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ABSTRACT: In this work, we show that multilayer graphene forms by methanol
decomposition at 280 °C on an electrochemically promoted nickel catalyst film
supported on a K-βAl2O3 solid electrolyte. In operando near ambient pressure
photoemission spectroscopy and electrochemical measurements have shown that
polarizing negatively the Ni electrode induces the electrochemical reduction and
migration of potassium to the nickel surface. This elemental potassium promotes the
catalytic decomposition of methanol into graphene and also stabilizes the graphene
formed via diffusion and direct K−C interaction. Experiments reveal that adsorbed
methoxy radicals are intermediate species in this process and that, once formed,
multilayer graphene remains stable after electrochemical oxidation and back migration of potassium to the solid electrolyte upon
positive polarization. The reversible diffusion of ca. 100 equivalent monolayers of potassium through the carbon layers and the
unprecedented low-temperature formation of graphene and other carbon forms are mechanistic pathways of high potential
impact for applications where mild synthesis and operation conditions are required.
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■ INTRODUCTION
In the past decade, graphene has been extensively studied due
to its outstanding carrier mobility, mechanical strength,
flexibility, or chemical properties.1−4 Graphene synthesis by
catalytic decomposition of carbon feed stocks on Cu or Ni
takes place at temperatures around 800−1000 °C,5 which
contrasts with the need of reducing the synthesis temperature
below 400 °C to integrate graphene as a part of the
complementary metal−oxide semiconductor (CMOS) tech-
nology.5 Similar constrains can be quoted for the use of
multilayer graphene electrodes in batteries or supercapacitors,
where low synthesis and operation temperatures would clearly
contribute to increase efficiency.4,6,7 To release these
constrains, the usage of alternative energy-assisted methods
(plasma, microwave, or light), the growth on other catalyst
surfaces, or the choice of different carbon feed stocks has been
proposed as possible solutions to this problem.8−10 For
example, the use of ethanol or methanol is deemed as suitable
alternatives because of their lower pyrolysis temperatures and
the capacity of OH radicals to etch amorphous carbon.
However, despite considerable efforts, the thermal catalytic
synthesis of graphene using oxygenated precursors still remains
around 850 °C.11

The phenomenon of the electrochemical promotion of
catalysis (EPOC), discovered by Stoukides and Vayenas in
1981,12 constitutes an efficient way to enhance gas phase
catalytic reaction rates. This phenomenon relies on the
electrochemical activation of a catalyst film in contact with a
solid electrolyte (e.g., Na+, K+, and O2− ionic conductors) that,
acting as a source of ions, modifies the surface state of the
catalyst electrode and induces a nonfaradaic enhancement of
gas phase catalytic activity and a decrease in reaction
temperature.13−16 Incidentally, some EPOC works have also
reported an increase in the carbon formation rate as a side
reaction during, for example, the steam reforming of CH4,

17

the CO2 hydrogenation,18 or during the methanol wet
reforming reaction, the two former using yttria-stabilized
zirconia (YSZ; i.e., O2− conductor) and the latter using β-
alumina (i.e., K+ conductor)19 as solid electrolytes. However,
the EPOC phenomenon has never been specifically applied for
materials synthesis, an aspect that constitutes the main purpose
of the present work aiming at synthesizing multilayer graphene
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at low temperatures and to unravel the basic mechanism
involved in this process. To this end, a Ni/K-βAl2O3/Ni solid
electrochemical cell based on nanocolumnar Ni film electrodes
has been prepared to promote a catalytic methanol
decomposition reaction. Results have shown that multilayer
graphene effectively forms at low temperature (280 °C) on the
Ni electrode acting as a cathode.
Although some insights on the mechanism of the EPOC

