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A B S T R A C T   

In this study, a series of materials with electric double-layer capacitance (EDLC) and pseudocapacitance (PC) 
have been prepared by adjusting the functional groups and anchoring transition metal quantum dots (TMQDs) on 
the surface of reduced graphene oxide (rGO) by chemical bonds. The nano-sized TMQDs interlayered in rGOs can 
contribute a large portion of PC, meanwhile rGOs supply the EDLC to the hybrid supercapacitor. Electrochemical 
testing results demonstrated that the Fe/Co/Ni TMQDs anchored the rGO (Fe/Co/Ni-TMQD@rGO) exhibited the 
improved capacitive and rate performances. To elucidate the reaction kinetics of the electrodes, the capacitance 
contributions of diffusion-controlled processes (DCPs) and surface-controlled processes (SCPs) were separated by 
the theoretical calculation. It was found that the capacitance contributed by the DCPs is closely related with the 
number of the valence electrons of the iron group transition metal elements (ITMEs). The ITMEs with more 
valence electrons exhibited the higher DCPs contribution to the capacitance of the composite. Further, the 
quantum chemical calculation results suggested that OH– adsorption energy is deeply related to the contribution 
proportion of SCP to the total capacitance. The discovered mechanism supplies a guidance to the design and 
development of novel composite electrode materials for hybrid supercapacitors.   

1. Introduction 

Supercapacitors featuring the high power density and excellent rate 
performance have been attracting more and more attentions. According 
to energy storage mechanism, the electrode materials for super-
capacitors can be divided into three types: electric double layer capac-
itance (EDLC), pseudocapacitance (PC) and hybrid capacitance (HC) 
combining EDLC and PC [1]. Among these materials, HC materials are 
specially promising because they combine the advantages of EDLC with 
rapid charge and discharge capability and the PC with high specific 
capacitance [2,3]. Iron group transition metals elements (ITMEs) have 
similar outer electronic structure (3d6-84 s2) leading them easy to co-
ordinate with C, O or N atoms [4,5]. However, some of the valence 
electrons of ITMEs are less likely to participate in forming the coordi-
nation bonds, because the number of electrons occupying the 3d orbital 
of ITMEs is more than 5, which would lead ITMEs to compose the 
composites to exhibit the higher electrochemical activity [6,7]. 

Carbon materials generally have large specific surface area and 

tunable pores, and thus are widely used as EDLC materials [8]. Mean-
while some carbon materials with good conductivity are also used as the 
substrate for HC materials to load the pseudocapacitive materials by 
multiple intermolecular forces [9–13]. Due to the interaction of π-π bond 
and van der Waals force, graphenes often suffer from serious agglom-
eration and stacking, which severely blocks the diffusion of electrolyte 
ions between graphene layers and makes the electrochemical active sites 
in graphene difficult to be accessed when graphenes are used as the 
electrode materials [14]. Some techniques such as intercalation, 
template-assisting and extrusion of graphene have been used to prevent 
graphene sheets from agglomeration [15–17]. Ma et al. prepared a two- 
dimensional Ni-Co hydroxide nanosheets by the hydrothermal method 
and combined it with rGO to prepare the ultra-thin nanocomposites 
[18]. The mountain-like Ni/Co-OH/rGO electrodes exhibited a high 
specific capacitance of 1691F g− 1 at 0.5 A g− 1, with cycling stability 
(80% retention after 1000 cycles). The Ni/Co-OH nanosheets with the 
thickness of 1.37 nm were acted as intercalations of rGO to help the 
nanocomposite to achieve extraordinary EDLC and PC performance. 
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However, the electrode reaction kinetics about the diffusion-controlled 
processes (DCPs) and surface-controlled processes (SCPs) were not 
investigated and discussed. Zhang et al. prepared a nanocomposite of 
NiCo2O4@rGO by chemical reduction of graphene oxide (GO) onto the 
surface of NiCo2O4 substrates to enhance the conductivity of the nano-
composite [19]. The specific capacitance of the NiCo2O4@rGO reached 
3.6 F/cm2, and the capacity retention rate was 90% after 1000 cycles. 
Wang et al. prepared the nanocomposites of Fe3O4 with one-dimensional 
carbon nanotubes or two-dimensional rGO nanosheets by hydrothermal 
method. The specific capacitance of the Fe3O4/rGO reached 220.1 F/g 

