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The development of new catalytic materials for the hydrogen evolution reaction is of pivotal
importance for the hydrogen economy. Here we show that thin Fe films covered by monolayer
graphene exhibit an outstanding catalytic activity, surpassing even that of Pt. This was
demonstrated exploiting a method based on the evaluation of the noise in the tunneling current of
electrochemical scanning tunneling microscopy (EC-STM). In this way we mapped with atomic
scale precision the electrochemical activity of the graphene/Fe interface, unraveling that single Fe
atoms trapped within carbon vacancies and curved graphene areas on step edges are exceptionally
active. Density functional theory (DFT) calculations confirmed the sequence of activity obtained
in the experiments. This work exemplifies the potential of EC-STM as the only available technique
to determine both the atomic structure and relative catalytic performance of atomically well-
defined sites in electrochemical operando conditions and provides a detailed rationale for the
design of novel catalysts based on a cheap and abundant metal like Fe.

1. Introduction

Catalysis with 2D materials is a fascinating topic that is gaining an ever-increasing momentum in
the scientific community. Not only 2D materials have exceptional intrinsic activity in a large
variety of reactions, but connected to the 2D nature of these systems, some special nanoscale
phenomena may unfold, which lay the basis for radically new strategies to improve the chemical
activity'. In this regard, the confined space between a 2D material and its support (Scheme 1a)
represents an unconventional physicochemical environment that is accessible only by selected
chemical species (e.g. hydrogen?), therefore having a strong impact on selectivity. In addition,
reaction intermediates or activated transition state complexes can be subjected to supplementary

interactions that can lead to significant changes in the reaction energy paths>.
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Figure 1. Interactions between a graphene layer and a metal substrate can lead to catalytic

[

processes at different interfaces.

In this respect, a key aspect is the interfacial hybridization that can produce both electronic and
structural changes, which can be exploited as a powerful tool to design novel functional materials
(Scheme 1b). For example, it has been reported that the interfacial hybridization can induce
enhanced chemical activity and improved stability even outside the electrochemical (EC) potential
window normally expected by bulk Pourbaix diagrams. Recently, it has been documented that in
the case of graphene (Gr), the archetypal 2D material, an EC transfer effect occurs in the oxygen
evolution reaction (OER): a single Gr layer, which is per se electrochemically inert, can mimic the
typical chemical activity of the underlying support, Co3Os, as a result of a charge transfer between
the two materials®. Similarly, the hydrogen adsorption energy on monolayer MoS; can be precisely
tuned by choosing conveniently the work function of the supporting metal, and so the activity
towards the hydrogen evolution reaction (HER) can be substantially boosted”. Recently, some of
us have demonstrated that 2D nano-oxides, if sufficiently thin (< 2 nm), can exhibit novel EC
properties because of the electron tunneling from the underlying metal support®’. Moreover, 2D
materials can be chemically modified through the introduction of single atoms forming so-called
single atom catalysts (SACs, see Scheme 1c), characterized by unconventional coordination and
electronic structure, which are often endowed with rather unique chemical activity®

Such great interest in 2D materials and related nanoscale phenomena is motivating the

development of novel characterization techniques for their study under operando conditions,
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possibly with the ability to investigate (electro)catalytic processes with atomic scale precision.
This is an ambitious goal considered the substantial dearth of experimental techniques that allow
micro-spectroscopic measurements in the complex, and often harsh, environment typical of the
working conditions used in (electro)catalytic applications. Most operando techniques such as X-
ray absorption or vibrational spectroscopies lack sub nanometric resolution, while techniques with
atomic resolution such as electron microscopies can be used only for pre- and post mortem
characterization, but not during electrochemical processes.

In the context of electrocatalysis, electrochemical scanning tunneling microscopy (EC-STM) has
taken a special standing, since it has been widely exploited in the past to obtain structural and
chemical information under operando conditions and to provide an atomically resolved picture of

9-11

several dynamic processes e.g. deposition, dissolution, adsorption/desorption, phase

12,13 14-17

transitions and surface reactions

More recently, EC-STM has also demonstrated the capability to provide a direct visualization of

electrocatalytic processes in real time even at the atomic scale'®!

, offering a powerful tool to
establish accurate structure-activity relationships in catalysis.

