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a  b  s  t  r  a  c  t

A  Ni plasma-modified  graphene-based  glucose  sensor  is  prepared  on a  glassy  carbon  electrode.  The  Ni
plasma-modified  graphene,  which  has  structural  integrity  and  good  conductivity  after  the  plasma  treat-
ment,  shows  excellent  glucose  sensing  ability  as  confirmed  by electrochemical  assessment  of  the  GC-G-Ni
electrode.  The  GC-G-Ni  sensor  exhibits  a high  glucose  sensitivity  of 2213  �A  mM−1 cm−2, low  detection
vailable  online 25 May  2017
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limit  of  1 �M,  short  response  time  of less  than  1 s,  good  selectivity,  long-term  stability,  and  reproducibil-
ity.  The  fabrication  method  and strategy  are  promising  to large-scale  production  of  electrochemical
biosensors  based  on  transition  elements.

©  2017  Elsevier  B.V.  All  rights  reserved.
rapheme

. Introduction

Glucose sensing has received much attention due to its signif-
cance in the food industry, biotechnology, and clinical diagnosis
1]. Although traditional electrochemical glucose sensors based on
he glucose oxidase enzyme have good selectivity, sensitivity, and
ast response, clinical application of enzymatic sensors is hindered
y the intrinsic limitations of the enzyme [2,3]. In this respect, non-
nzymatic sensors have attracted research interests and transition
etals and their oxides (Au, Pt, Co, Cu, Ni, Co3O4, Cu2O, NiO, RuO2)

ave been used in electrochemical oxidation of glucose [4–11].
mong them, Ni and its oxide have been extensively investigated on
ccount of the low cost and good performance. Many Ni-based non-
nzymatic glucose sensors have been constructed by modifying the
ubstrates with nickel-based nanomaterials or nanocomposites, for
xample, nano nickel oxide [12], nickel oxide nanoflake arrays [13],
ickel-carbon nanotube hybrids [14,15], nickel-graphene hybrids
16,17], nickel hydroxide-nanodiamond [18], and nickel nanowires

19,20]. Compared to bulk electrodes, electrodes modified with
hese nanomaterials deliver better performance due to the large
urface area and rapid mass transport. However, practical applica-

∗ Corresponding authors.
E-mail addresses: dkjian@bjtu.edu.cn (K. Ding), paul.chu@cityu.edu.hk

P.K.  Chu).

ttp://dx.doi.org/10.1016/j.snb.2017.05.128
925-4005/© 2017 Elsevier B.V. All rights reserved.
tion of these nanomaterials-based sensors is still hampered by the
complicated fabrication process and inconvenience in large-scale
batch manufacturing.

Graphene produced by exfoliation from pyrolytic graphite is an
allotrope of carbon with a unique 2D nanostructure in which the
carbon atoms are covalently bonded in a sp2 network [21]. Owing to
the large specific surface area and excellent conductivity, graphene
has large potential in applications such as sensors, energy storage
materials, and electronic devices [21–24]. However, graphene is
mostly used in the form of reduced graphene oxide which conduc-
tivity is not as good as that of pristine graphene. Moreover, further
application of graphene is hindered by the high price and ineffi-
cient production [25]. In this work, pristine graphene synthesized
by a high-yield electrochemical expansion method [26] is used as
a substrate instead of reduced graphene oxide to improve the per-
formance and lower the preparation cost and complexity.

Plasma surface modification is a common approach to improve
the surface properties and performance of functional materi-
als and devices [27–32]. In this technique, metallic and gaseous
elements are implanted into or deposited into a variety of sub-
strates controllably. It is also a batch processing technique suitable
for large-scale production for the functional coatings and micro-

electronics industry [33]. Gaseous plasma treatment has been
conducted on graphene and graphene oxide to enhance the photo-
electric and catalytic properties [34–39]. Nevertheless, the effects
of metal plasma processing on nanomaterials such as graphene

dx.doi.org/10.1016/j.snb.2017.05.128
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.05.128&domain=pdf
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ave not been extensively studied. Moreover, since the plasma
reatment involves energetic ion bombardment, the conditions

ust be optimized to yield the pre-designed properties while not
roducing undesirable damage to the nanomaterials. In this work
escribed in this paper, nickel ion-plasma treatment is performed
n pristine graphene and the glucose sensing capability is evalu-
ted.