phenomenon have been obtained in studies using surface
science techniques,15,20−22 the atomistic understanding of the
involved processes is still rather elemental and, in most cases,
relies on empirical analysis of electrocatalytic results supported
with “ex situ” characterization of the catalysts.18−20,23,24 More
recently, the near ambient pressure XPS (NAP-XPS)
technique working “in operando” conditions has demonstrated
to be quite useful to understand the EPOC mechanisms and
interactions involved in various processes, for example, the role
of a Rh catalyst film deposited on yttria-stabilized zirconia
(YSZ) (i.e., O2− ionic conductor) in promoting an ethylene−
oxygen reaction24 or the interaction of potassium with the Ni
electrode in a Ni/KβAl2O3/Au electrocatalytic cell.25 Herein,
we have applied a similar operando approach to study the
EPOC decomposition of methanol and the formation
mechanism of graphene onto the surface of a similar Ni-
catalyst electrode cell. The obtained results have permitted the
formulation of an electrochemically promoted nonfaradaic
mechanism of carbon formation, in which reduction and
diffusion of potassium at the Ni-catalyst film and its
involvement in the progressive formation of graphene layers
are key features. Since the required operating conditions are
clearly milder than those involved in classical catalytic routes of
graphene formation,5,10 the modification of this EPOC
methodology might have a high impact in application fields
such as batteries or superconductors, where synthesis of carbon
electrodes and operation at low temperatures constitute bottle
necks of current technologies.6,7

■ RESULTS AND DISCUSSION
Multilayer graphene formation has been proven in a laboratory
reactor at atmospheric pressure at 280 °C. Then, the
deposition mechanism has been studied by NAP-XPS analysis
at reduced pressure conditions and the same temperature.
Postreaction Raman analysis has confirmed that similar
multilayer graphene formed under these two reaction
conditions and that, therefore, the reaction mechanism is
general and must be equivalent in the two cases.
EPOC Formation of Graphene in an Electrochemical

Cell Reactor at Ambient Pressure. The EPOC formation of
graphene was first studied in a double chamber electrochemical
cell reactor (probostat) using a Ni/K-βAl2O3/Ni solid
electrolyte cell that is described in the Methods section. A
characteristic of this cell is that the two Ni electrodes are
equivalent and have a similar thickness, composition, and
microstructure and were fed with the same reaction stream.
The scheme of Figure 1a shows that, when a potential of 2 V is
applied between the electrodes, potassium migrates toward the
cathode. As shown later, these potassium ions are electro-
chemically reduced at the Ni cathode film and become
involved in the formation of carbon via catalytic decomposition
of methanol. In fact, in the presence of methanol (163 mbar
partial pressure of methanol and Ar as carrier gas) at 280 °C
and 1 bar total pressure, a macroscopic black carbon deposit
could be observed with a naked eye on the cathode but not on

the anode side of the solid electrochemical cell (Figure 1b).
The amount of deposited carbon increased with the running
time of the experiment, thus suggesting that it is not a Faradic
process. This point will be analyzed in detail in the experiments
by NAP-XPS and electrochemical analysis that are discussed
below. The carbon deposited on the Ni cathodic film was
characterized by scanning electron microscopy (SEM) and
Raman spectroscopy analysis. These two techniques confirmed
that multilayer graphene had formed on the Ni cathode under
the used conditions. Thus, the SEM image in Figure 1c
evidences the formation of carbon platelets with a morphology
typical of multilayer graphene.26 Meanwhile, the fitted Raman
spectrum in Figure 1d shows two main peaks at 1349 and 1591
cm−1 attributed to the D and G modes of graphitic carbon,
respectively, the latter due to the C−C bond stretching in
graphene and the former due to defects in a graphitic sp2

structure.27A 2D mode at 2687 cm−1 supports the formation of
multilayered graphene (5−10 layers or less),27 while its little
intensity indicates a high concentration of defects.28 Another
small band at high frequency (2845 cm−1) can be associated
with the D + G mode. Overall, the spectrum is consistent with
a highly defective nanocrystalline graphene (stage 1, according
to Ferrari and Robertson29), with an average size of sp2