In this work we go beyond the state of the art of this technique, both providing a method for the
quantitative analysis of the catalytic activity and reaching high spatial resolution, down to the
atomic level of a family of metal-graphene active sites. As firstly recognized in the early
development of STM by G. Binning, under certain assumptions, the noise in the tunneling current
can be associated with surface dynamical processes. Taking the cue from this intuition, we have
developed a method to extract quantitative information from the noise in the tunneling current and
to correlate it with the faradaic processes taking place on single atomic sites.

To reach this goal, we have prepared highly-precise model systems consisting of a Gr monolayer
covering either a (111) oriented Pt single crystal (Gr/Pt(111)), or few monolayer (ML) Fe films on
Pt(111) (Gr/Fe (n ML)/Pt(111)). Thanks to atomically resolved EC-STM images, we have
monitored the H intercalation underneath the Gr layer, its adsorption on the metal surface and
successive conversion to H». Interestingly, through the combination of model systems with the
extraordinary capabilities of EC-STM to trace with atomic scale precision in real time nanoscale
phenomena, we have demonstrated that the macroscopic electrocatalytic activity, observed in
standard linear sweep voltammetry (LSV) experiments, is not only connected to the presence of

the Gr/Fe interface, but is also the result of extremely active defects, such as carbon vacancies
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filled by Fe atoms, and bent Gr layers, covering like a carpet metal step edges. State-of-the-art
density functional theory (DFT) calculations have been used to model the investigated systems, to
identify the different defects and to rationalize their catalytic activity, providing an detailed insight

into the HER at the atomic level.

2. Results

2.1. Chemical and structural characterization of the Gr/Pt(111) and Gr/Fe (n ML)/Pt(111)
model systems.

The growth of both Gr and Fe ultrathin films on Pt(111) was thoroughly studied in the past*23,
Some of us investigated the Fe/Gr interface both as supported Fe nanoparticles (Fe/Gr/Pt(111))
and intercalated Fe layers of different thickness (hereafter Gr/Fe(n ML)/Pt(111))**. This was
possible given the easy intercalation of Fe atoms through Gr, which can be promoted by a mild
thermal treatment of the Fe/Gr/Pt(111) system.

In the present study, the atomic structure and chemical composition of the Gr/Pt(111) and Gr/Fe(n
ML)/Pt(111) systems have been investigated by LEED and XPS. The results are extensively
reported in Supplementary Figures 1 and 2.

Briefly, in the used conditions, Gr grows as a continuous monolayer on the Pt(111) surface, mostly
forming a (3 % 3) Moiré¢ superstructure with respect to the Gr periodicity. This film is characterized
by a sharp C Is peak centered at a binding energy (BE) of 284.2 eV that can be fitted by a single
component representing C sp”atoms®* (see Supplementary Figure 2a and Supplementary Table 1).
After the deposition of 1.2 ML of Fe, directly on Gr/Pt(111) at 570 K to allow an immediate
intercalation, three new components appear in the C Is spectrum: the peak at 284.4 eV can be
associated with C sp? bonds at the Gr/Fe interface, the component at 285.0 eV with sp’
rehybridized C atoms, due to defects produced by the Fe deposition/intercalation or to highly bent
Gr at step edges®*, and the feature at 283.8 eV, which becomes more evident after a mild sputtering
procedure with Ar™ (0.4 keV for 10 s), is related to C vacancies (vide infra). The shift by 0.2 eV
of the C sp? peak centroid towards higher BE compared to the same peak observed on the Gr/Pt
interface, reflects the stronger cohesive energy between Gr and Fe?*,

This analysis is confirmed by the DFT calculations: Figure S3 (a and b) shows the optimized
geometry (top and side views) of the Gr/Pt(111) and Gr/Fe (1 ML)/Pt(111) systems, respectively.

