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Catalytic mechanism of graphene-nickel interface
dipole layer for binder free electrochemical sensor
applications
Chunfei Zhang1,2, Byong-June Lee1, Haiping Li3, Jitendra Samdani1, Tong-Hyun Kang1 & Jong-Sung Yu 1

The combination of graphene with metal nanoparticles can produce enhanced catalytic

properties because of synergistic effects, and has been used to develop highly active

catalysts for different applications. However, the mechanism of the synergistic effect

between graphene and metal is poorly understood. Here we demonstrate that graphene-

coated nickel foam shows a significant catalytic effect on electrodeless metal (gold, platinum,

silver, and copper) deposition without any external reducing agent. This is attributed to the

formation of an interface dipole layer, induced by the interaction between graphene and

nickel. The interface dipole layer catalytic mechanism accelerates metal reduction reaction

and explains the simultaneous formation of nickel hydroxide. The nickel hydroxide-wrapped

silver hybrid self-assembly developed on the graphene-coated nickel foam serves as an

efficient binder-free electrochemical sensor owing to its hierarchical structure.
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Graphene combined with metal nanoparticles or other
compounds is widely recognized to be a viable strategy to
assemble high activity catalysts and active composites for

energy conversion1–6. Properties such as high conductivity, trans-
parency, 2D morphology, and high stability in acidic and alkaline
solutions make graphene an excellent electron transfer medium on
the interface of graphene/active materials as catalysts7–9. Among
them, metal nanoparticle/graphene (MNP/G) composites have been
attracting more interest because of remarkably enhanced catalytic
property, which is usually ascribed to a synergistic effect from the
interface of graphene and active metal nanoparticles5,10–12.
The interface properties of graphene-adsorbed metals have been
studied by using first principle theories, which predict the existence
of graphene-metal chemical bond and interface diploe layer
(IDL)13–16. However, experimentally, there is still no answer to
what the synergistic effect comes from besides the high conductivity
of graphene as an apparent reason.

In general, reducing agents and electrodeposition methods
have been employed to in situ reduce metal ions (Mx+) such as
gold ion (Au3+), platinum ion (Pt4+), silver ion (Ag+), and copper
ion (Cu2+) to MNP on the graphene to form MNP/G compo-
sites17–19. Auto-deposition of MNP (Ag or Au) was also found to
occur on the graphene-coated copper substrate via the principle of
galvanic displacement reaction20–22. Following this principle, some
metal ions can be reduced by nickel via electrodeless deposition
under the condition that the reduction potential of the metals must
be higher than that of nickel (Ni2+/Ni,−0.257 V vs. SHE), which is
the necessary condition to trigger the displacement reactions.
Therefore, Cu2+ (Cu2+/Cu, 0.342 V vs. SHE), Ag+ (Ag+/Ag,
0.799 V vs. SHE), Pt4+ ([PtCl6]2−/[PtCl4]2−, 0.68 V vs. SHE;
[PtCl4]2−/Pt, 0.755 V vs. SHE) and Au3+ ([AuCl4]−/Au, 1.002 V
vs. SHE) can be reduced to Cu, Ag, Pt, and Au metals by nickel,
respectively23. However, no work has been done using a composite
of both Ni and graphene as a reactive scaffold.

Besides, it is reported that nickel hydroxide/M (Ni(OH)2/M)
hybrids have unique synergistic effect as catalysts for hydrogen
evolution reaction24–26. Therefore, the self-assembly of Ni(OH)2/
M on graphene-coated nickel foam (GNF) is a promising way to
develop advanced binder-free catalytic electrodes for various
applications. Loading active materials on nickel foam (NF) has
been extensively investigated to create a hierarchical-structured
electrode because of high conductivity and porous structure of the
NF27–31. Furthermore, Ni(OH)2 has been investigated as effective
material for glucose sensing but with a limitation of poor con-
ductivity32–34. Direct combination of active materials with the
conductive scaffold as a binder-free electrode is an effective
method to eliminate the resistance from binder35–38. To the best
of our knowledge, there is no report on using GNF as an auto-
catalytic reaction scaffold to in situ prepare binder-free electrode.

Here, we study metal (Au, Pt, Ag, and Cu) deposition on GNF
and NF to uncover the IDL catalytic mechanism, experimentally
confirming the interfacial interaction between graphene and
nickel. The IDL mechanism may lead to graphene/metal-based
catalyst design principles. The Ni(OH)2-wrapped Ag electrode
self-assembly, prepared using this deposition method shows
promise for glucose sensing. In this study, graphene is grown on
NF by chemical vapor deposition (CVD), and GNF composite is
then used for MNP (Au, Pt, Ag, and Cu) deposition. Unlike bare
NF, GNF can greatly speed up the electrodeless reduction of Mx+

ions on the surface of graphene. Furthermore, the MNP deposi-
tion and Ni(OH)2 nanosheet assembly simultaneously occur on
the GNF. The high catalytic effect of metal deposition on GNF is
ascribed to the formation of IDL induced by strong interactions
between graphene and nickel. The IDL catalytic mechanism
explains the catalytic function of GNF for the reduction of Mx+