graphene around 4.2 nm as deduced from the relative intensity
of D and G bands. In addition, fitting analysis in the mild-
frequency range according to ref 29. reveals the existence of
broad and less intense bands (D2 and D3 located at 1493 and
1226 cm−1, respectively), which can be attributed to
amorphous carbon (D2) and C−C and C=C stretching
vibrations of polyene-like structures (D3).29,30 The relatively
high concentration of defects in this graphene deposit is
consistent with the low temperature used for its synthesis and
the fact that increasing the temperature gives rise to carbon
nanotubes (CNTs) and other forms of carbon. In fact,
although other reaction conditions were not fully explored with
this experimental setup, it is noteworthy that changes in the

Figure 1. (a) Scheme of the electrochemical cell used in the probostat
reactor to prove the EPOC decomposition of methanol. Applying a
DC voltage between the Ni electrodes produces the migration of
potassium ions from the solid electrolyte to the negatively biased
nickel thin film cathode. (b) Images taken by authors of the two sides
of an electrolyte pellet with Ni acting as the anode and cathode (i.e.,
Ni/K-βAl2O3/Ni configuration) after the electrocatalytic decom-
position of methanol at 280 °C; the side covered with a black coat
corresponds to the cathode. (c) Idem SEM image of the carbon
deposited onto the Ni electrode by EPOC decomposition of
methanol at 280 °C in the probostat setup. (d) Raman spectrum of
the same carbon layer.
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morphology and characteristics of the carbon deposited on the
Ni cathode occurred when modifying the reaction temperature.
For example, amorphous carbon or even carbon nanotubes
(e.g., CNTs decorated at their tip by Ni nanoparticles formed
at 420 °C; see Figure S1 in the Supporting Information) were
obtained at temperatures above 280 °C. These preliminary
results support the high versatility of the EPOC procedure for
the fabrication of different forms of carbon materials.
Monitoring of Graphene Formation by NAP-XPS.

Monitoring the carbon formation process via the EPOC
decomposition of methanol in operando conditions was done
at 280 °C in a NAP-XPS instrument using a Ni/K-βAl2O3/Au
electrochemical cell and low gas pressures (for more details,
see the Methods section). Before performing the methanol
decomposition experiments, the cell was operated at 280 °C
with 10−2 mbar water at +2 V Ni electrode polarization to
prepare a clean working electrode catalyst surface (this
treatment is known to remove any form of previously
deposited carbon species as well as any potassium that might
have migrated thermally25). Then, the atmosphere was
switched to 1 mbar methanol at 280 °C under the same
potential of +2 V, and the NAP-XPS spectrum in Figure 2a for

t = 0 min was recorded. This spectrum depicts intense peaks
due to nickel (Ni2p, Ni3p, and Ni Auger peaks), small O1s and
C1s features, and a negligible K2p signal, proving that the
treatment with water vapor at +2 V h renders a clean reference
Ni-catalyst surface that is free of carbon and potassium. Figure
2a also shows the spectra recorded at two successive times
when applying a polarization of −1.5 V to the nickel electrode
in the presence of 1 mbar methanol. The spectrum taken at t =
30 min reveals an increase in the C1s signal and a drastic
decrease of the Ni features, indicating that a thick carbon layer
has formed onto the nickel cathode. The evolution with time
of the Ni2p peak intensity ratio (denoted as INi/I°Ni) presented
in Figure 2b confirms that, in this experiment, nickel becomes

efficiently covered with carbon after a 20−30 min reaction.
Expanded O1s and C1s + K2p spectra in Figure 2c,d shows the
formation of a well-defined K2p signal that reaches a steady-
state intensity at t > 30 min (see the C/K evolution in Figure
2b). According to their binding energies (BEs), spectra can be
attributed to oxygenated carbon species (O1s at 531.35
eV31−33), graphitic-like carbon (C1s at 285.30 eV33−35), and
metallic potassium (K2p3/2 at 294.50 eV

