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Characterization of the bare self-organized 3D electrodes.

The texturing of the multilayer-graphene is explained through a diffusion of Ni atoms
into the Si substrate during the heating. This is clearly evidenced by the presence of
vibrational bands at low frequencies (Figure Sla), which was attributed to the formation of
silicon-rich nickel-silicides compounds.'? The sharpness of the Raman peaks suggests that
the silicides formed are well crystallized. Figure S1b shows the atomic concentration ratio
profile of Ni/Si extracted from the Auger electron spectroscopy depth profile measured in the
region where the diffusion of Ni atoms into Si substrate occurs. The depth profile is built up
by the measurement of the intensity of recorded peaks versus etching time. The first 1500s of
etching depicted in Figure S1b corresponds to the graphene top surface. At higher etching
time, the Ni/Si ratio increases to reach 1.5 from about 5000 s to 25000 s of etching, which is
consistent with the stoichiometry of the stable orthorhombic Ni;Si, phase. From thickness
measurements performed after etching, 25000 s corresponds to about 150 nm, consistent with

the initial thickness of the nickel film.
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Figure S1: (a) Raman spectra at low wavenumbers (excitation wavelength of 633 nm).
(b) Depth profile of the atomic concentration ratio between Ni and Si derived from

Auger spectroscopy.
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Figure S2: AFM images of self-organized 3D graphene electrodes. The roughness
deduced from Gwyddion analysis is about 57 nm.

vinVs' | i,inpA | icinpA | E,inVus E,inVvs EipinV s AE,inV
ECS ECS ECS
0.005 1.25 1.26 0.499 0.440 0.470 0.059
0.01 1.86 1.83 0.499 0.440 0.470 0.059
0.02 2.71 2.71 0.500 0.441 0.471 0.059
0.05 4.49 4.34 0.505 0.440 0.473 0.065
0.1 6.51 6.15 0.505 0.438 0.472 0.067
0.2 9.47 9.03 0.512 0.434 0.473 0.078
0.5 15.4 14.7 0.520 0.431 0.476 0.089
0.8 20.1 18.7 0.531 0.431 0.481 0.100
1.0 22.5 21.2 0.539 0.420 0.480 0.119

Table S1. Electrochemical characterization of bare 3D graphene by cyclic voltammetry
at different scan rates using 0.5 mM ferrocene dimethanol redox probe in 0.1 M NaClO4

aqueous solution.
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Nicholson Method for k° determination in diffusive system.

A quasi reversible electron transfer process results in a peak-to-peak separation (AE,)
that increases with the scan rate (v) and this effect allows one to calculate a heterogeneous

electron transfer rate (k°) using the commonly used Nicholson method” :

W=k (l‘;—z)“/z BT (eq. S1)

nnFDov

where 1 is the dimensionless kinetic parameter determined from AE,, o the electron transfer
coefficient, n the number of electrons transferred during the redox event, Do and Dy are
respectively the diffusion coefficient of the oxidized and reduced forms of the redox mediator,
F the Faraday constant, R the gas constant value and T the temperature. In the case of
ferrocene redox probe, Do and Dgr are assumed to be equal and that the reduction and the

oxidation kinetics are symmetrical, i.e., o = 0.5 so that eq. S1 can be simplified to

=k |- (eq. 52)

nnFDv

Y is calculated using an empirically determined workin function® for a given AE,:
g p y g g p

(—0.6288+0.0021nAEp)
(1-0.017nAEp)

14

(eq. S3)

where AE, is given in mV and limited to values below ca. 220mV.
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vinV/s | AE,inmV Y
0.05 65 4.689
0.1 67 3.512
0.2 78 1.426
0.5 89 0.861
0.8 100 0.598
1 119 0.370

Table S2. Empirically determined value of ) calculated from AE, value beyond S9mV

(quasi-reversible behavior).

4 - k° =3.5x10" cm s
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Figure S3. Variation of 1 with the scan rate using for k° determination from the slope of

1
the Y = f(v 2z) dependence.
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Electrochemical grafting of 4-ethynylaniline on self-organized 3D

graphene electrodes.
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Figure S4. Voltammogram of the in-situ generated 4-ethynylphenyl layer on graphene
electrodes at 0.1V/s in 0.1M HCIl 40 mM NaNO; and 2 mM 4-ethynylaniline. The
solution was degased with N, and the reaction was carried out at 4°C. In blue are shown

the first CV scan, than in red the two consecutive scans.
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Laviron analysis for Agy determination in diffusionless

electrochemical systems.