and can be extrapolated to answer the above-mentioned syner-
getic effect on the interface of graphene and metal nanoparticles.
This discovery can facilitate the understanding of catalytic
mechanism of graphene-based materials applied to photo-
catalysis, oxygen reduction and other reductive conversions, and
be the useful reference for the design of highly active catalysts. In
particular, the Ni(OH)2-wrapped Ag hybrid generated on GNF
(Ag@Ni(OH)2-GNF) is used as a binder-free electrode for glucose
sensing. The Ag@Ni(OH)2-GNF electrode possesses desirable
structural properties including porous Ni(OH)2 shells for fast
molecule diffusion in the electrolyte, highly conductive silver
cores for current collection, and large surface area GNF scaffold
for combined function of active material loading and current
collection. These attributes render Ag@Ni(OH)2-GNF electrode
an excellent binder-free sensitive platform for chemical or bio-
logical species detection.

Results
Graphene-nickel interface-induced catalytic effect on electro-
deless metal deposition. The GNF is discovered to have remark-
able catalytic function on the metal replacement reaction (Ni-Mx+,
M: Au, Pt, Ag, and Cu). Figure 1 shows the optical photographs of
NF and GNF before and after electrodeless metal deposition on the
NF and GNF substrates in 0.09mM HAuCl4 (pH= 4.2), 0.09mM
H2PtCl6 (pH= 4.5), 0.9mM AgNO3 (pH= 5.3), and 0.9mM
CuSO4 (pH= 4.6) solution for 1 h, respectively. Mx+ is reduced to
metal nanoparticles on the surface of the NF or GNF. There is not
much color change for NF substrates, and the color of the NF
becomes gradually brighter from Au to Cu (sample B in Fig. 1a–d)
because of the gradually decreasing oxidizing ability from Au3+ to
Cu2+. The slight color change of the NF indicates the low
deposition rates of Au, Pt, Ag, and Cu on the bare NF. By
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Fig. 1 Optical photographs of NF and GNF before and after metal deposition in different electrolytes. a–d Comparison of NF and GNF before and after 1 h
deposition in a 0.09mM HAuCl4 (pH= 4.2), b 0.09mM H2PtCl6 (pH= 4.5), c 0.9 mM AgNO3 (pH= 5.3), and d 0.9mM CuSO4 (pH= 4.6), respectively
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comparison, however, the GNF substrate shows different reaction
phenomenon because of the intervention of graphene on the
nickel surface, with which the metal ions are reduced drastically by
the underlying nickel, and the color changes from initial gray to
black concomitantly (sample D in Fig. 1a–d) without any extra
reducing agent or electrochemical reducing conditions.

Figure 2 shows surface morphology of GNF and NF after metal
deposition in 0.09 mM HAuCl4 (pH= 4.2), 0.09 mM H2PtCl6
(pH= 4.5), 0.9 mM AgNO3 (pH= 5.3), and 0.9 mM CuSO4 (pH
= 4.6) for 1 h, respectively. Unexpectedly, a large amount of
Ni(OH)2 is generated simultaneously with Au, Pt, and Ag
deposition on GNF (Fig. 2a, b, e, f, i, j), while only a few metal
nanoparticles are observed on NF (Fig. 2c, d, g, h, k, l). TEM
images show that Au, Pt, and Ag are wrapped by Ni(OH)2 sheets
to generate MNP@Ni(OH)2 hierarchical structures (Supplemen-
tary Fig. 1), which is well confirmed by energy dispersive
spectroscope (EDS) (see Supplementary Figs. 2 and 3). Interest-
ingly, however, Ni(OH)2 sheets are not observed for Cu
deposition on both GNF and NF (Fig. 2m, n, o, p) and
Supplementary Fig. 4).

In order to clearly observe the surface morphology progression,
0.0125 mM HAuCl4 (pH= 5.0), 0.025 mM H2PtCl6 (pH= 4.7),
0.45 mM AgNO3 (pH= 5.5), and 0.6 mM CuSO4 (pH= 4.8)
solutions were prepared according to their decreasing oxidizing
ability and used to investigate metal deposition on GNF (see

Fig. 3). In the initial 1 h, GNF is covered by both metals (Au, Pt,
and Ag) and Ni(OH)2 sheets (Fig. 3a, d, g) which show
morphologies similar to that in Fig. 2a, e, i. Interestingly, 2 h
later, it was observed that Ni(OH)2 sheets fully disappear in the
cases of Au and Pt, and only Au and Pt nanoparticles are clearly
visible on the GNF (Fig. 3b, e), and continue to grow to form a
thicker layer after 4 h (Fig. 3c, f). However, Ni(OH)2 nanosheets
still largely remain on silver flakes (Fig. 3h, i). In case of copper,
only cubic box-like Cu nanoparticles grow individually on the
GNF (Fig. 3k, l), and Ni(OH)2 sheets are not observed during the
whole deposition process. The above phenomena indicate typical
catalytic effect of GNF on metal deposition.