and the capacity retention rate was 90% after 3000 cycles, which was 
much better than the Fe3O4/CNTs (119.5 F/g) [20]. The results sug-
gested that graphenes were an appropriate substrate material to improve 
the capacitive behaviors of metal compounds. However, the interactions 
between graphenes and metal compounds have not been investigated 
when they are used as EDLC and PC materials, respectively. Therefore, it 
is necessary to develop the model materials to deeply study the electrode 
reaction mechanisms by modern characterization methods. Here, a se-
ries of nanocomposites that the iron group transition metal quantum 
dots of Fe, Co and Ni intercalated rGO were prepared and used as model 

Scheme 1. Schematic diagram of the preparation process of the TMQD@rGO nanostructured composites.  

Fig. 1. TEM image of the transition metal quantum dots uniformly anchored to the surface of rGO and the statistical distribution of quantum dots size. (a)-(d) Fe- 
TMQD@rGO; (e)-(h) Co-TMQD@rGO; (i)-(l) Ni-TMQD@rGO. 
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electrodes. 
The theory study of supercapacitor electrode reaction kinetics with 

classical electrochemical methods is mainly focused on the relationship 
between electrode reaction rate, electrode potential and electrolyte 
concentration. Although researchers have studied the redox reaction 
processes and the effect of diffusion processes on the electrode reaction 
of HC materials [21–23], the reaction kinetics study of DCPs and SCPs 
for HC materials is still insufficient [24–28]. Notably, the reaction ki-
netics of HC materials mainly involves DCPs and the SCPs in essence 
[29,30], highlighting the importance of further researches in this area. 
In this study of the Fe/Co/Ni-TMQD@rGO composites, the contribution 
of DCPs and SCPs to capacitance were fitted and calculated to find out 
the interaction between the two processes, and the relationship between 
the number of valence electrons of ITMEs and the contribution ratio of 
pseudocapacitance in the model materials. 

To elucidate the reaction kinetics, homemade python program was 
applied to deal with the mathematical problems. The relationship be-
tween the SCP contribution and the number of valence electrons of 
ITMEs, and the correlation of the adsorption energy of OH– with the iron 
group transition metal composites and the SCP contribution were 
studied for the first time. Electrochemical tests and quantum chemistry 
calculations results proved that the constructed HC model electrode was 
helpful to understand and develop the supercapacitors with high 
performance. 

2. Materials and methods 

2.1. Materials preparation 

The polymer containing specific functional groups was introduced 
onto graphene surface, then a certain amount of transition metal pre-
cursor solution was mixed with the graphene solution, followed by 
adding the reducing agent into the mixed solution. During the reduction 
process, the TMQDs were anchored onto the surface of the rGO sheets by 
chemical bonds. After washing and drying, the final product of Fe/Co/ 
Ni-TMQD@rGO composites were obtained. 

In a typical procedure, rGO mixed solution was prepared by the 
following steps. Firstly, 10 mg of graphene oxide (GO, Shandong Ou Bo 
New Materials Co., LTD) were dissolved in 20 ml ultrapure water and 
stirred for 24 h. At the same time, 0.29 ml of 35 wt% Poly dimethyl 
diallyl ammonium chloride (PDDA), 50 mg of aminomethane (Tris) and 
24 mg of NaCl were dissolved in 20 ml of ultrapure water, and kept 
stirring for 24 h. Then, all the above solutions were mixed with 32 mg of 
ascorbic acid and stirred in a water bath at 90 ◦C for 10 h. The mixed 
solution was named as solution A. Then Fe/Co/Ni-TMQD@rGO were 
prepared by the following steps. Firstly, 0.1 mmol of transition metal 
nitrate hydrate (Fe(NO3)3⋅9H2O, Co(NO3)2⋅6H2O or Ni(NO3)2⋅6H2O) 
was dissolved in 10 ml ultrapure water. At the same time, 0.1 mmol of 
ethylene diamine tetraacetic acid (EDTA-H),160 μl of 35 wt% NH3⋅H2O 
were dissolved in 10 ml of ultrapure water. Then the as-prepared solu-
tions were mixed and stirred at 25 ◦C for 1 h, and the mixed solution was 
named as solution B. Solution A and B were cooled down to 0 ◦C and 
mixed with each other by vigorous stirring for 1 h and was named as 
solution C. Then 20 ml of 0.5 M NaBH4 solution was mixed with solution 