. Experimental details

.1.  Chemicals and reagents

The  graphene flakes were produced by electrochemical expan-
ion of graphite with lithium perchlorate in the propylene
arbonate electrolyte as described in the literature [26]. The chem-
cal reagents including sodium hydroxide (NaOH), d-(+)-Glucose,
-ascorbic acid (AA), uric acid (UA), dopamine, and l-lactic acid (LA)
ere purchased from International Laboratory (IL, USA) and used

s received.

.2. Ni plasma modification and preparation of the GC-G-Ni
lectrode

The  glassy carbon (GC) electrode (3 mm in diameter) was
olished with 0.05 �m alumina slurry, rinsed thoroughly with
eionized water, and dried with nitrogen gas. 5 mg  of graphene
ere dispersed in 2 mL  of ethanol and ultra-sonicated for 30 min

o obtain a homogeneous solution. 2 �L of the graphene disper-
ion were drop-cast on a glassy carbon electrode and dried with
itrogen. The graphene-GC electrode was used as a substrate in the
ubsequent nickel plasma treatment.

Ni plasma modification was conducted on the plasma immer-
ion ion implantation and deposition (PIII&D) system in the Plasma
aboratory of City University of Hong Kong (Fig. S1). A nickel rod
99.99%) was used as the cathodic arc plasma source. Both the
C and GC-G electrodes were put in the vacuum chamber which
as evacuated to a pressure of 5 × 10−3 Pa. Argon was bled into

he chamber at a flow rate of 30 sccm to a working pressure of
 × 10−1 Pa. The Ni plasma was generated by the pulse filtered cath-
de arc source and a bias voltage of 400 V was applied to the sample.
he plasma treatment time was for 0.5 h and the Ni fluence was
alculated by the following relationship:

(
ions⁄cm2

)
= k

Im · � · n

e · S · n0

, (1)

here  k is the calibration factor, Im is the average current (A), �
s the pulse duration (s), n is the pulse number, e is the electron
harge (1.602 × 10-19 Coulomb), S is the sample area (cm2), and n0
s average valence.

.3. Characterization

The GC-G and GC-G-Ni electrodes were characterized by field-
mission scanning electrode microscopy and energy-dispersive
-ray spectrometry (FE-SEM; JEOL JSM-7001F). Atomic force
icroscopy (AFM; Auto Probe CP, Park Scientific Instruments, USA)
as used to determine the surface morphology before and after
he plasma treatment. The Raman scattering spectra were acquired
sing a 514.5 nm argon laser (Horiba LabRAM) and X-ray photoelec-
ron spectroscopy (XPS; Physical Electronics PHI 5802) with Al K�

rradiation was  carried out to determine the chemical states.
ors B 251 (2017) 842–850 843

2.4. Electrochemical evaluation

Cyclic  voltammetry (CV) and amperometric measurements
were carried out in 0.1 mM NaOH on a CHI 570B electrochemi-
cal workstation (Shanghai, China). The three-electrode cell (80 mL)
comprised a modified glassy carbon electrode (GC) as the working
electrode, Ag/AgCl (saturated KCl) electrode as the reference elec-
trode, and platinum wire as the counter electrode. Electrochemical
impedance spectroscopy (EIS) was  conducted in an electrolyte con-
taining 0.1 mM  KCl and 50 mM [Fe(CN)6

4−/3−] in the frequency
range between 0.1 and 100,000 Hz with an amplitude of 5 mV.  All
the measurements were carried out at room temperature.

3.  Results and discussion

3.1.  Characterization

AFM and SEM are employed to observe the morphology of
graphene before and after the Ni plasma treatment. As shown in the
AFM images of graphene (Fig. 1a) and Ni plasma-treated graphene
(Fig. 1b), the surface becomes rougher after the plasma process
with the average roughness increasing from 0.465 nm to 1.78 nm.
The low-resolution SEM images in Fig. 1c and d reveal no obvi-
ous structural change on the plasma-treated graphene. However, as
shown by the inset high-resolution images, the Ni-plasma treated
graphene has a rougher surface than graphene with nano-scale
protrusions and ridge-like structures. EDS shows that the aver-
age Ni concentration of the plasma-treated graphene is 3.9% (no
Ni detected from the untreated graphene in Fig. S2a) and the EDS
elemental maps (Figs. S2b–g) show that Ni is evenly distributed
on the plasma-treated graphene. Raman scattering is performed
to determine the quality of graphene by monitoring the relative
intensity of the D peak (defects related) and G peak (E2g photon of
C sp2 atoms). As shown in Fig. 1(f), the pristine graphene shows an
ID/IG ratio of <0.2 indicating a small defect concentration. After the
low-energy Ni plasma treatment (400 V), the structure is preserved
showing little plasma-induced damage. In comparison, graphene
subjected to high-energy ion implantation shows a Raman spec-
trum with higher ID/IG ratio and damaged surface morphology (Fig.
S3a and b). Hence, the low-energy plasma treatment does not create
significant damage in graphene.