Reaction mechanism. Graphene, a zero-gap semiconductor, is
reported to have strong electron communication with metal when
it is chemically adsorbed on the metal surface14. The interaction
between graphene and metal substrates has been theoretically
investigated39–41, which intrinsically originates from three kinds
of interaction: dispersive force (van der Waals interaction), Pauli
repulsion, and donation/back-donation bonding42. The charge
transfer between transition metal and graphene leads to the
change of work function of graphene, resulting in the Fermi level
of graphene shifting near the Dirac point up or down43. Julian
Gebhardt’s study also elucidates that graphene on Ni(111) can be
n-doped or p-doped depending on different interface distance13.
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Fig. 2 SEM images of different metals deposition on GNF and NF. a, e, i, andm images of Au, Pt, Ag, and Cu deposition on GNF in 0.09mM HAuCl4 (pH=
4.2), 0.09mM H2PtCl6 (pH= 4.5), 0.9 mM AgNO3 (pH= 5.3), and 0.9mM CuSO4 (pH= 4.6) for 1 h, respectively (b, f, j and n are corresponding high
resolution images). c, g, k, and o images of Au, Pt, Ag, and Cu deposition on NF in the same electrolytes above for 1 h, respectively (d, h, l, and p are
corresponding high resolution images). Scale bar is 5 µm for a, e, i, and m; 1 µm for b, f, j, k, and o; 0.5 µm for c and g; and 0.2 µm for d, h, l, n, and p
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In this experiment, strong charge interaction occurs on the
interface of graphene and nickel because graphene tightly adsorbs
on the nickel surface (CVD method). Figure 4a shows ultraviolet
photoelectron spectroscopy (UPS) plots of graphene foam (GF),
NF and GNF, from which the work functions of GF, NF, and
GNF are obtained in Fig. 4b44. It is observed that work function
of GNF is 0.57 eV lower than that of GF, indicating the electrons
in nickel move to graphene and the Fermi level in Dirac point of
graphene shifts up. In other words, graphene on nickel surface is
n-doped, which causes a Fermi energy difference ΔEF1. Moreover,
the work function of GNF is 0.35 eV lower than that of bare NF,
resulting in the generation of the ΔEF2 as shown in Fig. 4b, which
may be due to a small amount of NiO on NF or may have other
more complex reasons because chemisorption strongly perturbs
the electronic structure of graphene. Moreover, graphene is
chemically bonded with nickel surface through strong interaction,
where pz orbitals of graphene have hybridization with 3d orbitals
of nickel. Charge transfer between two atoms (metal and carbon)
results in the formation of a single dipole because of polarization,
and a large number of dipoles allow the formation of an IDL (also
called electric double layer) with an associated electrostatic
potential difference, ΔU13,14. The diploe layer in the interface
consists of electropositive nickel surface and electronegative
graphene surface (Fig. 4c).

X-ray photoelectron spectroscopy (XPS) on C 1s discloses that
graphene has strong electrical interaction with nickel atoms
(Fig. 5). It is noticed that C 1s peak of GNF slightly shifts to lower
energy (0.3 eV less than that of GF), which is probably due to the
innermost electronegative graphene layer. Moreover, graphene
is chemically bonded with nickel surface through Ni-C bond,
which corresponds to a typical peak at 283.2 eV in the C 1s XPS
spectrum of the GNF45,46.

From another point of view, the smaller work function of GNF
may indicate that the electrons in the dipole (graphene side) are
more active or have less constraint than those in bare NF, which
is confirmed by the superior catalytic effect of GNF on the metal
deposition. Surprisingly, Ni(OH)2 is also observed on GNF in the
Au, Pt, and Ag deposition reactions except for Cu, and it is no
doubt that the OH− comes from electrolytes. To figure out the
catalytic mechanism, the hydrolysis reactions for different
electrolytes and probable metal deposition reaction mechanism
on GNF are written as below.

Hydrolysis of AuCl4½ ��: AuCl4½ ��þH2O $ AuCl3 OHð Þ½ ��þCl� þHþ

ð1Þ

Hydrolysis of PtCl6½ �2�: PtCl6½ �2�þH2O $ PtCl5 OHð Þ½ �2�þCl� þHþ

ð2Þ

Hydrolysis of Agþ: AgþþH2O $ AgOHþHþ ð3Þ

Hydrolysis of Cu2þ: Cu2þþ2H2O $ Cu OHð Þ2þ2Hþ ð4Þ

YþNi Grapheneð Þ ! Mþ Ni OHð Þ2þGraphene ð5Þ

Ni OHð Þ2þ2Hþ $ Ni2þþ2H2O ð6Þ

In the reaction (5), Y represents [AuCl3(OH)]−, [PtCl5(OH)]2−,
AgOH, or Cu(OH)2.