Fig. 2. Raman spectra of the (a) Fe-TMQD@rGO; (b) Co-TMQD@rGO; (c) Ni-TMQD@rGO; (d) rGO-control sample.  
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C, and kept stirring at 0 ◦C for 2 h. After the reduction reaction, the final 
solution was obtained and named as solution D, and Fe/Co/Ni- 
TMQD@rGO composites were collected after being washed by ultra-
pure water and dried at 80 ◦C in air atmosphere. The contrast electrodes 
were prepared by the same method except that there was no transition 
metal nitrate hydrate added in solution B and was named as rGO-control 
sample. 

2.2. Characterization of microstructures and physical properties 

The transition electronic microscopy (TEM) measurements were 
performed on a JEOL JEM 1200 TEM microscope with an acceleration 
voltage of 100 kV. The samples were dispersed in anhydrous ethanol and 
dropped onto a copper grid, then dried at room temperature. Raman 
spectroscopy measurements were performed with a JPK Nano Wizard 
Ultra Speed & Renishaw in Via Raman microscope system with a Leica 
50x objective lens and a laser excitation wavelength of 532 nm. The 
incident laser powers were carefully tuned to avoid sample damage or 
laser induced heating and the measurements were conducted with 
around 0.33 mW incident laser power. Raman spectra were collected 
with an acquisition time of 120 s. X-ray diffraction (XRD) patterns were 
obtained on a Bruker D8 Advance X-ray diffractometer with CuKα ra-
diation over the 2θ from 10◦ to 80◦ at the scanning rate of 10◦ min− 1. 
The FT-IR experiment was carried out on a Nicolet-6700 type FT-IR 

spectrometer (Thermo Fisher Scientific Ltd.) in a KBr pellet, scanning 
from 4000 to 400 cm− 1 at room temperature. Chemical state of sample 
surface was analyzed by X-ray photoelectron spectroscopy (XPS, 
Thermo Multi-Lab 2000 spectrometer). 

2.3. Electrochemical measurements 

Electrochemical measurements of samples were performed by using 
a VMP-300 electrochemical test station (Bio-logic Science Instruments) 
at room temperature. A three-electrode electrochemical cell containing 
3.0 M KOH aqueous solution was used. The Pt foil with surface area of 4 
cm2 and the saturated calomel electrode (0.2412 V VS SHE) were used as 
the counter and reference electrode, respectively. The working elec-
trodes were prepared by the following method. Firstly, 20 ml of solution 
D was washed, dried and re-dispersed in 20 ml of ultrapure water. Then, 
1.5 ml of the re-dispersed solution was mixed with 0.5 ml of anhydrous 
ethanol and 50 μl of 5 wt% nafion solution with vigorous stirring for 2 h. 
Finally, 50 μl of suspension was dropped onto the surface of a glassy 
carbon electrode with diameter of 4.0 mm. The loading amount of the 
Fe/Co/Ni-TMQD@rGO and the rGO-control were 2.16 mg, 1.82 mg, 
1.56 mg, and 4.96 mg, respectively. Electrochemical impedance (EIS) 
tests of samples were performed in a frequency range between 500 kHz 
and 100 mHz at an amplitude of 5 mV in a fully charged condition. EIS 
data were analyzed using Zview software (Scribner Associates, USA). 