4
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An adsorption energy of -0.08 eV per C atom is calculated in the case of the Gr/Pt interface, in
agreement with the literature®>. However, in the case of Gr/Fe (1 ML)/Pt(111), it increases up to -
0.20 eV per C atom. Furthermore, the stronger interaction between Gr and the Fe layer is evident
by their interlayer distance, which is reduced from 3.29 A in Gr/Pt(111) to 2.05 A in Gr/Fe (1
ML)/Pt(111), and from the analysis of the Lowdin charges, which indicates an additional electron
charge transfer of 0.039 e per C atom of Gr in Gr/Fe (1 ML)/Pt(111) with respect to that in
Gr/Pt(111)**. Another proof of the strong change in the interaction between Gr and the two
different metals can be deduced by the projected density of states (PDOS) (Figure S4). In the case
of Gr/Pt(111) the Dirac cone is almost intact, indicating that Gr is free-standing-like, whereas in
the case of Gr/Fe (1 ML)/Pt(111), the Dirac cone is modified because of the mixing of the & states
of Gr and the 3d-states of Fe atoms.
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Figure 2. (a) CVs of Pt(111) and Gr/Pt(111) in Ar saturated 0.1 M HCIO4 electrolyte: (1) first CV,
(2) CV recorded after 72 h by keeping the sample under constant electrode potential (0.5 V vs
RHE). Large scale (b) and high-resolution (¢) EC-STM images showing the (3x3) Moire
superstructure of Gr/Pt(111) recorded at E =500 mV vs RHE in Ar saturated 0.1 M HCIO4
electrolyte, tunnelling conditions: /; = 0.85 nA, Uy =78 mV.

2.2 Electrochemical activity towards HER

We first examined the HER activity of the Gr/Pt(111) system and its stability by in situ EC-
STM measurements in Ar saturated 0.1 M HCIlOy4 electrolyte. Figure 1a shows a typical cyclic
voltammogram (CV, red curve) of Gr/Pt(111). As previously reported,”® anion (OH)
adsorption/desorption peaks are not observed, suggesting that Gr fully covers the Pt(111) surface;
conversely, hydrogen adsorption/desorption peaks (hydrogen underpotential deposition, Hupp) are
observed, but shifted by 50 mV towards more negative potentials compared to bare Pt(111) (black
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curve in Figure 1a). The integration of the Hupp peak of Gr/Pt(111) yields a charge density of =220
nC/cm?, which corresponds to a monolayer of adsorbed atomic hydrogen?S.

The stability of Gr/Pt(111) in the electrode potential window between 0 and 900 mV was
monitored by in situ EC-STM: the CV (blue dashed trace in Figure 1a) recorded after 72 h under
the constant electrode potential (0.5 V vs RHE) in Ar saturated electrolyte is identical to that
recorded at the beginning (red curve in Figure 1a). As to the morphology, large-scale EC-STM
images acquired at 500 mV vs RHE (Figure 1b) reveal wide terraces fully covered by the Gr layer
with a wide distribution of the Gr domain size (from 20 nm up to 300 nm). High-resolution EC-
STM images at 500 mV vs RHE (Figure 1c) reveal a (3x3) Gr superstructure with a periodicity of
7.4 A and a rotation of 19.1° with respect to the Pt lattice. The surface was continuously monitored
by EC-STM and no morphological changes were observed in the double layer potential window
(i.e. in the range between 400 mV and 900 mV vs RHE). On the other hand, when STM images
(see Figure 2a) were acquired in the potential region of hydrogen adsorption, we observed a (1x1)
Gr structure indicating the lift of the (3%3) superstructure caused by hydrogen adsorption directly
on the Pt(111) surface, underneath the Gr layer. This process was found to be reversible with
respect to the applied EC potential. Figures 2a-b show atomically resolved potentiodynamic STM
images registered on the same surface position (indicated by the red arrow in Figure 2a-b). At 0
mV vs RHE a full monolayer of hydrogen is adsorbed on Pt(111) underneath the Gr layer. This
proton intercalation process is revealed by a significant change in the corrugation of the Gr layer,
which becomes flatter and characterized by a simple (1x1) unit cell. On the other hand, when the
applied electrode potential is set in the potential window corresponding to the desorption of
hydrogen, the (3x3) pattern immediately reappears.