In HAuCl4 and H2PtCl6 solution, it is difficult to form Au3+

and Pt4+ from [AuCl4]− and [PtCl6]2−, respectively because
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Fig. 3 Morphology changes of different metals deposited on GNF with variation of time. a–l SEM images of Au (a, b, c), Pt (d, e, f), Ag (g, h, i), and
Cu (j, k, l,) depositions on GNF in 0.0125mM HAuCl4 (pH= 5.0), 0.025mM H2PtCl6 (pH= 4.7), 0.45mM AgNO3 (pH= 5.5), and 0.6mM CuSO4

(pH= 4.8) for different time, respectively (scale bar, 1 µm)
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of their high coordination ability. Instead, in the diluted
HAuCl4 and H2PtCl6 solution with pH around 4.5 or higher,
[AuCl3(OH)]− and [PtCl5(OH)]2− complexes are easily gener-
ated because of hydrolysis (reactions (1) and (2))47,48. Ag+ and
Cu2+ have weak hydrolysis equilibriums to generate compounds
AgOH (Ksp (solubility product)= 2.0 × 10−8) and Cu(OH)2
(Ksp= 2.2 × 10−20), respectively as shown in reactions (3) and
(4). Y complex contains metal ion Mx+ and OH−, and Mx+ is fast
reduced to MNP by taking electrons from n-doped graphene
layer and OH− is simultaneously released, temporarily leading
to a high concentration of OH− near the MNP surface. Ni2+ ions
come out from gaps and holes among graphene domains and
react with OH−, resulting in simultaneous generation of Ni(OH)2
sheets outside the deposited MNP (as shown in reaction (5) and

Fig. 4d). Even though the degree of hydrolysis may be low, fast
catalytic reduction of Mx+ on the GNF increases the degree of
hydrolysis (hydrolysis equilibrium moves toward the right) to
produce more Y complexes. H+ is also concomitantly generated
during the above process (reactions (1–4)), which may cause
Ni(OH)2 to dissolve in the electrolyte (reaction (6)). However,
during the metal deposition, the acidity of electrolyte does
not change significantly, and thus does not lead to fast dissolution
of the large amount of aggregated Ni(OH)2 for Ag deposition
case. However, exceptionally, the formation of Ni(OH)2 is
difficult for Cu deposition because Cu2+ is very weak oxidizing
agent and fast generation of high concentration OH− is
impossible in low reaction rate.

As reduction agents, graphene and CNT can reduce some
metal ions such as Au3+, Pt4+, Pd2+, Ir3+ and so on44,49,50,
which indicates that n-doped graphene should be much stronger
reduction agent than bare graphene. Therefore, the n-doped
graphene present in GNF works as a highly efficient catalyst
for electron transfer in those reactions compared to bare NF.
Along with consumption of electrons in the n-doped graphene
layer (δ− side), the electrons provided by the oxidation of
underlying nickel move continuously from nickel to graphene
to keep charge balance or equilibrium in the IDL (Fig. 4c).
Figuratively speaking, the electrostatic potential difference (ΔU)
between the IDL can maintain electron transfer from nickel to
graphene, driving the redox reaction at a high rate.

The unique phenomena in Figs. 2 and 3 can be explained based
on the above catalytic mechanism. Figure 2 shows metal (Au, Pt,
Ag, and Cu) deposition on GNF and NF for 1 h. HAuCl4,
H2PtCl6, and AgNO3 are the stronger oxidizing agents than
CuSO4. Therefore, fast consumption of [AuCl3(OH)]− and
[PtCl5(OH)]2− complexes leads to high concentration of OH−

near the graphene surface and high concentration of Ni2+ near
the nickel surface, and then Ni2+ ions combine with OH− to
generate Ni(OH)2 sheets. In the case of Au and Pt, large amount
of Ni(OH)2 can be observed in the beginning (Fig. 2a, e, Fig. 3a,
d) in the acidic HAuCl4 and H2PtCl6 solution probably because
of high catalytic reaction rate. However, when the deposition
time becomes much longer (Fig. 3b, c, e, f), the Ni(OH)2 gradually
dissolves in the moderately high acidic solution as shown in
reaction (6). Interestingly, Ni(OH)2 nanosheets are still observed
on Ag plates even after 4 h, which is ascribed to the weakly acidic
AgNO3 solution (pH ~ 5.5), where Ni(OH)2 is difficult to dissolve
(Fig. 3i). Besides, the generated H+ may be not enough to change
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Fig. 5 The C 1s XPS spectra of GNF and GF. a The black and purple dashed
lines show the C 1s spectra of GNF and b GF have peaks at 284.4 and
284.7 eV, respectively. The red dashed line shows peak position of Ni-C
bond at 283.2 eV. The black line with a bubble labeled as “original curve”
represents the curve obtained from original XPS data (the black line is
obscured by the bubbles)
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functions of GF, NF, and GNF calculated from (a). c Single dipole and IDL
model. d IDL catalytic mechanism of GNF on the reduction of Mx+ and
simultaneous generation of Ni(OH)2. Blue circles in (a) show the places
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UPS spectrum. ΔU is electrostatic potential difference between the dipole
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COMMUNICATIONS CHEMISTRY | DOI: 10.1038/s42004-018-0088-x ARTICLE

COMMUNICATIONS CHEMISTRY |            (2018) 1:94 | DOI: 10.1038/s42004-018-0088-x | www.nature.com/commschem 5

www.nature.com/commschem
www.nature.com/commschem


the acidity of AgNO3 solution significantly (after 1 h reaction, the
pH of AgNO3 solution still maintains around 5).