Fig. 3. XRD, XPS, FT-IR spectra. (a)-(c) XRD patterns of Fe/Co/Ni-TMQD@rGO; (d)-(f) XPS spectra of Fe/Co/Ni-TMQD@rGO; (g)-(i) FT-IR spectra of Fe/Co/Ni- 
TMQD@rGO (red curves are the rGO-control sample). 
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Considering the potentials of the water electrolysis and the redox 
reactions of transition metals of the Fe/Co/Ni TMQDs, the cyclic vol-
tammetry (CV) tests potential ranges for Fe/Co/Ni-TMQD@rGO elec-
trodes were separately carried out in the potential range between − 0.2 V 
to − 1.0 V and 0.0 V to − 1.0 V and 0.0 V to − 1.2 V. Galvanostatic 
charge–discharge (GCD) tests were separately carried out in the poten-
tial range between − 0.4 V to − 0.8 V, − 0.2 V to − 0.6 V and − 0.2 V to 
− 0.6 V with the charge–discharge current density of 10 A g− 1, 20 A g− 1, 
50 A g− 1 and 100 A g− 1, respectively. Cycling stability tests were carried 
out in the potential range of − 0.4 V to − 0.8 V, − 0.2 V to − 0.6 V and 
− 0.2 V to − 0.6 V with a charge–discharge current density of 20 A g− 1. 
The evaluation on the contribution ratio of DCPs and the SCPs to 
supercapacitor was carried out by a homemade python program. The 
details for the python program are listed in the supporting information. 

All the density functional theory (DFT) calculations were performed 
with the Perdew–Burke–Ernzerhof (PBE) generalized gradient approxi-
mation and the projected augmented wave (PAW) method [31–34] 
using Vienna Ab initio Software Package (VASP 5.4.1). The cutoff en-
ergy for the plane-wave basis set was set to 450 eV. The ultrasoft pseudo- 
potential was employed to describe the interaction between valence 
electrons and the ionic core. Monkhorst-Pack special k-point meshes of 
2 × 2 × 1 were proposed to carry out geometry optimization and elec-
tronic structure calculation. During the geometry optimization, all 
atoms were allowed to relax without any constraints until the conver-
gence thresholds of maximum force and energy were smaller than 0.01 
eV/Å and 1.0 × 10− 5 eV/atom, respectively. A vacuum layer of 15 Å in 

thickness was introduced to avoid interactions between periodic images. 

3. Results and discussion 

3.1. Microstructures and physical properties of the materials 

As illustrated in Scheme 1, the wet chemical method was applied to 
prepare the Fe/Co/Ni-TMQD@rGO composites. The modified rGO and 
TMQD coordination compounds were selected as basal EDLC material 
and PC material, respectively. Oxidized graphene surfaces are rich in 
oxygen-containing functional groups, such as hydroxyl, carboxyl, epoxy, 
and ester groups, which are negatively charged in aqueous solutions. 
Poly dimethyl diallyl ammonium chloride (PDDA) molecules, which are 
strong cationic polyelectrolytes commonly used as anion-capturing 
agents, can be absorbed onto the surface of oxidized graphene and 
dissociate chloride ions, resulting in a positively charged modified gra-
phene. On the other hand, ethylene diamine tetraacetic acid (EDTA-H) is 
a widely used chelating agent that forms coordination complexes with 
transition metal cations. Due to the presence of uncoordinated oxygen 
atoms within the coordination complex, the complex exhibits negatively 
charged. Hence, rGOs modified with PDDA showed positive charges, 
while TMQDs modified with EDTA-H showed negative charges, result-
ing in the uniform anchoring of TMQDs onto the surface of rGO by 
electrostatic attraction. As shown in Fig. 1, TMQDs were homogeneously 
dispersed on the surface of rGO sheets, and the average size of the Fe, Co, 
and Ni quantum dots was about 2.6 nm, 2.26 nm, and 6.61 nm, 

Fig. 4. (a)-(c) CV curves of Fe/Co/Ni-TMQD@rGO electrodes, (d)-(f) Rate performance of Fe/Co/Ni-TMQD@rGO electrodes and the rGO-control electrodes, (g)-(i) 
GCD curves and the cyclic stability of Fe/Co/Ni-TMQD@rGO electrodes. 
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respectively. 
Raman spectroscopy (Fig. 2a and b) can be used to identify the 

chemical and physical properties of graphene. Peak G is the main 
characteristic peak of graphene caused by the in-plane vibration of SP2 

electron inside carbon atom, meanwhile peak D is generally considered 
as the vibration peak of disordered carbon atoms inside graphene. The 
intensity ratio of peak D to peak G (ID/IG) is generally used to quanti-
tatively reflect the defect density in graphene [35]. The Raman spectra 
showed that the ID/IG value of the Fe/Co/Ni-TMQD@rGO samples were 
0.6980, 0.7723, and 0.7704 respectively, which were lower than that of 
rGO-control sample (1.0525). Absorption of the TMQDs on the active 
sites (defect sites) decreased the defect concentration in graphene, 
leading to the decrease of ID/IG value. 

