counted, as 
shown in Fig. 4(d). The results show that both the VSET and VRESET 

dispersions are relatively centralized, only approximately 0.05 V, 
signifying a high reliability. 

To clarify the magnetic change of the GO-based film during the 
RS process, the M–H curves of the Ag/GQDs:GO/ITO and Ag/GO/ITO 
devices in the initial state (IS) were first measured at room tem
perature (see Fig. S4 in the Supporting Information), and then re
measured after switching to LRS and HRS. The signal from the ITO/ 
PET substrate (the bottom-right inset of Fig. S4 in the Supporting 
Information) has been subtracted using a method described in our 

Fig. 2. Characterization of GQDs:GO hybrid film and GO film. (a) XRD pattern. The inset shows a partial enlarged view. (b) Top view SEM images (b1 and b3) and cross-sectional 
SEM (b2 and b4). (c) SEM–EDS spectra. 
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previous work [5,65]. Fig. 5(a) displays the M–H curves of both the 
GQDs:GO hybrid and GO films in the HRS and LRS. Both films exhibit 
the magnetic switching behaviour and the saturation magnetization 
(Ms) in the HRS is greater than that in the LRS. For the GQDs:GO 
hybrid film, the Ms value is 4.18 × 10−3 emu cm−3 in the LRS, which 
increases significantly to 2.45 × 10−2 emu cm−3 when the film reset 
back to the HRS. The magnetic change ratio (MHRS/MLRS, defined as 
the Ms value ratio between the HRS and LRS) is 5.86, much larger 
than the value of 2.01 for the pure GO film with Ms value of 
5.52 × 10−3 emu cm−3 in the LRS and 1.11 × 10−2 emu cm−3 in the HRS. 
The M–H curve was measured again after the GQDs:GO hybrid film 
in the HRS were exposed to the atmosphere for 28 days, with the 
result shown in Fig. 5(a). The MHRS still reaches up to 2.34 × 10−2 

emu cm−3, preserving over 95% of the initial Ms in the HRS, implying 
excellent retention of magnetism. Most importantly, the magnetic 
property can be controlled reversibly during RS. The variations in the 
Ms value in the GQDs:GO hybrid film and GO film over three con
secutive RS cycles are shown in Fig. 5(b). There is no appreciable 
reduction in magnetism and MHRS/MLRS for GQDs:GO hybrid film, 
whereas GO film retained only 71% of the initial MHRS/MLRS ratio 
after the third cycle. The Ms value of the GQDs:GO hybrid film at HRS 
was maintained 2.2 times higher than that of the GO film. Mean
while the MHRS/MLRS of the former is still obviously 250% higher than 
the ratio of the latter in the three cycles. This indicates the excellent 
stability of magnetic modulation of the GQDs:GO hybrid film. 

Fig. 6(a) shows a typical I–V curve plotted on a log–log scale. In 
the HRS, the I-V curve with linear behavior (slope ~1.03) and 
quadratic (slope ~2.11) was observed at low bias. The current 

subsequently rises rapidly with a slope of ~9.95 at high bias, in
dicating that the conduction mechanism conformed to space- 
charge-limited conduction (SCLC) [35,66]. In the LRS, the linear re
lation (slope ~0.99) of the I–V curve throughout the entire voltage- 
sweep region confirmed the ohmic conduction behaviour, implying 
that high conductivity was a confined filamentary effect in the LRS  
[66]. The trap density (Nt) can be calculated by the following equa
tion [52,54,66], 

=N
V

eL
2

,t
0 TFL

2 (1) 

where ε0 (vacuum permittivity) and e (elementary charge) are con
stants, which are equal to 8.854 × 10–12 Fm−1 and 1.6 × 10–19, re
spectively; ε represents the relative dielectric constant; L is the 
thickness of the dielectric layer; and VTFL, the onset voltage of the 
trap filled limit, is 0.33 V in the HRS and close to 0 in the LRS, re
spectively, which are obtained from the plots of logI−log V shown in  
Fig. 6(a). By calculation, it is found that Nt is approximately 
4.508 × 1016 cm−3 in the HRS, which is reduced obviously to around 0 
in the LRS. It suggests that the trap densities (mainly oxygen groups 
of GO) can be eliminated significantly by setting the device into the 
LRS under an applied negative electric field, which is in agreement 
with the Raman spectrum results shown in Fig. 6(b). It can be seen 
that the D peak and G peak appear in both films near 1373 cm−1 and 
1608 cm−1 [38], respectively. The value of ID/IG is proportional to the 
number of oxygen groups in the film [54]. ID/IG = 0.74 in the LRS, 
which is smaller than the corresponding value of 1.04 in the HRS. 
This indicates that most of the oxygen groups are eliminated from 