The deposition of Cu is an exception. Ni(OH)2 is not observed
in both deposition conditions (Fig. 2m, n) and Fig. 3j–l). Cu2+

shows a very weak hydrolysis reaction rate and thus leads to low
concentration of Y group (Cu(OH)2) in the reaction (4).
Furthermore, the Cu(OH)2 has an extremely small solubility
product and thus fails to generate high concentration of OH−

near the GNF surface. In addition, Cu2+ is the weakest oxidizing
agent among those metal ions studied in this work, resulting in
the much slower reduction of Cu2+. Therefore, Ni(OH)2 does not
form because only a small amount of OH− can release from Cu
(OH)2. Eventually, the experimental phenomena in Figs. 2 and 3
are explained by the IDL catalytic mechanism.

Density functional theory calculations. DFT calculation was
employed to estimate the states of electron transfer on the
interface between nickel and graphene (detailed method can be
found in Supplementary Method). Calculation models are
designed according to graphene domains of different layers che-
mically adsorbed on NF. In order to guarantee a scientific
simulation, two models (Supplementary Fig. 5), where nickel
crystal surface (111) is covered by one-layer graphene (Model I)
or five-layer graphene (Model II) are considered, respectively. As
indicates in Model I of Fig. 6a, it is found that some regions (red
color) show increased electron density in the graphene layer,
indicting electrons transferred from nickel to graphene. Inter-
estingly, the electron transfer also largely happens in the first layer
in the Model II (Fig. 6b–f), and decreases quickly with the
increase of graphene layers and has almost no influence for the
fourth or much outer layer. The IDL model is visible and well
confirmed by the charge distribution on the interface (see Fig. 6g,
h). It is observed that the poor electron region and rich electron
region for both models are located on the nickel surface and the
nearby graphene surface, respectively. Therefore, the number of
graphene layers on nickel surface almost has no effect on the
formation of IDL. However, the electrons can move easily outside

irrespective of single-layer graphene or multilayer graphene. In
fact, the free-standing graphene foam (GF) is obtained after
nickel is removed by HCl, which contains graphene domains or
nanosheets. The number of graphene can be distinguished
quantitatively from full width at half-maximum (FWHM) of the
2D band and the intensity of G band because band structures of
graphene layers are closely related to the G and 2D bands51,52.
Raman spectra indicates that the GF consists of composites of
single-layer and multilayer graphene (Supplementary Fig. 6a
and b), and the multilayer graphene is found to be dominant
in GF as shown in XRD in Supplementary Fig. 7.

Structure characterization of Ag@Ni(OH)2-GNF monolith
electrode. The self-assembled Ni(OH)2-wrapped Ag is grown on
GNF by a simple treatment with silver nitrate solution, as sche-
matically depicted in Fig. 7a. Structurally, it’s believed that the
inner Ag conductive skeleton greatly benefits the collection of the
electrons generated from Ni(OH)2 shell. The obtained Ag@Ni
(OH)2 nanohybrids are shown in Fig. 7b. The individual irregular
Ag nanoplates stack together and are wrapped by porous Ni
(OH)2 nanosheets to form flower-like structure (Fig. 7c). The Ag
cores encapsulated by Ni(OH)2 nanosheets are clearly observed
from the TEM image in Fig. 7d. The mixture of Ag and Ni(OH)2
composite is confirmed by X-ray diffraction pattern (Supple-
mentary Fig. 7). All the diffraction peaks can be well indexed to
Ni(OH)2 and Ag (JCPDS No. 14-0117 and JCPDS No. 04-0783,
respectively) except for one weak peak at 26.5° which is ascribed
to a small amount of graphene peeled off from nickel foam during
high power sonication (Ag@Ni(OH)2 nanohybrids were sepa-
rated from nickel foam by sonication).

As shown in Supplementary Fig. 8, the calculated BET
(Brunauer–Emmett–Teller) surface area of Ag@Ni(OH)2-GNF
sample is determined to be 59.9 m2 g−1, which contains both
small mesopores (~ 4 nm) and larger mesopores (~ 15 nm),
contributing a pore volume of 0.28 cm3 g−1. Furthermore,
elemental analyses show that the hybrid structure consists of
Ag core and porous Ni(OH)2 shell (Supplementary Fig. 9). The
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Fig. 6 Density functional theory calculation of graphene-coated nickel foam. a–f Redistribution of the electron densities of single-layer graphene in the
Model I (a) and each graphene layer from the first to the fifth layer (b–f) in the Model II. g, h Redistribution of the electron densities in the cross section
(IDL formation) of Model I (g) and Model II (h). The differential charge density is defined as the difference in the electron density with and without the
nickel substrate. The red and blue regions are regions of increased and decreased electron density, respectively (the gradient ruler represents electron
density, e/Å3)
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Ag signal is consistent well with the inner dark region of the
composite (Supplementary Fig. 9a and b). The Ni and O signals
originating from Ni(OH)2 are distributed over the whole region
(Supplementary Fig. 9c and d). Moreover, the formation process
of hierarchical flower-like Ag@Ni(OH)2 hybrid and its optimal
deposition time are discussed in Supplementary Note 1 (Supple-
mentary Figs. 10 and 11).