The smooth XRD pattern (Fig. 3a-c) indicated that all as-prepared 
composites were in an amorphous state, since TMQDs anchored on the 
surface of the rGO sheets were too small in size to be identified by XRD. 
As illustrated in the XPS spectra (Fig. 3d-f), the binding energy peaks at 
710.5 eV and 724.3 eV of Fe-TMQD@rGO corresponded to Fe 2p3/2 and 
Fe 2p1/2 respectively, indicating that Fe3+ existed in the composite. 
Furthermore, FT-IR spectra showed the peaks at 883.78 cm− 1 corre-
sponded to the Fe-O chemical bond, and the peak at 683.71 cm-1corre-
sponded to the Fe-N chemical bond, which proved that iron ions were 
bonded with oxygen and nitrogen in the composite. Similarly, the 
binding energy peaks displayed at 780.5 eV and 795.9 eV in the spectra 
of Co-TMQD@rGO corresponded to the Co 2p3/2 and Co 2p1/2 respec-
tively, suggesting the presence of Co3+and Co2+ in the composite. 
Additionally, the the peaks at 705.83 cm− 1 and 818.16 cm− 1 in the FT-IR 
spectrum corresponding to the Co-O and Co-N chemical bonds, inferred 
that the cobalt ions were bonded with oxygen and nitrogen in the 

composite. In the same way, the binding energy peaks exhibited at 
855.1 eV and 873.1 eV of Ni-TMQD@rGO corresponded to Ni 2p3/2 and 
Ni 2p1/2 respectively, proving the Ni3+and Ni2+ in the composite. 
Moreover, the FT-IR spectrum for Ni-TMQD@rGO exhibited the peaks at 
699.56 cm− 1 and 863.48 cm− 1, suggesting the Ni-O and Ni-N chemical 
bonds. 

Based on the results obtained from spectroscopic characterization, it 
can be concluded that the negatively charged EDTA- coordinated 
TMQDs were electrostatically anchored onto the surface of positively 
charged PDDA modified graphene sheets. Thus, the TMQD@rGO com-
posites are consistent with our design for the model electrode, and can 
be utilized for studying electrochemical reaction kinetics. 

3.2. Electrochemical performance 

The CV curves for Fe/Co/Ni-TMQD@rGO electrodes shown in 
Fig. 4a-c resemble a rectangular shape, with the redox peaks becoming 
more pronounced as the scanning speed is decreased. These CV curves 
suggest that the excellent conductivity of the graphene substrate bene-
fits the fast surface controlled redox reactions, leading to higher pseu-
docapacitance of TMQDs. The specific capacitances and rate 
performance of the Fe/Co/Ni-TMQD@rGO and rGO-control electrodes 
are shown in Fig. 4d-f and listed in Table S1. At the same current density, 
the specific capacitances of the Fe/Co/Ni-TMQD@rGO electrodes is 
significantly higher than that of the rGO-control electrodes. Neverthe-
less, the rGO-control electrode exhibited superior rate performance 
since the charge–discharge processes on the rGO-control electrode are 
the absorption and desorption of the electrolyte ions on the surfaces of 
rGO sheets, which are much faster than the redox reactions of TMQDs. 