Since the penetration of protons and hydrogen atoms through a free-standing Gr layer, likely

assisted by intrinsic defects, was confirmed by previous DFT calculations and experiments®’%, i

n
this work we assumed models where hydrogen atoms are adsorbed on the underlying metal
substrate. The simulated STM images of Gr/Pt(111) and Gr/H (1 ML)/Pt(111) (where 1 ML
indicates the adsorption of seven H atoms per cell on the Pt(111) surface, see Methods section) are
shown in Figure 2c-d, respectively. The top and side views of their optimized configurations are
shown in Figure 2e-f. The simulations confirm the experimentally observed changes of STM
contrast and periodicity upon H intercalation in the confined space between Gr and Pt(111).

Interestingly, the defects observed on the images (see yellow circles in Figure 2a and b) undergo
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a huge contrast change as a function of the EC potential, being dark at 500 mV, whereas they
become very bright and bulged at 0 mV. Our simulated STM images in Figure S5 show that when
H> molecules physisorb on the Pt(111) surface they appear as bright and bulged features (Figure
S5b), whereas chemisorbed H atoms are relatively dark (Figure S5a). Therefore, the bright features
observed in the experiments can be interpreted as the H> molecules evolving from a cluster of C
vacancies (or small vacancy island) amidst the Gr layer, exposing a small patch of Pt(111), where
the HER can freely take place.

Considering the literature data on the behavior of Gr covered metal surfaces in other reactions,
a rather complex scenario is emerging: in the case of the oxygen reduction reaction (ORR) or
oxygen evolution reaction (OER) occurring on Gr wrapped metal or metal oxide surfaces, the
active layer is the outer Gr surface, which becomes active because of a strong interfacial
hybridization?®. On the contrary, in the case of the HER, the EC reaction can take place also in the

confined space between the metal and Gr.*°

3.29A 3.72 A

%215 Be e Wb e

Figure 2. Potentiodynamic EC-STM images (a-b) of Gr/Pt(111) showing the lift of the (3x3) Gr
superstructure upon hydrogen adsorption on Pt(111) underneath the Gr layer. In both STM images,
the red arrow marks the same point on the surface. (a) desorption of hydrogen: upper part of the
image recorded at 0 mV vs RHE and subsequently changed electrode potential to 500 mV vs RHE
(lower part of the STM image); tunneling conditions: /; = 0.85 nA, U, = 78 mV. (b) STM image
recorded at 0 mV vs RHE in 0.1 M HClO4; Constant height simulated STM images at 78 meV and
2 A for (¢) Gt/Pt(111), and (d) Gr/H (1 ML)/Pt(111). The top and side views (only the first layer
Pt atoms are shown in the side views) of their optimized geometries are shown in (e) and (f), where
graphene is depicted by black sticks, hydrogen and Pt by blue and grey spheres respectively.
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Concerning the activity of Pt(111) and Gr/Pt(111) in Hz-saturated 0.1 M HCIOs, the LSV data
indicate a marked decrease in the catalytic current both for the HER and hydrogen oxidation

reaction (HOR) (see Figure 3a), suggesting that Gr strongly suppresses the electrocatalytic

performance.
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Figure 3. (a) LSV in Hz-saturated 0.1 M HClO4 of the Pt(111) and Gr/Pt(111) electrodes, scan
rate 5 mV s’'; (b) Gibbs free energy diagram for hydrogen adsorption on Pt(111), Gr/H@Pt(111),
H@Gr/Pt(111) for a single H per unit cell (see Figures S7a, S7b, and S7e for the optimized
geometries).

The exchange current density (jo), which reflects the intrinsic activity of materials is
determined from the so-called Tafel plot (see Figure S6) with the value of 0.84 mA cm™ for

3132 and a value of 0.26 mA cm™ for

Pt(111), in accordance with the values reported previously
Gr/Pt(111) (see Table S3). These results, however, are apparently in contrast with the results of
our DFT calculations, where we modelled the adsorption of H at different coverages from 1/7 to 1
ML (see SI for the optimized structures when a single H is adsorbed on the bare Pt(111) surface
(H@Pt(111) in Figure S7a), at the interface between Gr and Pt (Gr/H@Pt(111) in Figure S7b), and
on top of the Gr layer supported on Pt (H@Gr/Pt(111) in Figure S7¢)). Before examining the DFT
results, it has to be reminded that according to the literature the jy can be directly compared to the
Gibbs free energy of hydrogen adsorption, which is unanimously used as the best descriptor for
the HER activity?*2!,