Application of Ag@Ni(OH)2-GNF electrode in non-enzymatic
glucose sensing. Ni(OH)2 has been reported as active non-
enzymatic glucose sensor based on the following detection
mechanism53.

Ni OHð Þ2þOH� ! NiO OHð ÞþH2Oþ e� ð7Þ

NiO OHð Þþglucose ! Ni OHð Þ2þglucolactone ð8Þ

The cyclic voltammetric (CV) curve shows three anodic peaks
at 0.29 (A1), 0.35 (A2), and 0.52 V (A3) at a scan rate of 2 mV s−1

with absence of glucose in a 0.1 M NaOH solution (Fig. 8a). The
two smaller oxidation peaks A1 and A2 are assigned to the
formation of Ag(I)-oxygen containing species, and a strong broad
reduction peak located at 0.15 V (C2) is ascribed to the reduction
of Ag(I)-oxygen to Ag54. A pair of redox peaks C1 and A3 is
assigned to the Ni3+/Ni2+ redox couple (reaction (7))55. Glucose
can be oxidized to glucolactone by Ni3+ (reaction (8)), and a
corresponding increased anodic current is observed (Fig. 8b).

However, it is found there is very small current response for pure
GNF in the present and absent of glucose (insert in Fig. 8b).

With continuously increasing concentration of glucose, the
oxidation peak current densities also gradually increase (Supple-
mentary Fig. 12a) and are linearly proportional to the
concentration of glucose in the range of 0.05 mM to 0.225 mM
(Supplementary Fig. 12b). Reaction (7) shows the oxidation of
Ni(OH)2, which can be disassembled into two parts (one is
Ni(OH)2 →NiOOH+H++ e− within the solid phase, the other
H++OH− →H2O in the interface of electrode/electrolyte)53.
Slow movement of electrons and hindered diffusion of protons
will decrease the sensitivity and the reproducibility of sensors.
However, porous nanosheet structure of Ag@Ni(OH)2-GNF
hybrid can provide sufficient reactive interfaces between Ni
(OH)2 and electrolyte, and the coordinated inner silver
nanoplates are good electron conductors, which facilitate the
electron transfer from the Ni(OH)2 to GNF substrate, contribut-
ing to high current response and high sensitivity.

The measurement of amperometric response to concentrations of
glucose in 0.1M NaOH at a fixed potential of 0.55 V (optimal
potential in Supplementary Fig. 13 and more discussion in
Supplementary Note 2) was performed to evaluate the sensitivity
of Ag@Ni(OH)2-GNF (Fig. 8c). Almost 98% of the steady-state
current could be achieved within 3 s upon the addition of glucose,
revealing a rapid response of the sensor. A stable amperometric
response was observed when glucose of different concentrations was
successively added into 0.1M NaOH solution with a time interval
of 30 s. Moreover, significantly different amperometric current steps
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are observed as the glucose concentrations vary. The calibration
curve of Ag@Ni(OH)2-GNF electrode reveals excellent linear
relationship between the concentration of glucose and the
responding current signal at a wide range of glucose concentration
from 0.6 μM to 3.5mM (R2= 0.9989) (Supplementary Fig. 14).
Moreover, a very high sensitivity of 2180 μA cm−2 mM−1 and a low
detection limit of 0.3 µM (signal/noise= 3) are achieved, which
address excellent performance among the Ni(OH)2-based glucose
sensors (Supplementary Table 1). Compared with traditional glassy
carbon electrode-supported sensor, the as-prepared GNF-based
electrode has three-dimensional (3D) interpenetrating network,
which can hold a much higher loading amount of active materials
per unit electrode area, and thus is more convenient to be directly
used in practical large-area testing systems.

High selectivity is evaluated in the presence of the interfering
substances of ascorbic acid (AA), fructose, dopamine, and uric acid
(UA), whose concentrations are commonly 30 times lower than
that of glucose in human’s blood. The as-synthesized Ag@Ni(OH)2-
GNF still shows excellent selectivity for glucose compared to the
same concentration of AA, UA, fructose, and dopamine, and reveals
40, 6, 20, and 7 times higher in current density, respectively as
shown in Fig. 8d. In addition, the hybrid sensor shows good
repeatability with remarkable current increment after the addition
of 0.4mM glucose at existence of the interfering compounds. The
high selectivity and sensitivity of Ag@Ni(OH)2-GNF hybrid highly

benefit from the unique Ag@Ni(OH)2 core-shell structure which
has various mesopores, favoring fast mass diffusion on the solid-
liquid interface. Therefore, these excellent various qualities make
Ag@Ni(OH)2-GNF a significant structure for sensor or other
electrochemical and photochemical electrode applications.