Fig. 3. RS performances of Ag/GQDs:GO/ITO and Ag/GO/ITO devices. (a) I–V characteristics of Ag/GQDs:GO/ITO device. The arrows indicate the voltage sweeping directions. The 
left inset illustrates the schematic structure of the Ag/GQDs:GO/ITO device. The right inset illustrates the I–V characteristics of Ag/GO/ITO device. (b) Distribution of VSET and VRESET 

over 100 switching cycles. (c) Endurance and (d) retention performance of both of Ag/GQDs:GO/ITO and Ag/GO/ITO devices, HRS and LRS read at −0.02 V. 
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the GQDs:GO hybrid film, or the enhancement of the sp2 bond and 
the corresponding degradation of the sp3 hybrid bond in the LRS. 
Conversely, the sp2 clusters dominated in the LRS, whereas sp2 was 
suppressed with conversion into sp3 clusters in the HRS, which is in 
agreement with the results reported previously in the literature  
[38,67,68]. 

XPS was performed to obtain information on the change in 
chemical states in the HRS and LRS. The C1s core-level XPS spectra of 
the Ag/GQDs:GO/ITO device for HRS and LRS are displayed in  
Fig. 6(c). The C1s spectra in both states can be subdivided into three 

peaks by Gaussian fitting. The peaks attribute to the C–C (sp2), C–O 
(epoxide), and C˭O (carbonyl) at approximately 284.4, 286.5, and 
288.3 eV, respectively [54–56]. Based on the areas of the corre
sponding fitting peaks, as shown in Table 1, it is clearly seen that the 
relative percentage of the C–C bond increased sharply to 88.2% in the 
LRS from 51.5% in the HRS, accompanied by a significant reduction 
(from 41.1% in the HRS to 5.7% in the LRS) in C–O groups. In contrast, 
there was no obvious variation observed in the C˭O bonds between 
the two states. This means that oxygen groups (C–O rather than C˭O) 
were mainly reduced when the GQDs:GO film set to the LRS. This is 

Fig. 4. Colour resistance map of the 36 memory cells in the (a) HRS and (b) LRS. The unwritten cells are displayed in grey. The resistance values (at the right) are given by colour 
scale bar. The resistance distributions (at the bottom) are displayed in histograms for each memory cell in the HRS (red) and LRS (blue). (c) Resistance values of the HRS (red) and 
LRS (blue) plotted for each memory cell. The blank spaces denote the unwritten cells. The minimum value in the HRS and maximum value in the LRS are indicated on the right. (d) 
Distributions of VSET and VRESET of 32 normal memory cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 
article.) 

Fig. 5. Magnetism of GQDs:GO hybrid film and GO film at room temperature in the LRS and HRS. (a) M–H curves. (b) Reversible changes in the magnetic moment caused by RS 
behaviour. 
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further confirmed by the O1s XPS measurement shown in Fig. 6(d). A 
new characteristic peak representing oxygen vacancy (Vo) appeared 
at 530.6 eV [69] after switching to the LRS by the application of a 
negative bias. As shown in Table 1, the C–O bonds, rather than C˭O 
bonds, were mainly detached and large amounts (approximately 
84.0%) of Vo were generated when the device was triggered to the 
LRS. This is in agreement with the Raman spectroscopy and C1s XPS 
results displayed in Fig. 6(b) and (c). It has been reported experi
mentally and theoretically [30] that only carbon atoms in the regions 
surrounded by epoxy groups (C–O–C) were able to hold a magnetic 
moment. Therefore, we speculate that the electrical and magnetic 
changes of the device might be related to the number of epoxy 
groups in the GO-based film. 