Fig. 2(a) shows the Nyquist plots of the bare GCE, GC-G electrode,
GC-G-Ni electrode, and GC-Ni electrode. The high frequencies are
related to the electron transfer limited process and the low fre-
quencies are associated with the diffusion process. An equivalent
circuit Rs(CPE1(RctCPE2)) is implemented to fit the EIS data and
determine the charge transfer resistance (Rct) as shown in Table S1.
After graphene introduction, the GC-G electrode shows a smaller
Rct (141.8 ± 6.8 ohm) than the bare GCE (554.3 ± 9.4 ohm) indicat-
ing an improved electron transfer rate of [Fe(CN)6]3−/4− [40]. After
the Ni plasma treatment, Rct of the GC-G-Ni electrode decreases
to 95.6 ± 2.0 ohm and that of the Rct GC-Ni electrode drops to
339.5 ± 7.7 ohm. Similar results have also been reported after mod-
ification with Ni nanoparticles [41] and NiO NPs [42] and the
decrease in Rct caused by Ni can be attributed to the good electron
transfer ability of the plasma-treated Ni.

CV is performed to activate the electrode until it reaches the
optimal performance and remains stable. As shown in Fig. 2(b), the
GC-G-Ni electrode is subjected to a voltage range of −1.0 to 1.5 V in
0.1 M NaOH at a scanning rate of 100 mV/s. After 200 cycles, the
cyclic voltammograms stabilize. The increasing baseline current

during CV arises from oxidation of metallic Ni to Ni(OH)2 in the
alkali medium. The anodic peaks at 0.51–0.54 V and cathodic peaks
at 0.38–0.42 V can be assigned to the redox couple of Ni(II)/Ni(III)
[43]. The increased peak currents during scanning indicate progres-
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ig. 1. AFM images of (a) graphene and (b) Ni plasma-treated graphene; SEM pi
agnified surface by SEM; (e) EDS scan of the Ni plasma-treated graphene; (f) Ram

ive enrichment of the accessible electroactive species Ni(II)/Ni(III)
n the graphene surface [44]. The surface chemical composition
nd states are determined by X-ray photoelectron spectroscopy
XPS). As shown in Fig. 2(c), the XPS survey scans of GC-G-Ni before
nd after activation show peaks corresponding to C, O, and Ni.

he relative intensity of the O1s peak and O Auger peak increases

mplying that oxidation takes place in the activation process. The
igh-resolution XPS spectra of Ni2p are shown in Fig. 2(d). After
 of (c) graphene and (d) Ni plasma-treated graphene with the inset showing the
ttering spectra of graphene and Ni plasma-treated graphene.

activation,  the intensity of the Ni 2p3/2 and 2p1/2 peaks decreases
and new Ni(OH)2 and NiOOH peaks appear indicating that Ni is
oxidized. The Ni 2p3/2 peaks before and after activation are decon-
voluted as shown in Fig. 2(e) and (f). Ni0 and the satellite peak
can be observed from GC-G-Ni and a small quantity of NiO is

detected because of oxidation in air. Despite the existence of NiO,
the deposited Ni is basically metallic. However, after CV activation,
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ig. 2. (a) EIS Nyquist plots acquired in the solution containing 10 mM [Fe(CN)6]3−

urvey scans and (d) High-resolution XPS spectra of the GC-G-Ni electrode before
efore and (f) after activation.

ost of the metallic Ni is oxidized to Ni(OH)2 and NiOOH. The CV
ctivation process can be expressed as follows [45]:
i + 2OH− − 2e− → Ni(OH)2, (2)

i(OH)2 + OH− → NiOOH + H2O + e−. (3)
 0.1 M KCl electrolyte; (b) CV plot during activation of GC-G-Ni electrode; (c) XPS
fter activation; High-resolution Ni 2p3/2 XPS spectra of the GC-G-Ni electrode (e)