The electron transfer rate constant (kgr) was calculated with a classical Laviron analysis’,

ol __ ﬂ anFv
Epe = E anr (RTkET)' (Eq. S4)
_ por _ __RT (1-a)nFv
Epa=E (1—a)nFln( RTkgr ) (Eq. S5).

It consists in recording cyclic voltammograms at different scan rates (v) and plotting of the
relative peak potentials E®’ - E, versus In(v). £° is the formal potential and E,, is either the
cathodic or the anodic peak potential. We assumed that the electron transfer coefficient («)
value is 0.5. The electron transfer rate constant, kgr, can be derived from the analysis of the

linear part of the plot at the higher scan rates (see Figure S5),

kegr = ﬂexp (— —intercept) (Eq. S6).

RT slope

A kg7 of 0.4 s ! was determined.

ker=0.4s"

E°-E, IV vs SCE

Inv/Vst

Figure S5. Plot of E°’ - E,, versus In(v). Values at high scan rates (plain lines) are used

for kgt determination by Laviron’s analysis.
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Stability of the ferrocene modified 3D graphene electrode.
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Figure S6. Voltammograms at 0.1 V s in 0.1 M NaClO; of ferrocene modified 3D
graphene electrode. The electrode was kept between each measurement in 0.1M NaClO4

at ambient temperature.

Voltammograms shown in Figure S6 were used to draw Figure S7. The surface
coverage of ferrocene on the graphene modified electrode was electrochemically determined
by integration of oxidation and reduction peaks and plotted against time, after the click

reaction of Fc-Azide with the 4-ethynylphenyl moieties grafted on graphene.
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Figure S7. Electrochemically determined coverage of clicked ferrocene at modified
graphene electrodes over time in order to show the stability of the ferrocene

functionalized self-organized 3D Graphene.
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Figure S8. Scanning electron microscopy images of self-organized 3D graphene before
(a) and after (b) electrografting. No structural modification of the graphene induced by

the electrografting is evidenced by Raman spectroscopy (c).
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High energy resolution spectra of Fe2p peak.

To confirm the electrochemical grafting of the graphene-based substrate, further
analysis of high energy resolution Fe2p peak was performed (Figure S9) in order to check the
signature of ferrocene complex. Three contributions are considered to model the experimental
Fe2p spectrum. The first contribution takes into account the Cu LMM Auger transitions
which interfere with the Fe2p peak due to the presence of residual trace of catalyst which is
highlighted in the Figure 7 with the line-scan of the Cu2ps/; peak intensity. The shape of these
Auger transitions was modeled using a set of four peaks consisting of Gaussian-Lorentzian
product with a mixing ratio of 30%. The full width at half maximum height of each
components as well as the relative areas and positions between the peaks were determined
using the Cu LMM spectrum of a pure standard of copper. These parameters were then kept
fixed in order to fit the total area of the Cu LMM Auger transitions interfering with the Fe2p
peak without changing the shape of these transitions. The two other contributions take into
account the oxidation state Fe*” and Fe’" of the Fe moiety in the ferrocene molecule. In the
case of oxidation state Fe’ " the 2ps, and 2p;, peaks are broadened due to spin-orbit coupling
between the 2p3, and 2py; core holes and the unpaired 3d electrons which induces multiplet
components.® Moreover, in addition to multiplet structures, shake-up satellite structures
associated with 2ps;; and 2p,; appear due to the movement of an electron from 3d orbital to
the empty 4s orbital during ejection of the core 2p electron.” The typical energy resolution of
the spectrometer does not allow to see discrete peaks due to multiplet splitting effect which is
observed in the spectrum as the asymmetric broadening of the 2p peaks. These peaks were
then modeled using Gaussian-Lorentzian product functions associated with a tail composed of
a mix of a constant tail height and exponential tail height® whilst simple Gaussian-Lorentzian
product functions with a mixing ratio of 30% were used for the shake-up satellites. The same
line-shapes either from the principal peak or for the satellite peak were used for 2p;,, and 2ps,
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peaks with an area ratio of 0.5. For the oxidation state Fe*", the strong crystal field splitting in
the ferrocene force the Fe?' cation to have a low spin. For low spin Fe?', the 2ps, and 2p1p,
peaks show no multiplet and shake-up structures because all six 3d electrons are spin paired9
and these two peaks are consequently not broadened and symmetric compared to the Fe**

cation. These peaks were modeled with a Gaussian-Lorentzian product functions with a

mixing ratio of 30%.