Discussion
Graphene-nickel surface-induced catalytic effect on electrodeless
metal deposition and simultaneous formation of M@Ni(OH)2-
GNF were discovered and studied here. The catalytic effect ori-
ginates from the IDL structure on the interface of graphene
and nickel, which accelerates the electron transfer during the
reactions. The IDL catalytic mechanism is proved experimentally
and supports the metal deposition and concomitant formation of
Ni(OH)2 on the GNF surface. It is found that the binder-free
Ag@Ni(OH)2-GNF composite is easily assembled by this method
and has ideal structure for electrochemical reaction, and exhibits
good performance as a non-enzymatic glucose sensor in terms
of sensitivity, response time, and detection limit. The high elec-
trochemical activity is ascribed to synergistic co-existence of Ag
conductive core inside the porous Ni(OH)2 nanosheets. In addi-
tion, the catalytic mechanism of the IDL can be a good reference
to design new catalysts for other applications such as fuel cell,
photocatalysis, and electrochemical reductive conversion.

6
10

8

6

4

2

0

–2

–4

2 mV s–1

4 mV s–1

6 mV s–1

8 mV s–1

10 mV s–1

4

2

0

–2

–4

0
600 750 825 900 975 1050700 800

62.5 μμM

1 μM
4.5 μM

22.5 μM

62.5 μM

0.15 mM

0.45 mM

1.1 mM

2.3 mM

Time (s) Time (s)

900 1000

2

4

6

8 1.0

0.2 m
M

 G
lu

co
se

0.2 m
M

 A
sco

rb
ic acid

0.2 m
M

 F
ru

cto
se

0.2 m
M

 D
o

p
am

in
e

0.2 m
M

 U
ric acid

0.2 m
M

 G
lu

co
se

0.8

0.6

0.4

0.2

0.0

–0.1 0.0 0.1 0.2

C2

C1

A1
A2

A3

a

c

b

d

Potential (V)
0.3 0.4 0.5 0.6 –0.1

–0.1

–0.06

–0.03

0.00

0.03

0.06

0.09

0.12

0.0

0.0

600
0.00

0.05

0.10

0.15

0.20

0.25

650 700
Time (s)

750 800 850

Ag@Ni(OH)2-GNF

0.1

0.1

0.2

0.2

Potential (V)

Potential (V)

GNF

0.3

0.3

0.4

0.4

0.0 mM glucose

0.25 mM glucose

0.0 mM glucose

0.25 mM glucose

0.5

0.5

0.6

0.6

C
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2 )
C

u
rr

en
t 

d
en

si
ty

 (
m

A
/c

m
2 )

C
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2 )
C

u
rr

en
t 

d
en

si
ty

 (
m

A
/c

m
2 )

C
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2 )

C
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2 )

Fig. 8 Electrochemical performance of Ag@Ni(OH)2-GNF electrode for glucose sensing. a CV profiles of the Ag@Ni(OH)2-GNF at various scan rates (2, 4,
6, 8, and 10mV s−1) in 0.1 M NaOH electrolyte. b CV curves of Ag@Ni(OH)2-GNF and GNF (inset) in the absence and presence of 0.25mM glucose (scan
rate: 10 mV s−1). c Typical steady-state current-time response of the Ag@Ni(OH)2-GNF electrode to the successive injection of glucose into 0.1 M NaOH
electrolyte (inset is the magnified region from 600 to 820 s as depicted by the blue dashed square, and the successive additions of glucose are depicted by
the red arrows). d Amperometric response of the Ag@Ni(OH)2-GNF hybrid electrode to the stepwise addition of 0.2 mM glucose, ascorbic acid, fructose,
dopamine, and uric acid, followed by the addition of 0.4 mM glucose at a fixed potential of 0.55 V (The successive additions of different reagents are
depicted by the pink arrows). (Ag/AgCl electrode is used as a reference electrode in a and b)
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Methods
Materials. Chloroplatinic acid (H2PtCl6·6H2O), chloroauric acid (HAuCl4·3H2O,
99.9%), silver nitrate (AgNO3, 99.5%), copper sulfate (CuSO4, 97%), sodium
hydroxide, glucose, ascorbic acid (AA), fructose, dopamine, and uric acid (UA)
were procured from Sigma-Aldrich. The chemicals were used without any further
purification. Nickel foam (320 ± 20 g m−2 in areal density and 1.5 mm in thickness)
was purchased from Taiyuan Lizhiyuan Battery Material Co., China.

Synthesis of GNF. GNF was synthesized by a low pressure CVD method
according to our previous work with a little modification56. In detail, nickel foam
was washed with 1M HCl, acetone and water, respectively, for 15 min per each step
to remove organics and other contaminations, and then was placed in a quartz tube
of outer diameter 120 mm and inner diameter 115 mm. The nickel foam was then
heated to 1000 °C in a horizontal tube furnace under H2 gas (100 sccm) and
annealed for 30 min to remove thin surface oxide layer. Subsequently, a mixture gas
of methane (50 sccm) and hydrogen (30 sccm) with a total pressure of ~1.6 Torr is
introduced into the tube furnace. After 15 min, the methane gas is turned off, and
the samples rapidly cool to room temperature under hydrogen (30 sccm).