In the case of the lowest coverage, the adsorption of hydrogen on the outer Gr surface is
strongly unfavorable (AGu+ = +1.42 eV for H@Gr/Pt(111)), whereas in the confined space
between Gr and Pt(111) (AGu+ = -0.20 eV for Gr/H@Pt(111)), the hydrogen adsorption is
exergonic. Interestingly, the presence of Gr slightly destabilizes the adsorption of hydrogen

compared to the case of bare Pt(111) (AGu* = -0.27 eV for (H@Pt(111)), therefore producing a
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potentially beneficial effect on the catalytic activity, since the highest activity should be observed
in correspondence of a thermoneutral (AGu+= 0 eV) adsorption.

The apparent discrepancy with the experimental data can be reconciled if we consider the
effects derived by the chemically selective permeation through Gr of the different species involved
in the reaction. As a matter of fact, while protons, given their small size, can easily permeate Gr
likely through point defects (vacancies, Stone-Wales defects) or even bent areas close to step

edges26,33735,41

as demonstrated by our EC-STM measurements and other theoretical works; on the
contrary the produced H> molecules cannot, but have to diffuse underneath Gr to reach large
defects such as those present in Figure 2a-b (see yellow circle) or grain boundaries, to be evolved.
The resulting entrapment of the H> molecules within the confined space between Gr and the metal
surface is likely responsible for the observed lower activity of the Gr/Pt(111) system observed in
the LSV experiments. On the other hand, the Tafel slopes (Figure S6) of Gr/Pt(111) and Pt(111)
are very similar, indicating no significant changes in the HER mechanism, because the reaction

takes place in both cases directly on the Pt(111) surface.

When Fe, a metal with a rather scarce activity for HER and with limited stability at the pH and
potential conditions mostly used for this reaction (E< 0 V vs RHE and acidic pH), is intercalated
underneath the Gr layer, we observe a radical change in the catalytic activity compared to the
Gr/Pt(111) system. Figures 4a-b show the CVs of Pt(111) (black), Gr/Pt(111) (red), Gr/Fe (0.6
ML)/Pt(111) (blue), Gr/Fe (1.2 ML)/Pt(111) (green), Gr/Fe (3.5 ML)/Pt(111) (orange) and mildly
sputtered (0.4 keV for 10 s) Gr/Fe (3.5 ML)/Pt(111) (light blue) recorded in Ar saturated 0.1 M
HCIOy4 at a scan rate of 20 mV/s are reported. First of all, in all the Gr/Fe/Pt systems no OH"
adsorption/desorption peaks are observed indicating that Gr covers the whole surface and hence
Pt is not directly exposed to the electrolyte solution. Moreover, the comparison of the CVs of
Gr/Fe/Pt(111) and Gr/Pt(111) indicates significant differences in the Hupp process, consisting of a
decrease in the corresponding charge density as a function of the Fe amount (see Table S2): since
hydrogen does not adsorb on the Fe surface in the electrode potential window investigated here’,
the charge density calculated from the CVs directly corresponds to the Pt area not covered by Fe.
Therefore, the change in the Hupp charge density allows monitoring the Fe coverage directly by

CV measurements. In fact, as reported previously, the growth of Fe on Pt(111) proceeds in a

10
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Stranski-Krastanov mode, i.e. forming an interfacial fully wetting monolayer followed by 3D
islands, as confirmed by our STM images (vide infra) and by previous works>>**37,

Figure S8 shows a CV of Gr/Fe (0.6 ML)/Pt(111) recorded after the contact with the electrolyte
(green curve) and after 72 h (blue curve) (under the constant electrode potential of 0.5 V vs RHE):
the calculated Hupp charge densities are essentially the same, suggesting that the Gr layer
efficiently protects Fe from leaching. This is a notable and unexpected result considering the bulk
Pourbaix diagram of Fe, it is however in agreement with previous investigations on powder
catalysts made up by Fe nanoparticles coated by a single C layer and supported on single walled
nanotubes®®. The stability of Gr/Fe (0.6 ML)/Pt(111) was further confirmed by EC-STM
measurements. Figure S9 reports a series of typical large-scale EC-STM images of Gr/Fe (0.6
ML)/Pt(111) recorded either after the sample was introduced in the EC cell (Figure S9a, open
circuit potential (OCP) conditions) or after applying a specific electrochemical potential (Figure
S9b,c). The STM topography acquired at the OCP reveals large terraces with Gr encapsulated
monoatomic Fe islands with size between 4 and 30 nm. Moreover, no changes of morphology are
observed as a function of time, up to an applied electrode potential of +500 mV vs RHE,

confirming the stability of the Fe layer.