Fig. 5. EIS and the corresponding equivalent circuits of the Fe/Co/Ni-TMQD@rGO electrodes, R1 represents the electric series resistance and R2 represents the 
resistance of graphene substrate (all red curves are the fit results of the corresponding samples). (a) Fe-TMQD@rGO; (b) Co-TMQD@rGO; (c) Ni-TMQD@rGO; (d) 
rGO-control electrode. 
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The galvanostatic charge discharge (GCD) curves and the cyclic stability 
tests showed that there was no obvious loss of specific capacitance at a 
current density of 20 A g− 1 after 1000 cycles (Fig. 4g-i). The impressive 
cyclic stability of the composite electrodes can be attributed to the 3D 
structure of TMQD@rGO composites, which enables the electrolyte to 
fully infiltrate between the graphene layers and provide excellent con-
ditions for the electrochemical oxidation–reduction reactions of TMQDs. 

In order to get the internal resistance of the Fe/Co/Ni-TMQD@rGO 
and rGO-control electrodes, EIS tests were carried out and the results 
are shown in Fig. 5. The fitting results according to the equivalent cir-
cuits are summarized in Table S2. In the equivalent circuits, R1 denotes 
the electric series resistance of the electrodes, which is associated with 
the wire resistance, electrolyte conductivity, and microstructure of the 
electrode materials. The model electrodes prepared in this work possess 
a 3D spatial structure where the electrolyte can penetrate between the 
graphene layers, so the Fe/Co/Ni-TMQD@rGO electrodes exhibited the 
smaller R1 values than the rGO-control electrode. Meanwhile, R2 

signifies the electrochemical reaction resistance of the as-prepared 
electrodes. The results showed that the R2 of the Fe/Co/Ni- 
TMQD@rGO electrodes is higher than that of the rGO-control elec-
trode. This is because the electrochemical oxidation–reduction reaction 
rates of the TMQDs anchored on the graphene sheets are substantially 
slower compared to the fast charge–discharge reaction rates of the 
graphene substrate. 

To further elucidate the relationship between the number of the 
valence electrons of the ITMEs and the DCPs/SCPs contributions to the 
capacitance of the model composites, electrochemical kinetics study 
based on the CV curves was carried out. The contributions of DCPs and 
SCPs to the total capacitance were calculated by the following equation 
(eqn. (1)), 

i(V) = k1v+ k2v1
2 (1)  

where i is the current, v is the scan rate, and k1 and k2 are the contrib-
uting parameters, k1v is the fraction of current determined by the SCPs 
and k2v1/2 is that determined by the DCPs. Before distinguishing DCPs 
and the SCPs of the CV curves, the over-potential on the CV curves 
should be removed with the flowing equation (eqn. (2)), which was 
proposed by Cao et. al [36], 

Ucalibrated = Uoriginal +RIoriginal (2)  

where Ucalibrated represents the calibrated voltage, Uoriginal represents the 
original (experimental) voltage, Ioriginal represents the original 

Fig. 6. (a)-(c) modified CV curves of the Fe/Co/Ni-TMQD@rGO electrodes; (d)-(f) SCP and DCP contributions at different scan rates; (g)-(i) CV curves displaying the 
DCP contribution (red areas) at the scan speed of 80 mV s− 1. 

Table 1 
Calculation results for OH– adsorption energy.   

Fe- 
TMQD@rGO 

Co- 
TMQD@rGO 

Ni- 
TMQD@rGO 

rGO- 
control 

OH– ads 
energy (J)  

− 5.0571  − 4.4837  − 3.9126  − 0.6312  
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(experimental) current. The modified CV curves are shown in Fig. 6a-c 
(corresponding to the Fig. 4a-c). According to the modified CV curves 
and eqn (1), with the assistance of the homemade python program, the 
proportions of the SCPs at different scan rates were calculated and 
summarized in Fig. 6d-f. It can be seen that the SCP contribution always 
played a dominant role (greater than 60%) in the charge storage process, 
and with increasing the scan rate the SCP contribution becomes more 
significant. Taking the scan rate of 80 mV s− 1 as an example (Fig. 6g-i), 
the SCPs contributed 93% (Fe-TMQD@rGO electrode), 92% (Co- 
TMQD@rGO electrode), 85% (Ni-TMQD@rGO electrode) of the total 
specific capacitance, respectively. As the scan rate increased, the 
increasing trend of the SCP contribution gradually slowed down, sug-
gesting that at high scanning rates, the diffusion process of the elec-
trochemical reaction in the active materials could reach its limit, and 
SCPs and DCPs would approach a dynamic equilibrium state. 