Compared with the Ag/GO/ITO device without GQDs, high RS 
ratios and large magnetic modulation are demonstrated at low op
erating voltages in Ag/GQDs:GO/ITO resistive memories with the 
introduction of GQDs. It is deduced that the RS and magnetic 
modulation in the Ag/GQDs:GO/ITO device may be related to the 
charge transfer between GO and GQDs. Thus, the simplified energy- 
level structures of the Ag/GQDs:GO/ITO device were studied to fur
ther clarify the physical mechanism of RS and magnetism. According 
to previous reports [70,71], the work functions (WF) of the Ag and 
ITO electrodes are −4.26 and −4.8 eV, respectively. To obtain the 
energy-level structures of GO and GQDs, UPS spectrum and UV–Vis 
absorption spectrum tests were conducted. For the UPS measure
ments, a He laser at an accelerating energy of 21.22 eV was used. As 
displayed in Fig. 7(a), the value of the secondary electron cut-off 

(Ecut-off) of GO is 17.37 eV (the Fermi level EF is assumed to be 0 eV). 
According to the following equation [70], 

=W E E21.22 ( ),FF cut off (2) 

the WF of GO is 3.85 eV. Considering that the highest occupied 
molecular orbital (HOMO) level cut-off (EHOMO, cut-off) of GO is 
2.55 eV (inset of Fig. 7a), the HOMO level of GO is calculated as 
−6.40 eV. Fig. 7(b) shows the UPS spectrum of the GQDs. It can be 
seen that Ecut-off = 16.69 eV and EHOMO = 1.53 eV. Based on the above 
calculation method, the WF of the GQDs is 4.53 eV and the HOMO 
level is −6.06 eV. Fig. 7(c) and (d) show the UV–Vis absorption 
spectrum of GO and GQDs, from which the optical bandgap (Eg) is 
determined to be 3.12 and 2.69 eV, respectively, similar to previously 
reported value of ~3.3 [72]. and ~2.4 eV [73]. Therefore, the GO 
sample had a lowest unoccupied molecular orbital (LUMO) level of 
−3.28 eV, which is higher than the GQDs with a LUMO level of 
−3.37 eV. 

It was impossible to form Ag CFs because Ag could not be re
duced to Ag ions under a negative bias [54]. On the contrary, it was 
easy for the oxygen detached from the oxygen groups to capture 
electrons and become oxygen ions and migrate to the ITO BE from 
the GQDs:GO film under the application of a negative electric field. 
Based on the above results, the RS behaviours in the Ag/GQDs:GO/ 
ITO device could be ascribed to the reversible formation and rupture 
of CFs composed of sp2 clusters, similar to what was mentioned in 
the previous report [32,38], because of the migration of oxygen 
anions in GQDs:GO hybrid film under an electric field. The reversible 

Fig. 6. (a) Linear fitting of the I–V curve of Ag/GQDs:GO/ITO device, plotted on a log–log scale. (b) Raman spectra, (c) C1s XPS spectra, and (d) O1s XPS spectra of GQDs:GO hybrid 
film in the HRS and LRS. 

Table 1 
Oxygen groups in the GQDs:GO film.         

Resistance states C1s O1s 

C–C（sp2） C–O (epoxy) C˭O (carbonyl) C–O (epoxy) C˭O (carbonyl) Vo  

HRS (%)  51.5  41.1  7.4  88.5  11.5  0 
LRS (%)  88.2  5.7  7.1  6.3  9.7  84.0 
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migration of negatively charged oxygen anions leads to a change in 
the number of oxygen groups (mainly epoxy groups), resulting in 
strong and weak magnetic variations in the GQDs:GO hybrid film 
because C atoms in the region surrounded by epoxy groups hold a 
magnetic moment. 

The mechanism for the electrical manipulation of RS and mag
netism in GQDs:GO hybrid films is discussed in Fig. 8. A schematic 
diagram of the energy band of the Ag/GQDs:GO/ITO device under 
zero bias is shown in Fig. 8(a). The GO serves as the electron- 
blocking layer [74] owing to its wide energy gap (3.12 eV) compared 
with that of the GQDs (2.69 eV), and the difference between the 
energy levels of the GO and GQDs leads to the formation of potential 
wells as electron trapping and de-trapping centers [75]. A few epoxy 
groups are located uniformly in the GQDs:GO film, as illustrated in  
Fig. 8(d). Highly conductive sp2 regions were interrupted by low- 
conductivity sp3 domains, leading to high resistance in the IS. Only a 
small fractional amount of unpaired spin in the carbon atoms sur
rounded by epoxy groups (called carbon radicals) [76] from a cluster, 
such as region I in Fig. 8(g), was generated, resulting in the film 
showing weak magnetism at room temperature (Fig. S4 in the 
Supporting Information). 