11



278

279
280
281
282
283
284

285
286
287

601 ——Pt(111)

—— GrPt(111)

GriFe (0.6 ML)YPt(111)
Gr/Fe (1.2 MLYPt{(111)

T T T T T
0 200 400 600 800 1000

E vs RHE (mV)

1004 HOR [\
i \
0 [ =
oo F" —
£ i
O 1004 J .
< fi —HER
1 |
= ilﬁﬂ ——Pt(111)
200 | Gr/Fe (3.5 ML)Pt(111)
Gr/Fe (3.5 ML)/Pt(111) - sputtered
-300 +
-400 T T T T T T
0 200 400 600 800 1000
E vs RHE (mV)

o ——Pt(111)
o W Gr/PH(111)
El s -Gr/Fe (3.5 MLYP1(111)
e Gr/Fe (3.5 MLYPt(111)
-2.04 - sputtered
2.5+
3.0+
3.5 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
E vs RHE (V)

Figure 4. (a-b) CVs of Pt(111) (black), Gr/Pt(111) (red), Gr/Fe (0.6 ML)/Pt(111) (blue), Gr/Fe
(1.2 ML)/Pt(111) (green), Gr/Fe (3.5 ML)/Pt(111) (orange) and mildly sputtered Gr/Fe (3.5
ML)/Pt(111) (light blue) recorded in Ar-sat. 0.1 M HCIO4 electrolyte with the scan rate of 20 mV
s'; (¢) LSV in Hz-saturated 0.1 M HCIO4 of the Pt(111) and Gr/Pt(111) electrodes, scan rate 5 mV
st

When a high coverage (>3 ML) of Fe is intercalated, a rough metal film characterized by 3D
islanding growth mode can be observed as reported in the EC-STM investigation of Gr/Fe (3.5

ML)/Pt(111) (Figure S10). Even in this case we were able to acquire atomically resolved images

12
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showing the presence of a variety of bright defects that can be associated with either C vacancies
or Fe atoms trapped into defects (single or multiple vacancies within the Gr layer)*. The presence
of such defects is confirmed also by the analysis of the C 1s photoemission spectrum of the Gr/Fe
(3.5 ML)/Pt(111) sample (Figure S2a), which shows an additional component at 283.8 eV
(separated from the main peak by -0.6 eV) compatible with the presence of C vacancies and/or Fe-
C bonds. This component further increases after a mild Ar" sputtering, which is a treatment known
to produce C vacancies, confirming the correctness of the attribution. Moreover, we have
simulated the photoemission spectra (Figure S2b) of a double C vacancy (2V) either empty (i.e.
2VGr/Fe (3 ML)/Pt(111)) or trapping an Fe atom (i.e. Fe-2VGr/Fe (3 ML)/Pt(111)), and found
that the C atoms at the 2V produce a photoemission peak shifted by -0.8 eV or -0.6 eV,
respectively, compared to that of the C sp? component.

Furthermore, atomically resolved EC-STM images (Figure S10c and S10d) supported by DFT
simulations (Figure S10e), as it will be discussed in detail in the following, allow identifying C
double vacancies (2V) filled by an Fe atom forming Fe-Cy4 rectangular units, characterized by a
rather bright contrast in the EC-STM images. Taking into account that this set of STM images
have been recorded after 30 CVs in potential range between 0 mV and 500 mV vs RHE and after
24 h by keeping the sample under a constant electrode potential (0.5 V vs RHE) in Ar saturated
0.1 M HCIOg4, we can conclude that Fe atoms cannot leach through Gr point defects, because either
they get trapped in the defect itself or because of the strong adhesion energy within the Fe layer.
It should be mentioned however, that a small amount of Fe could leak just after the contact with
the electrolyte. Indeed in the CV data (Figure S11 and Table S2) of the Gr/Fe (3.5 ML)/Pt(111)
sample after a mild sputtering treatment, a small current wave is observed in the potential range
between 0 and 300 mV vs RHE. This feature can be connected to Hupp at the interface between
Gr and the Pt surface. The calculated charge density is 14 pC/cm?, which corresponds to 6 % of Pt
areas not covered by the Fe layer. These data suggests that Fe can partially dissolve into the
electrolyte, but according to EC-STM measurements this process cannot take place through point

defects, but likely through grain boundaries or other larger morphological defects.