At the same scanning rates, the contributions to the total capacitance 
of the DCPs were ascending in the following order: Fe-TMQD@rGO, Co- 
TMQD@rGO and Ni-TMQD@rGO. It is seen that the greater the number 
of valence electrons, the higher the contribution proportion of DCPs to 
the total capacitance. When the Fe/Co/Ni-TMQD@rGO electrodes were 
tested under different scanning rate, it was found that the contribution 
of DCPs decreased with increasing the scanning rates, indicating the 
diffusion rates in the electrodes were not fast enough to meet electro-
chemical reaction rates. In contrast, the contribution of the SCPs suc-
cessively increased with raising the scanning rates, indicating that the 
SCPs were less affected by the fast changing of the electrode potential. 

3.3. Influences of OH– adsorption energy and electrostatic potential on the 
electrochemical reaction processes 

In order to elucidate the electrochemical reaction mechanism asso-
ciated with the number of valence electrons, OH– adsorption energy and 
electronic potential distribution were evaluated for Fe/Co/Ni- 
TMQD@rGO electrodes by density functional theory (DFT). Fig. S1 
showed the molecular structure of the Fe/Co/Ni-TMQD@rGO compos-
ites. The simulation results were summarized in Table 1. The calculation 
results showed that Fe-TMQD@rGO has the highest OH– adsorption 
energy, followed by Co-TMQD@rGO and Ni-TMQD@rGO, and rGO has 
the lowest adsorption energy, indicating that DCPs and SCPs were 
affected by the adsorption energy of OH– on the Fe/Co/Ni-TMQD@rGO 
composites. In other words, the more OH– ions adsorbed by the ITMEs, 
the higher the proportion of SCPs contributed to the total capacitance. 
Fig. 7 showed the simulation results of the electrostatic potential of the 
Fe/Co/Ni-TMQD@rGO composites. The low electrostatic potential areas 
in red are easily attacked by electrophilic reagents. The blue regions 
possess high electrostatic potential and are vulnerable to nucleophiles. 
The calculations results showed that, compared with the rGO-control 
structure, Fe/Co/Ni atoms were more likely to adsorb OH– ions, which 
facilitated the surface-controlled processes on the surfaces of the Fe/Co/ 
Ni-TMQD@rGO composites. 

4. Conclusions 

Fe/Co/Ni-TMQD@rGO composites have been successfully prepared 
by wet chemical method to construct a supercapacitor model electrode. 

Fig. 7. Simulation results of the electrostatic potential of the Fe/Co/Ni-TMQD@rGO composite materials. (a) Fe-TMQD@rGO; (b) Co-TMQD@rGO; (c) Ni- 
TMQD@rGO; (d) rGO-control sample. (The red zones have low electrostatic potential and are easily attacked by electrophilic reagents, the blue zones have high 
electrostatic potential and are easily attacked by nucleophilic reagents). 
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Electrochemical characterizations and quantum chemistry calculations 
were carried out to analyze the electrode reaction kinetic in the as- 
prepared model materials. The specific capacitance of the Fe/Co/Ni- 
TMQD@rGO composites is 384.8F g− 1, 294.5F g− 1, and 354.5F g− 1 at 
10.0 A g− 1 respectively, which is significantly increased compared to the 
contrast composite. The difference in specific capacitance of the com-
posites is mainly attributed to the PC contribution and the intercalating 
effect from TMQDs. Moreover, electrochemical kinetic studies demon-
strated that as the scanning speed increases, the SCPs and DCPs gradu-
ally approach a dynamic equilibrium state. Additionally, the DCP 
contributions of the Fe/Co/Ni-TMQD@rGO composites are closely 
correlated with the number of the valence electrons of ITMEs. The 
greater the number of valence electrons, the higher the contribution 
proportion of DCPs to the total capacitance. Further, the contribution 
proportion of SCPs to the total capacitance is significantly affected by 
the OH– adsorption energy of the Fe/Co/Ni-TMQD@rGO composites. 
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