3.2. Electrochemical characteristics of the GC-G-Ni electrode
To  study the CV propeties of GC-G-Ni electrode, a Ni-plasma
treated GC electrode (GC-Ni) is used for comparison. As shown in
Fig. 3(a), after addition of 1 mM glucose, the anodic peak current
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Fig. 3. (a) Cyclic voltammograms of the GC-Ni and GC-G-Ni electrodes at a scanning rate of 100 mV/s in 0.1 M NaOH; (b) Cyclic voltammograms of the GC-G-Ni electrode
at different scanning rates in 0.1 M NaOH with the inset showing the anodic and cathodic peak currents as a function of square root of the scanning rates; (c) Cyclic
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oltammograms of the GC-G-Ni electrode in 0.1 M NaOH with glucose concentratio
o  3 mM with a stepwise increment of 0.25 mM,  and from 3.0 mM to 7.0 mM with a 

lucose  concentration; (d) Schematic illustration of the fabrication process and det

f the GC-G-Ni electrode increases simultaneously with a slightly
ositive shift of the peak potential. The GC-Ni electrode is also CV-
ctivated prior to evaluating the CV response to 1 mM glucose.
fter addition of 1 mM glucose, the anodic current increases and

 smaller starting potential for glucose oxidation is observed from
C-G-Ni in comparison with GC-Ni. The current response of the
C-G-Ni electrode is 16.6 times larger (from 0.016 mA  to 0.266 mA)

han that of the GC-Ni electrode, suggesting glucose electrocatalysis
s enhanced by graphene. This stems from the excellent conductiv-
ty and large surface area of graphene subsequently providing more
nteractive sites for the Ni(II)/Ni(III) redox couple. The CV current
esponse in 1 mM glucose of the GC-G-Ni-HI electrode is also mon-
tored (0.064 mA)  and it is 76% smaller than that of the GC-G-Ni
lectrode.

The CV properties of the GC-G-Ni electrode at different scanning
ates in 1 M NaOH are investigated. As shown in Fig. 3(b), both the
edox and oxidation currents increase as the scanning rates are
ncreased from 25 mV/s to 300 mV/s. The peaks can be assigned
o the redox reaction of Ni3+/Ni2+ couple on the electrode surface
46] as follows:
nodicpeak : Ni(OH)2 + OH− → NiOOH + H2O + e− (4)

athodicpeak : NiOOH + H2O + e− → Ni(OH)2 + OH−. (5)
reased from 0.1 mM to 1.0 mM with a stepwise increment of 0.1 mM,  from 1.0 mM
ise increment of 0.5 mM.  The inset shows the anodic peak currents as a function of

 by the GC-G-Ni glucose sensor.

A linear dependence between the peak currents and the square
root of the scanning rates can be established for both the anodic and
cathodic peak currents signifying the diffusion-controlled electro-
chemical kinetics [47]. It obeys the Randles–Sevcik condition for
the diffusion-controlled electrode reaction [48–50]:

iP =
(

2.686 × 105
)

n3/2AD1/2C�1/2, (6)

where,  iP represents the peak current, n represents the number
of electrons involved, A represents the electrode area (cm2), D
represents the diffusion coefficient (cm2*s−1), C represents the con-
centration (mol/cm3), and � stands for the scanning rate (V/s). The
anodic peak potential shifts positively while the cathodic potential
shifts negatively with increasing scanning rates generating a larger
peak-to-peak potential separation.

Electrochemical oxidation of glucose is investigated in 0.1 M
NaOH at a scanning rate of 100 mV/s. As shown in Fig. 3(c), the
anodic current in the positive scan increases gradually with glu-
cose concentration. Oxidation of glucose is electrocatalyzed by the
NiOOH/Ni(OH)2 redox couple according to the following reaction
[13,51,52]:
NiOOH + glucose → Ni(OH)2 + glucolactone, (7)

In  the CV measurement of glucose with increasing concen-
tration, the increase of anodic current can be attributed to
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Fig. 4. (a) Amperometric current response of the GCE-G-Ni during addition of 1 �M, 5 �M,  25 �M,  100 �M,  and 500 �M glucose at an applied potential of 0.6 V; (b) Calibration
curve of the response current versus glucose concentration.

Table 1
Comparison of the results pertaining to glucose detection for non-enzymatic Ni-based electrodes.