13
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Figure 5. Potentiodynamic EC-STM images in current mode of catalytic activity of Gr/Fe (1.8
ML)/Pt(111);(a-1) tunneling conditions: /; = 1.50 nA, U, = -16 mV. The grey arrow always
indicates the same position on the surface. The white dashed lines in panels (a-1) marks step edges
between Gr/Pt-Gr/Fe and Gr/Fe-Gr/Pt basal planes.

Once evaluated the long-term stability of the Gr/Fe system, we focused on the catalytic
performance. Surprisingly, the CV and LSV data (Figure 4) clearly indicate that the Gr/Fe interface
is more reactive than the Gr/Pt one, reaching almost the same activity of the bare Pt(111) surface
(see Table S3 and Figure S12). Besides, the HER activity is dependent on the amount of Fe, with
thicker layers being more active. This can be connected to the increasing number of point defects
observed at higher coverage and with the formation of a rough surface with several step edges as

deduced by XPS and STM measurements. Therefore, in order to get an insight at the atomic level
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into the catalytic activity and stability of the Gr/Fe system and directly compare it to the Gr/Pt
interface we performed a potentiodynamic STM study (see Figure 5 and S13 for current and
topography mode, respectively) from pre-catalytic conditions to more reducing conditions for
Gr/Fe (1.8 ML)/Pt(111), which allows observing on the same surface both Gr/Fe and Gr/Pt
patches. The series of images reported in Figure 5 is part of a potentiodynamic experiment (68
STM images in total) that is presented in Supplementary Movie 1 (where an extended description
of the movie can also be found - Figure S14).

To analyze the data of the potentiodynamic experiments we have followed an approach that
represents an implementation of a technique originally proposed by Bandarenka et al..'® This
innovative method allows investigating in a quantitative way the electrocatalytic activity of
different chemical and morphological defects, which can be identified in atomically resolved STM
images. Some technical details of this method are reported in the following and in the SI, whereas
its full description will be the object of a forthcoming publication. The current images reported in
Figure 5 show an apparent progressive loss of the atomic resolution as the EC potential is reduced;
however, this phenomenon is not due to instrumental factors, such as a modification of the tip or
mechanical instabilities etc., but is the consequence of the applied EC potential since it is highly
reversible with respect to it (see Figure S16). Nonetheless, it can be observed that these changes
in the resolution do not affect in the same way the whole surface, but in some regions, such as step
edges and point defects, occasional spikes and noise are particularly enhanced. As suggested in
the seminal work by Bandarenka et al.'®, such instabilities of the tunneling current are due to
instantaneous variations of the tunneling resistance due to changes of the local environment
triggered by an EC reaction, and therefore represent a powerful tool for the identification of active
sites. In Figure 6a, which is a simple 2D topography of the same area shown in Figure 5, we can
recognize several different structural situations: patches of Gr covering the basal plane of a Fe
island (Gr/Fe), or directly in contact with the Pt substrate (Gr/Pt) and the corresponding step edges.
Moreover, several types of point defects made up by a different number of missing C atoms and
trapped Fe atoms are visible, such as one Fe atom trapped on two (Fe-2V), three (Fe-3V) or four
(Fe-4V) adjacent C vacancies, and three Fe atoms trapped into a cluster of 6 C vacancies (3Fe-
6V). As discussed in the following, the most notable of these structures have been simulated by

DFT calculations (see Table S4 and Figure S21).
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Figure 6. (a-f) EC-STM topographic images of the Gr/Fe (1.8 ML)/Pt(111) surface recorded at £
= 195 mV vs RHE, tunneling parameters: /; = 1.50 nA, Uy = -16 mV; f) Normalized current
roughness L as a function of the EC potential extracted from the areas outlined by the rectangular
boxes in (a); g) Plot of onset potential versus Gibbs free energy of adsorption (AGu+) showing a
linear relationship.