36,37). The presence of
two narrow O1s and C1s signals at 536.15 and 289.50 eV,
respectively, are attributed to gas phase methanol (this was
confirmed in an experiment without a solid sample facing the
electron energy analyzer; see Figure S2). As discussed below,
the metallic character of potassium is critical for the formation
of graphene-like deposits. A quantitative evaluation of the
elemental composition derived from the C1s to K2p peak
intensities (cf. Figure 2b) yields a 7:1 (C/K) atomic ratio in
the steady state for negative polarization of the nickel
electrode. Moreover, the initial rapid increase of this C/K
ratio and the decrease of Ni peak intensity support the fact that
a given amount of potassium ions is electrochemically pumped
from the K-βAl2O3 electrolyte to the Ni surface (cf. Figure 1a)
and that, after reduction to metallic state, it diffuses and
becomes incorporated into the progressively grown carbon
layers. We propose reaction 1 to describe this potassium
reduction, likely at the three-phase boundaries (tpbs) between
the electrolyte, the nickel catalyst, and the gas.25

+ →+ −K e K(0)(alumina) (Ni) (1)

Interestingly, the rapid evolution of current flow measured
simultaneously during this experiment (i.e., current varied from
−0.6 mA to practically zero after a 0.5 min polarization; see
Figure S3) indicates that the potassium reduction at the tpbs
takes place sharply during the first seconds of negative
polarization. A rough estimation of the total charge flowing
through the cell in this initial period of negative polarization
gives a value of 1.64 10−2 C, which is equivalent to say that
approximately 100 equivalent monolayers of potassium migrate
from the solid electrolyte to the Ni-catalyst surface.
Since the C1s intensity continued growing for at least 100

min (cf. Figure 2d), the practically constant C/K ratio
measured for t > 30 min suggests that the initially pumped
and reduced potassium diffuses through the grown carbon
deposit, likely contributing to the decomposition of methanol
and promoting the continuous formation of carbon in a
nonfaradaic process (i.e., without any electrochemical ex-
change of charge). In the steady state, a homogeneous
distribution of potassium in the outmost carbon layers was
further confirmed comparing the intensities of K2p and K3p
peaks (the latter with a BE of 18.60 eV) recorded with photons
of 460 eV and the values of the C1s/K2p peak intensity ratios
obtained for two different photon energies of 460 and 1170 eV
(see the Supporting Information, Figures S4 and S5). It is also
remarkable that a steady-state C/K ratio of 7 (cf. Figure 2b)
approaches the ratios, between 6 and 8, found in former
studies of potassium and other alkaline metals intercalated into
graphite.36,38 It also suggests that the initially pumped and
reduced potassium atoms diffuse and redistribute within the
progressively formed carbon layers, in a similar way that
evaporated potassium does into graphite at ambient temper-
ature.36 Migration of alkaline metals through graphene has
been also reported and used to induce single-layer graphene
delamination from a single crystal metal substrate.39

Figure 2. (a) General photoemission spectra taken for the original
electrode (t = 0 min) and for the same electrode exposed to methanol
at 280 °C for 30 and 100 min while negatively biased at −1.5 V. (b)
Plot of the C/K ratio (left axis) determined from the intensity of the
C1s and K2p signals and evolution of Ni relative intensity expressed
as INi/I°Ni as a function of the exposure time to methanol (i.e.,
reaction time). (c) O1s zone spectra recorded for the electrocatalyst
exposed to methanol for 30 and 100 min. (d) Idem for the K2p and
C1s spectra.
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According to the plot in Figure 3a, the K/C ratio remained
invariant for long times under negative polarization but rapidly
decreased when changing the bias voltage to positive. This
means that the electrochemical reaction 1 is fully reversible
when switching the polarization of the nickel electrode to
positive, a process that must be attributed to the electro-
chemical oxidation (likely at the tpb) and back migration of
potassium ions to the K-βAl2O3 solid electrolyte. This
forward/backward migration of potassium occurred both in
the presence and the absence of methanol and was further
analyzed by cyclic voltammetry measurements carried out
during the EPOC operation in the same NAP-XPS cell. The I−
V voltammogram in Figure 3b confirms both the opposite sign
of the current flowing through the cell when changing the
polarization and the similar magnitude of electric charge
transferred during the negative (−34 mC) and positive (29
mC) polarizations in this cyclic voltammetry experiment.
These experimental evidence shed some light into the basic
mechanism of the EPOC process, leading to the formation of
graphene that can be schematized by the drawings in Figure 3c
and reactions 2−4 below.