Electrode Sensitivity (�A mM−1 cm−2) Linear range (�M) LOD (�M) Response time Reference

Ni-CNT 1384.1 5–2000 2 3 [13]
NA/NiONF-rGO/GCE 1100 2–600 0.77 5 [54]
NiONPs/GO/GC 1087 3.13–3050 1 Not mentioned [35]
Chitosan-rGO-NiNPs 318.4 up to 9000 4.1 Not mentioned [40]
Ni-rGO  813 1–110 1 <5 [15]
NiNPs/ATP/RGO 1414.4 1–710 0.37 2 [55]
Ni-SWCNTs  907 1–900 0.3 2 [58]
Ni  powder/CCE 0.04 0.5–5000 0.1 <1 [59]
Ni(OH)2/TiO2 192 30–14000 8 <1 [60]
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Nano  NiO 55.9 1–110
Ni-ITO  189.5 1–350
GCE-Graphene-Ni 2213 1–115

lectro-oxidation of glucose catalysed by Ni-graphene composite
nd subsequent oxidation of Ni(OH)2 to NiOOH. Electro-oxidation
f glucose also consumes NiOOH and decreases the cathodic
eak current [53]. Meanwhile, the anodic peak shifts positively
s the glucose concentration increases. This phenomenon can be
xplained by the nucleation of NiOOH and increased active sites for
he Ni(III) and Ni(II) species [54]. The peak shift has been ascribed
o adsorption of glucose and oxidized intermediates on active sites
f the Ni-based materials causing kinetics limitation in the corre-
ponding reactions [55,56]. As shown in the inset plot in Fig. 3(c),
he redox current shows a good linear relationship with glucose
oncentration in the range between 0.55 V and 0.65 V. The anodic
urrent varies linearly with the glucose concentration between
00 �M and 3 mM with a correlation coefficient of 0.9983.

3.3 Amperometric determination of glucose by the GC-G-Ni
lectrode

Amperometric determination of glucose is performed by
hronoamperometry. The amperometric response of the GC-G-Ni
lectrode to glucose is monitored at a potential of 0.6 V under con-
tant stirring. As shown in Fig. 4(a), the GC-G-Ni electrode shows

 sensitive and rapid response. A low detection limit of 1 �M at
 signal-to-noise (S/N) ratio of 3 is observed. The correspond-
ng calibration plot shows a linear relationship between 1 and
150 �M with a slope of 0.1571 �A �M−1 and correlation coeffi-
ient of 0.9952. The sensitivity of the GC-G-Ni sensor is calculated
o be 2213 �A mM−1 cm−2 by dividing the slope of the linear fitted

2
quation by the electrode surface area (0.071 cm ). As electrochem-
cal oxidation of glucose on the electrode is a surface catalytic
eaction [15,57–59], the Langmuir isothermal theory can be uti-
0.16 <5 [10]
0.5 Not mentioned [44]
0.1 1 This work

lized  to fit the calibration curve [57,60] and the concentration of
glucose on the sensor electrode (cglu−A) can be expressed as:

Cglu−A = KAcgluct
1 + KAcglu

, (8)

where  cglu is the glucose concentration in the electrolyte, ct is
the total molar concentration in the active sites on the GC-G-Ni
electrode being constant, and KA is the adsorption equilibrium
constant. The current response in electrochemical oxidation of glu-
cose should be proportional to the glucose concentration adsorbed
on the electrode (cglu−A) with a rate constant of K1 and i can be
expressed as:

i = K1cglu−A = K1KActcglu
1 + KAcglu

= KBcglu
1 + KAcglu

, (9)

According  to the fitted results (Fig. 4b), KB = 0.1672,
KA = 9.67*10−5, and i = 0.1672cglu/(1 + 9.67*10−5cglu) with a corre-
lation coefficient of 0.9998. When the glucose concentration is
low enough (i.e. cglu < 1mM), the equation can be approximated as
i = 0.1524cglu and the sensitivity is 2147 �A mM−1 cm−2, being in
good agreement with the sensitivity calculated by linear fitting
in the linear range. The sensitivity is higher than that observed
previously from Ni-based non-enzymatic glucose sensors and the
other characteristics are also favorable (Table 1). The high sensitiv-
ity and short response time arise from the excellent conductivity
of graphene which provides a low-resistance pathway, promotes

electron transfer, and reduces the response time [14]. Graphene is
a good catalyst support for oxidation of glucose for Ni-based glu-
cose sensors [17,61–63] and the excellent performance described
here stems from the large surface-area/volume ratio of uniform
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ig. 5. Interference assessment performed on the GCE-G-Ni electrode in 0.1 M NaO
AA),  0.1 mM uric acid (UA), 0.1 mM lactic acid (LA), and 1 mM glucose. The inset sho

 days.

i-graphene as well as synergistic effects rendered by Ni and
raphene [15,42,63].