When a negative voltage bias was applied to the Ag TE, the en
ergy band would bend [70], as displayed in Fig. 8(b). Many electrons 
from the Ag TE were injected into the dielectric layer. Simulta
neously, the oxygen from the epoxy groups could trap those injected 
electrons and become isolated oxygen anions (no bonding with 
carbon atoms) and migrate to the ITO BE, leading to high resistivity 
of the sp3 domains converted to sp2 carbon clusters. Here, GQDs 
with high effects of local electric fields [40,48] provided good che
mical linkage to connect the local sp2 clusters together, forming local 
high-conductivity filamentary tracks, thus switching the devices 
from the HRS to LRS without forming process, as displayed in  
Fig. 8(e). At that time, the GQDs:GO film displayed a lower mag
netism than that in the IS, as only a few sp3 domains of the epoxy 
groups were left, as illustrated in Fig. 8(h). Notably, it was the in
sertion of GQDs that, similar to shortening the distance between 
pure GO layers, reduced the dispersion of the random formation of 

sp2 CFs, which was responsible for the lower operating voltages and 
more stable RS (as shown in Fig. 3), compared with the Ag/GO/ITO 
device without GQDs. 

When a reverse voltage was applied, the trapped electrons were 
extracted from the trapping centres, and many more oxygen anions 
than those migrating to ITO moved into the GQDs:GO hybrid film 
from the ITO BE, owing to its high oxygen reservoirs [77] and strong 
oxygen adsorption of GQDs. This led to the continuous creation of 
many more low-conductive sp3 areas in the GQDs:GO hybrid film 
than in IS (see Fig. 8c). The highly conductive sp2 regions were in
terrupted again by sp3 domains, resulting in the rupture of the sp2 

CFs, transforming the device into HRS again, as shown in Fig. 8(f). 
With the increase and redistribution of the surrounding epoxy 
groups, more carbon radicals were formed in the GQDs:GO film. In 
other words, the unpaired spins in the carbon 2pz orbitals ortho
gonal to oxygen 2p are arranged in parallel, forming local magnetic 
moment, as observed in regions I, II and Ⅲ in Fig. 8(i), and finally 
producing magnetic behaviours [30]. Simultaneously it is speculated 
that the exchange coupling effect could happen between those ad
jacent local magnetic moments, especially in the GQDs, mediated by 
the oxygen 2p in the epoxy groups, producing magnetic ordering  
[78]. Thus, a strong global magnetic moment appeared in the films at 
room temperature, which was greater than that of the IS and LRS. 

4. Conclusions 

Large-magnitude magnetic modulation and low operating vol
tages were obtained in Ag/GQDs:GO/ITO resistive memories. The RS 
ratios and saturation magnetization (Ms) of GQDs memristor are 
demonstrated approximately 20 and 2.2 times higher than that of 
GQDs-free memristor, respectively. The electron orbital hybridiza
tion of carbon atom transition from sp2 to sp3 is induced by re
versible oxygen anions migrations, which create resistive and 
magnetic switching bifunctional effect. GQDs under the effect of a 
local electric field contributed to the development of sp2 filaments 
along the GQDs, thus reducing the dispersion of the random for
mation of CFs. Most importantly, GQDs contribute the same 

Fig. 7. UPS plot of (a) GO and (b) GQDs. The insets in (a) and (b) show the magnified views of the low-binding-energy region. UV–Vis absorption spectra of (c) GO and (d) GQDs. 
The insets in (c) and (d) show the Tauc plots. 
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magnetic ordering for the local separate magnetic moment, produ
cing global magnetic behaviour in the GQDs:GO hybrid film in the 
HRS at room temperature. Our research paves a way for GO-based 
bifunctional memristive devices with high resistive memories and 
large magnetic modulation, exploring the application in high-den
sity information storage. 
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