+ → − + +CH OH Ni(K) C Ni(K) H O H3 2 2 (2)

− → −C Ni(K) C(K) Ni (3)

+ − → − − + +CH OH C(K) Ni C C(K) Ni H O H3 2 2
(4)

They describe the potassium-promoted catalytic formation of
carbon deposits through several successive steps. The first one
is the already mentioned migration and electrochemical
reduction of a given amount of potassium ions at the nickel
surface under negative polarization (reaction 1). These
potassium atoms adsorbed on the nickel surface activate the
catalytic decomposition of methanol and the formation of the
first graphene layers (reaction 2). Potassium atoms then diffuse
through the graphene (reaction 3), where they distribute

homogeneously in its outmost surface layers (i.e., in a C/K
ratio around 7) and continues promoting the catalytic
methanol decomposition (reaction 4).
In this scheme, potassium is essential to promote the

catalytic decomposition of methanol and the formation and
stabilization of carbon as multilayer graphene. The formation
of this form of carbon during the NAP-XPS experiment was
also confirmed by Raman analysis (see the Supporting
Information, Figure S6) and agrees with a previous work on
the EPOC wet reforming of methanol, showing that, besides
CO and H2 as main reaction products, a small amount of
carbon formed as a subproduct.23 The present results show
that reactions 2−4 prevail in the absence of water and lead to
the formation of thick carbon deposits.

Intermediate Species and Graphene Formation
Mechanism. Additional information about the graphene
formation mechanism was gained by analyzing the O1s and
C1s peaks recorded during the experiment. Figure 4 shows the
fitted O1s and C1s (plus K2p) spectra recorded in the
presence of methanol while sequentially biasing the electrode
at −2 and +2 V and then, after purging the methanol, at this
latter polarization. At −2 V (Figure 4a), the O1s spectrum
depicts a relatively narrow band at 535.9 eV attributed to gas
phase methanol (see Figure S2) and a high intensity band (IV)
at 531.3 eV tentatively attributed to adsorbed methoxy-like
species.31−33 A tail around 532.4 eV (band II) is likely due to a
more oxidized C1 species (e.g., deprotonated formaldehyde
and/or formic acid). At −2 V, fitting the C1s signal requires an
intense peak at 285.3 due to graphitic-like carbon35 and two
small bands at around 286.6−288.0 eV that can be attributed
to the methoxy-like species monitored at the O1s spectrum.33

An intense K2p signal attributed to metallic potassium36,37

complies with the aforementioned C/K = 7 intensity ratio.
Methoxy species are commonly claimed as intermediate
species in the catalytic decomposition and steam reforming
of methanol.40,41 In the absence of water, the NAP-XPS