The Figure S9a shows the Fe2p spectrum of the 2-azidoethyl ferrocene moiety physisorbed on
a silicon wafer. The experimental spectrum was fitted using Fe’" and Fe'* components with
line-shapes described above. Binding energies of Fe2ps, and Fe2p;,, doublet for Fe*': 707.9
eV and 720.8 eV and for Fe’™: 711.5 eV and 724 eV are consistent with literature findings.'"
'2 The Fe*" oxidation state is largely predominant with a Fe?"'Fe’" atomic ratio of 3.34. The
same spectrum was carried out on the graphene-based sample electrochemical grafted with
ferrocene derivative (Figure S9b). The functions used to model Fe*" and Fe’" components
were the same than for the reference spectrum on Fc-Azide and the experimental spectrum
was fitted taking into account also the contribution of Auger Cu transitions. The binding
energies of Fe2ps,, and Fe2p,, doublet found for Fe**: 707.8 eV and 720.7 eV and for Fe*':
711.3 eV and 723.9 eV are close to those found for the reference. The multiplet and shake-up
satellite structures are clearly visible for the F e component. Moreover, looking at the Fe2p;,,
doublet, it can be noticed that the energy separation and relative intensity of satellite to main
peak avoid the assignment to iron oxide’ which allows excluding a possible decomplexation
of the ferrocene moieties. As compared to the reference (Figure S9a), the Fe**/Fe®* atomic
ratio drops to 0.45. According to Zheng et al.,” switching of oxidation state can be the result
of the exposition of ferrocene molecules to X-rays but this irradiation tends to reduce Fe’* to
Fe*™. Moreover the proportion of Fe’* is weak for the Fc-Azide moieties physisorbed (Figure

S9a) which was analysis in the same condition. Following Zanoni et al.,'® another explanation
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of the increase of Fe’™ surface concentration at the expenses of Fe*" is an effect of
electrochemical ageing which can be found at increasing number of voltammetric cycles. In
particular the authors have shown that the oxidation state Fe’" was originated from the
substrate-assisted redox process where the overall +1 charge of the surface complex is

neutralized by the presence of surface O groups.
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Figure S9. High energy resolution spectra of Fe2p peak for: a) Fc-Azide moieties

physisorbed on a silicon wafer and b) Ferrocene functionalized 3D graphene. The

experimental spectrum (open circles) are fitted using components associated to Fe'" and

Fe’* oxidation states in the ferrocene complex and components corresponding to Cu

LMM Auger transitions for the graphene-based sample due to residual traces of Cu

catalyst.
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XPS inelastic electron background analysis of the in-depth

distribution of nitrogen

The analysis was performed using the ‘“analyse” QUASES software package
developed by Tougaard.'* Details of the formalism used for surface quantitative analysis from
the shape of recorded spectrum can be found in the literature.'”> The basic principle can be
briefly summarized as follow. Due to multiple inelastic scattering events, electrons lose
energy during their travel through the solid which means that the shape of the measured
spectrum on a wide energy range (~ 100 eV) is associated to a differential inelastic cross
section and strongly dependent to the in-depth distribution of the emitters. Tougaard showed
that the atomic spectrum F(E) can be extracted from the measured spectrum J(E) using the

following formalism:

F(E) = Pil{](E) — [dE'J(E) [*7 ds exp(i2ms(E — E")) ( - %)} (Eq. S7)

where

Z -z

P, = fooo dzf (z)exp (Ac_ose) and P(s) = fooo dzf (z)exp (MOS‘9 [1- fooo dr AK(T)exp(—isT])

With E the kinetic energy, K(T) the differential inelastic cross section, A the inelastic mean
free path, 0 the angle between surface normal and detector and f(z) the in-depth profile. Using
these equations, for a specific depth profile f(z), the shape and the intensity of F(E) can be
calculated from J(E). The corrected spectrum is then compared to F(E) for a reference sample
with homogeneous known distribution. The profile f(z) is then determined after several
iterations until the corrected spectrum matches the intrinsic spectrum of the reference sample.
The model chosen for the depth distribution of nitrogen is a buried layer for which we try to
estimate the thickness and the depth of burying. A value of 2.8 nm was chosen for A of an

electron coming from Nls level and travelling through a layer of ferrocene according to
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calculation using TPP2m equation.'® Universal cross section'’ with C=1643 ¢V* and B=3000

eV? was used for approximation of K(T) following the expression:

BT
(C+T?)?

AK(T) = (Eq. S8)

Finally, a CN film with homogenous nitrogen depth distribution prepared using pulsed laser

deposition was chosen as reference sample.
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