Metal electrodeless deposition on NF and GNF. The as-synthesized GNF was cut
into a rectangle shape with 5 mm × 20 mm and washed with ethanol for several
times before use. Metal (Au, Pt, Ag, and Cu) deposition on GNF and NF was
performed as follows. 40 ml 0.09 mM HAuCl4 (pH= 4.2), 0.09 mM H2PtCl6 (pH
= 4.5), 0.9 mM AgNO3 (pH= 5.3), and 0.9 mM CuSO4 (pH= 4.6) precursors were
prepared. Each solution was filled into four individual glass bottles, respectively
and kept in a dark place, and then a piece of GNF was immersed into each solution.
One hour later, the GNF samples were washed with ethanol and deionized water
for several times, and dried in an oven at 60 °C. As reference, the metal deposition
on bare NF (before experiment, NF was washed with acetone, and then annealed in
the H2 (100 sccm) at 1000 °C for 30 min to fully remove the impurities and nickel
oxide/hydroxide layer on the NF) was also done in the same conditions. Precursors
of 0.0125 mM HAuCl4 (pH= 5.0), 0.025 mM H2PtCl6 (pH= 4.7), 0.45 mM
AgNO3 (pH= 5.5), and 0.60 mM CuSO4 (pH= 4.8) were also prepared to study
the deposition mechanism. For preparation of sensor electrodes, 80 ml 0.45 mM
AgNO3 was used to get a thicker layer of Ag@Ni(OH)2 on the GNF.

Materials characterization. Morphologies were examined by scanning electron
microscopy (SEM: Hitachi S-4700) at an acceleration voltage of 10 kV, and
transmission electron microscopy (TEM; EM 912 Omega, Zeiss) operated at 120
kV. XRD patterns of materials were obtained by using a Rigaku Smartlab dif-
fractometer with Cu Kα radiation and a Ni-filter. The X-ray source was operated at
40 kV and 30 mA. High resolution (HR)-SEM images were obtained by using a
Hitachi S-5500 ultrahigh-resolution scanning electron microscope operated at 30
kV. Determination of the specific surface area was carried out by
Brunner–Emmett–Teller (BET) N2 adsorption–desorption analysis by using an
ASAP 2020 surface area and porosity analyzer. Ultraviolet photoelectron spec-
troscopy (UPS) of GF, NF, and GNF was characterized by a micro X-ray UV
photoelectron spectromicroscopy with photon source: monochromatic Al Kα
(1486.6 eV) for XPS and He (21.2 eV) for UPS. The work functions were calculated
according to the following equation:

W ¼ hν �Φ ð9Þ

In this formula, W is work function, hν is energy of photon source, and Ф is
energy width of UPS spectrum (Ф= Fermi edge− cutoff edge). The values of
Fermi edge and cutoff can be obtained by tangential method57.

Electrochemical measurements. Electrochemical measurements of Ag@Ni(OH)2-
GNF as a sensor for glucose detection were conducted in a three-electrode cell.
Glucose solution with different concentrations was prepared, and 0.1 M NaOH was
used as electrolyte for all experiments. The Ag@Ni(OH)2-GNF hybrid works as a
working electrode, a Ag/AgCl electrode as a reference electrode, and a carbon rod
as a counter electrode. Cycle voltammetry (CV) and linear sweep voltammetry
(LSV) measurements were carried out on an electrochemical analyzer (BioLogic
VMP3) at different scanning rates (2–10 mV s−1) within a voltage range −0.1–0.6
V (vs. Ag/AgCl). The amperometric response measurements were carried out at a
constant potential of 0.55 V in a supporting electrolyte of 0.1 M NaOH solution
with successive addition of glucose solution. In detail, the same electrochemical
workstation of three-electrode cell with a magnetic bar is used in the experiment.
After the background current of the system reached a stable value (a straight
horizontal line is observed) under slow and steady stir, glucose solution was added
to the cell using a micropipette with a regular interval of 30 s. Then, the resulting
current difference was recorded.

DFT calculations. The (111) surfaces of pure Ni has been built with a thickness of
six atomic layers. Then, one-layer and five-layer graphene have been laid on the top
of Ni surface with the lattice mismatch <1.3% and an interface distance of 0.3512
nm to have Model I and Model II, respectively (see Supplementary Fig. 5). The
vacuum space along the Z direction is set to be 25 Å, which is enough to avoid

interaction between the two neighboring images. The first-principles calculations in
the framework of density functional theory, including structural and electronic
performances, were carried out based on the Cambridge Sequential Total Energy
Package known as CASTEP58. The exchange-correlation functional under the
generalized gradient approximation (GGA)59 with norm-conserving pseudopo-
tentials and Perdew–Burke–Ernzerhof functional were adopted to describe the
electron–electron interaction60,61. An energy cutoff of 780 eV was used, and a k-
point sampling set of 12 × 12 × 1 was tested to be converged. A force tolerance of
0.01 eV Å−1, energy tolerance of 5.0 × 10−7 eV per atom and maximum displace-
ment of 5.0 × 10−4 Å were considered. Each atom in the storage model is allowed
to relax to the minimum in the enthalpy without any constraints. During geometry
optimization, the three Ni atomic layers in the bottom have been fixed and the top
three Ni atomic layers and graphene layers have been relaxed.

Data availability
The data that support the findings of this study is available from the corresponding
author upon reasonable request.
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