Figure 3. (a) Evolution of the K/C ratio in a series of experiments under negative and positive bias polarization of the nickel electrode during the
EPOC decomposition of methanol. (b) Cyclic voltammogram recorded for the electrocatalytic cell once a relatively thick layer of carbon has been
formed during the experiments. A similar curve shape could be recorded many times in the presence of methanol in the gas phase. This
voltammogram confirms a high reversibility of the electrochemical processes induced in the cell, entailing the reduction/oxidation of potassium
(see main text). (c) Scheme describing the out forward and backward diffusion of potassium from the electrolyte up to the outer graphene layers
and its reduction/oxidation at the tpbs under negative and positive polarizations, respectively.
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detection of methoxy-like species (cf. Figure 4a) suggests a
methanol adsorption and dissociation mechanism according to
reaction 5 below and the scheme in the inset of Figure 4

+ − → [ ··· ··· ] −CH OH C(K) Ni CH O C(K) H Ni3 3
(5)

This scheme and reaction represent a separated covalent
adsorption of methoxy and hydrogen radicals onto the
potassium-activated carbon, an adsorption state that agrees
with literature results reporting the adsorption of methoxy
species on graphite42 and that of atomic hydrogen on
potassium-intercalated graphite.43,44 Although no direct
NAP-XPS evidence were obtained of other intermediate
species resulting from the decomposition of methoxy moieties,
we propose that carbon results from their decomposition when
mediated by potassium atoms that, interacting with the already
formed graphene, contribute to its stabilization through a
direct K−C interaction. Numerous theoretical and exper-
imental works have shown that, when alkaline atoms are
intercalated in graphite or interact with graphene, there is a
transfer of charge toward the carbon structure, modifying its
density of charge and stabilizing the system.38,45,46 Although
we cannot rule out the growth of graphene layers by methanol/
methoxy decomposition onto gas-accessible nickel electrode
sites (reaction 2), the simultaneous detection of methoxy
groups onto the outermost graphene layers together with
potassium interacting with the graphene supports that the

active sites of the EPOC process involve these potassium
atoms located in the outer layers of deposited carbon (cf.
scheme in Figure 4a).
NAP-XPS spectra recorded after changing the polarization

from −2 to +2 V (cf. Figure 4b) provided clear evidence of the
need of negative polarization to induce the formation of
graphene and therefore support a methanol decomposition
mechanism based on reactions 1−5. At +2 V, spectra consisted
of a O1s signal with three bands: band (I) at 535.10 eV due to
gaseous methanol (note that its apparent binding energy is
affected by the voltage applied to the electrode), band (II) at
533.60 eV assigned to highly oxidized C1 adsorbed species
(e.g., dehydrogenated formic acid or formaldehyde40), and
band (III) at 531.45 eV due to remaining traces of methoxy-
like species. Simultaneously, the K2p + C1s spectral regions
showed the complete disappearance of the K2p signal (reverse
reaction 1) and a narrowing of the C1s band from 1.90 eV
FWHM at −2 V to 1.24 eV at +2 V. The appearance of a small
broad contribution around 288 eV is likely due to the oxidized
carbon species in compliance with the O1s band analysis and/
or to a C1s plasmon feature. Following previous studies of
potassium evaporated on a single crystalline graphite,36 the
FWHM broadening in the presence of potassium is due to the
development of an intense electronic interaction between
elemental potassium and graphitic-like carbon.38,45,46 A similar
behavior regarding the removal of potassium, the formation of
oxidized carbon species, and the narrowing of the graphitic
peak can be deduced from Figure 4c after pumping out the
methanol at +2 V, while residual oxidized carbon species (II)
and (III) remained adsorbed onto the carbon surface. A rough
estimate from the C1s and O1s spectra in this figure of the
amount of oxygen present in this sample yields an O/C ratio of
0.016, indicating that, although some oxygen might remain in
the formed graphene, its concentration is relatively low.
Additional NAP-XPS experiments with water and oxygen at

280 °C at +2 V showed that the deposited carbon was rather
stable. No changes occurred at 280 °C in the presence of 0.5
mbar water vapor, although partial removal took place at 2
mbar. Complete carbon removal occurred with 1 mbar oxygen
(see the Supporting Information, Figure S7). These experi-
ments have also proven the metallic state of potassium during
the formation of graphene since, upon oxidation, the K2p peak
shifted to 293.55 eV (Figure S7), the typical BE of potassium
in cationic form.47