.4.  Selectivity, reproducibility, and long-term stability of the
C-G-Ni  glucose sensor

Selectivity  is of great significance to glucose biosensors espe-
ially non-enzymatic sensors because other small molecules such
s ascorbic acid (AA) and uric acid (UA) can also be oxidized
ogether with glucose causing interference to elevate the detec-
ion limits. The blood glucose level in a normal human is between

 mM and 7 mM [64], but those of endogenous small molecules
re smaller, for example, 0.125 mM for AA, 0.33 mM for UA, [65]
nd less than 0.13 nM for dopamine. As shown in Fig. 5(a), 0.1 mM
opamine (DA), 0.1 mM ascorbic acid (AA), 0.1 mM uric acid (UA),
nd 0.1 mM lactic acid (LA) are successively added to monitor the
ffects of interference to 1 mM glucose. Large current responses are
btained after addition of glucose while the introduction of inter-
ering species such as UA and AA only produce small responses (∼5%
elative to 1 mM glucose) and the added LA and DA also don’t cause
ignificant responses. It should be noted that the relative amounts
f UA and AA in real blood are lower than those in our experi-
ent and so the practical impact is negligible. The results indicate

hat the GC-G-Ni electrode possesses sufficient selectivity in glu-
ose sensing in practice. The long-term stability is also important
o glucose sensing and the electrode after sitting in air for 7 days is
e-evaluated. As shown in Fig. 5(b), the current response is main-
ained signifying good long-term stability. The reproducibility is
lso investigated. Six consecutive amperometric measurements in

 �M glucose by a single GC-G-Ni electrode show a relative stan-
ard deviation (RSD) of 3.82%. A batch test with 4 independently
repared electrodes gives a relative standard deviation of 6.44% to
00 �M glucose from the amperometric measurements (Fig. S4).
ence, the GC-G-Ni glucose sensor possesses good selectivity, sta-
ility, and reproducibility.
.  Conclusion

Nickel plasma treatment is conducted to non-destructively
odify graphene to produce a nickel-graphene based glucose sen-
0.6 V with addition of 1 mM glucose, 0.1 mM dopamine (DA), 0.1 mM ascorbic acid
e amperiometric current response of the GCE-G-Ni electrode in 1 mM glucose after

sor. The GC-G-Ni sensor has good sensitivity, broad sensing range,
and good stability in glucose sensing. As a simple, cost-effective,
and scalable method, plasma modification is valuable to large-scale
manufacturing of electrochemical biosensors and devices.
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Figure S1. Schematic illustration of the PIII&D system. 

  



 

 

Figure S2. (a) EDS scan of the untreated graphene; (b)-(d) EDS maps of the untreated 

graphene; (e)-(g) EDS maps of the Ni plasma-treated graphene. 



 

 

Figure S3. (a) Raman scattering spectrum of graphene after high-energy Ni ion implantation 

(10 kV); (b) Surface morphology of the sample shown in (a); (c) Cyclic voltammograms of 

the GC-G-Ni-HI electrode at a scanning rate of 100 mV/s.  

 



 

 

Figure S4. Amperometric current response plots of 3 different GCE-G-Ni electrodes in 1 

batch after addition of glucose at an applied potential of 0.6 V.  The current response is 

calculated from 4 independently prepared electrodes. 

  



Table S1. Fitted EIS results of GC, GC-G, GC-Ni, GC-G-Ni based on the corresponding 

equivalent circuit models. 

 

 GC GC-G GC-Ni GC-G-Ni 

Rs (ohm*cm-2) 60.33±0.43 68.1±0.35 65.02±0.18 68.5±0.22 

Y1 (ohm-2*cm-2*S-n) (1.06±0.053)*10-6 (1.17±0.12)*10-4 (1.73±0.05)*10-4 (7.85±0.053)*10-5 

n1 0.9274±0.0053 0.6585±0.0123 0.6221±0.0041 0.7204±0.0086 

Rct (ohm*cm-2) 554.3±9.4 141.8±6.8 339.5±7.7 95.6±2.0 

Y2(ohm-2*cm-2*S-n) (3.78±0.138)*10-3 (3.25±0.047)*10-3 (4.28±0.098)*10-3 (5.56±0.050)*10-3 

n2 0.3069±0.0214 0.4115±0.0107 0.4393±0.0145 0.4428±0.0070 

χ2 4.991*10-4 2.582*10-4 8.696*10-5 1.131*10-4 
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