Carbon formed through reactions 1−5 during the NAP-XPS
experiments was ex situ characterized by Raman spectroscopy.
The recorded spectrum corresponding to a carbon layer
resulting from low-pressure methanol decomposition for 100
min in the synchrotron line was rather similar (see the
Supporting Information, Figure S6) to that formed in the
laboratory probostat electrochemical cell reactor at atmos-
pheric pressure (Figure 1d). This equivalence of results
supports that the potassium promotion of reactions 2−5 is
essential for grapheme formation. From a synthetic point of
view, the mild operation temperatures required for multilayer
graphene formation using the EPOC technique clearly
outperforms current catalytic processes5,11 and may be of
potential interest for the direct fabrication of carbon
electrodes, a possibility that will be explored in future studies.

■ CONCLUSIONS
In this work, we have proven that multilayer graphene forms at
relatively low temperatures using an EPOC system consisting

Figure 4. (a) O1s (left) and K2p + C1s (right) fitted spectra recorded
during the EPOC-activated deposition of carbon according to
reactions 2−4 while applying a bias potential of −2 V. The inset of
this figure shows the scheme illustrating the dissociative adsorption of
methanol activated by C(K) sites. (b) O1s (left) and K2p + C1s
(right) fitted spectra recorded while applying a bias potential of +2 V.
(c) O1s (left) and K2p + C1s (right) fitted spectra recorded when
sequentially removing the methanol from the gas phase.
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of a K-βAl2O3 solid electrolyte and a nickel catalyst acting as
the cathode. Studying the mechanism of graphene formation
under operando conditions by NAP-XPS, we have shown that
potassium ions from the electrolyte migrate and become
electrochemically reduced at the Ni surface. Then, atomic
potassium diffuses through the progressively formed graphene
layers, acting as the promoter of the catalytic decomposition of
methanol at 280 °C. We attribute the effectiveness of this
process to (i) a double role of potassium as a promoter for the
catalytic decomposition of methanol and a stabilizer of the
graphene structure and (ii) the diffusion of metallic potassium
through the multilayer graphene toward its surface where it
contributes to the stabilization of graphene and the dissociative
adsorption of methanol. Features (i) and (ii) and the
electrochemically driven reversible supply/removal of potas-
sium and its stabilization in the multilayer graphene represent
unique features of the investigated EPOC procedure with a
large prospect of application in electrochemical-driven systems
such as electrocatalysis, ion batteries, or supercapacitors, where
mild synthesis conditions for the carbon electrodes can be
advantageous for operation.

■ METHODS
Electrocatalytic methanol decomposition experiments were
first carried out in a double chamber electrochemical cell
reactor (probostat reactor) setup previously described in ref
48. The same reaction gas mixture consisting of an Ar flow
(100 sccm) bubbled through a methanol saturator at ambient
temperature was fed to both sides of the cell. The saturated gas
stream had a 163 mbar partial pressure of methanol. Graphene
formation experiments were typically performed at 280 °C
under a polarization of 2 V between the two electrodes.
Additional experiments were also carried out at increasing
temperatures. The preparation procedure and structure of the
solid electrolyte system utilized in this experiment is similar to
those utilized in a previous work dealing with the EPOC
reforming reaction of methanol.23 Basically, it consisted of a
nanostructured nickel film deposited by electron beam
evaporation at oblique angles (80°)23,25,49 on both sides of a
19 mm-diameter, 1 mm-thick K-βAl2O3 (Ionotec) electrolyte
disc (i.e., Ni/K-βAl2O3/Ni configuration, where nickel acts
either as the cathode or anode). As determined by Rutherford
backscattering spectroscopy (RBS) analysis, the equivalent
mass thickness (i.e., assuming a dense and compact layer) of
the nanostructured Ni thin films was 900 nm. A complete
characterization analysis of the nanocolumnar structure of
these thin films and of their catalytic/electrocatalytic behavior
for methanol wet reforming can be found in these previous
works.23,25 From this analysis, it is of relevance for the present
investigation that the nanostructured Ni thin film electrode
covers completely the alumina electrolyte disc and depicts
nanocolumnar patches with high porosity and effective
exposed area.
The preparation procedure and structure of the solid

electrolyte cell utilized for the NAP-XPS experiments was
similar to those used in the probostat. On one side, it
incorporated as a working electrode (W), the same Ni
nanostructured film utilized for the probostat cell reactor. A
catalytically inert gold counter/reference (C/R) electrode was
deposited on the other side of the electrolyte disc (i.e.,
according to a Ni/K-βAl2O3/Au configuration). For the NAP-
XPS experiments, the Ni/K-βAl2O3/Au electrocatalytic cell
was incorporated in a specially designed stainless steel sample

holder with the back face covered with gold glued with silver
paste. The two poles of the cell were connected with a silver
thread to a potentiostat/galvanostat (Vertex model, Ivium
Technologies) to electrically operate the system. The exposed
area available for reaction was 2.01 cm2. A complete
description of this holder can be found in ref 25. To apply
the operating voltage, the nickel electrode was connected to
the galvanostat supply and to the ground. In this way, the
earthed Ni electrode presented a constant reference level to
accurately measure the BEs of the photoelectron spectra. The
convention in the text when talking about positive and negative
polarizations of the nickel electrode refers to the potential
difference with respect to the gold electrode that, for these two
situations, was negatively and positively polarized with respect
to the ground.
The NAP-XPS experiments were performed at the end

station of the BL-24 CIRCE undulator beamline in the ALBA
synchrotron light source (Cerdanyola del Valles̀, Spain). The
NAP-XPS station has a commercial Phoibos NAP150 XPS
analyzer (SPECS). The beam spot was around 100 × 150 μm2.
Most spectra were collected upon excitation with photons of
1170 eV using a pass energy in the spectrometer of 10 eV.
Some spectra were also recorded with 460 eV photons as
indicated in the text and in the Supporting Information.
Surface atomic composition and ratios were determined from
the areas of the K2p, C1s, K2p, Ni2p, and Ni3p spectra
measured at the two photon energies and considering the
corresponding cross sections50 and scape depth of photo-
electrons.51 All experiments were carried out at 280 °C.
Reaction atmospheres, at pressures in the order of 1 mbar (see
main text), consisted of pure methanol, water, or oxygen,
depending on experiments. The residual pressure in the
chamber after dosing these vapors and gases was 10−7 mbar.
Before performing the EPOC methanol decomposition

experiments, the cell was operated at 280 °C in the presence
of 10−2 mbar water. As reported in a previous work, this
pretreatment is quite efficient to remove any form of carbon,
including adventitious contamination, previously deposited on
the electrocatalyst surface. The Ni electrode was also polarized
at +2 V for almost 1 h before starting the methanol
decomposition experiments to ensure that the Ni film as a
reference state is free of potassium.25

After the electrocatalytic operation experiments both in the
probostat and in the NAP-XPS cell, the surface of the
electrodes was examined by scanning electron microscopy
(SEM) and Raman spectroscopy to determine the character-
istics of the carbon deposits formed on the surface of the nickel
electrode. SEM images were taken with a field emission
microscope (FESEM model Hitachi S4800) at the Instituto de
Ciencia de Materiales de Sevilla, CSIC-US, Seville, Spain.
Raman analysis of the carbon deposits was carried out in a
LabRAM HR high-resolution 800 confocal Raman microscope.
A green laser (He−Ne 532.14 mn), 600 line/mm, 100×
objective, 20 mW, and 100 μ pinhole, was employed for the
measurements.
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