To provide a quantitative basis to Bandarenka’s original method'®, we introduced a quantity
L, that can be described as current roughness (cr), which is a measure of the deviation of the
tunneling current from the set value, due to the fluctuation of the tunneling junction resistance

produced locally by the ongoing EC reaction, and is defined as:

/Zx (Ix —lset)2 ASET
Ly = CA . 1
0 N ASITE ( )
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where: Iy y are the measured current values on an (X;,y;) point, /s is the current value set in feedback
loop of the EC-STM working in constant current mode, Asgr is the area of the portion of the STM
image analysed (e.g. the areas of the rectangles in Figure 6a) and Asire is the actual area of the
investigated catalytic site. The technique herein implemented will be referred as cr-EC-STM. The
absolute value of Lo depends on the STM acquisition parameters, local electronic structure, and
topographic corrugation; therefore, to enable a comparison, the Lo values were normalized with
respect to a constant K that depends on the difference between the value of the set current, /st and
its average local value, /average and assuming as reference zero the value of Lo at an electrochemical
potential when the reaction is off, Lo(off). More details are provided in the SI. The normalized
quantity L(E) (see Supplementary Equation 3) can be calculated on rectangular areas enclosing
different points of interest and plotted as a function of the EC potential (Figure 6f).

Interestingly, the general shape of the plot of L(E) vs EC potential is very similar to LSV data.
This can be easily explained assuming that the catalytic reaction and ultimately the catalytic current
is a first order perturbation of the tunneling current measured by EC-STM.

When the onset potential, i.e. the lowest potential where a catalytic current can be detected, for the
reaction is reached, the HER starts taking place, producing instantaneous changes in the tunneling
junction since protons are continuously reduced to H, and H> is formed and desorbed. Therefore,
the L(E), which quantifies the roughness or noise in the tunneling current, can be directly
associated with the catalytic current. By means of EC-STM, such measurement can be acquired in
real time with high spatial resolution, operando at different EC potentials. Eventually however,
when the overpotential is large enough, the associated noise in the tunneling current reaches a
steady value, which explains the plateau observed at more reducing potential.

Therefore, by using the current roughness, cr-EC-STM provides the possibility to investigate with
atomic scale precision the catalytic activity of single defects and special structural units, allowing
to go beyond the area averaged information provided by standard EC techniques. As in standard
LSV, the cr vs voltage plots allow identifying the catalytic sites present on a surface and to
determine quantitatively their onset potential (Table 1). The comparative analysis of the L(E)
curves of the different sites indicates that the point defects based on Fe atoms trapped into vacancy
clusters are the most active sites followed by the iron step edge and the Fe basal plane covered by

Gr. This detail in the direct visualization of catalytically active sites during an EC reaction is in
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excellent agreement with the results of DFT calculations where the different defects have been
simulated (see Table 1).

We started by modelling a Pt(111) surface covered with increasing amount of Fe (from 1 to 3
ML, see Methods section for more details) terminating on top with a Gr layer. In all these cases,
the free energy (AGux) values for a single H adsorption on top of Gr, are slightly exergonic, but
strongly dependent on the Fe layer thickness. The system with a single layer of Fe is the most
active with a AGn=of +0.29 eV (Figure S7f), whereas at higher coverages (2 and 3 ML), the AGp=
saturates at around +0.48 eV (Figures S7gh). More interestingly, the activity of Gr/Fe (n
ML)/Pt(111) is substantially boosted if the Gr layer becomes curved, as it happens on step edges.
The Fe step edge has been modelled by a 6V7x17 supercell consisting of two complete Fe layers
on Pt(111) and a third layer of an Fe island with a Gr layer on top, which covers the whole surface
in a carpeting mode, assuming a wavy conformation comprising flat and curved regions. The
adsorption of H atoms has been tested on several sites on this model (see Figures S18a-d) and,
among them, the most favored adsorption energy (AGu+ = +0.16 eV) has been found on the C
atoms not directly attached to the iron layer, which are located at the curved areas adjacent to the
step edges. Notably, in this case the H atom is preferentially adsorbed on top of the Gr layer and
not in the confined space between iron and Gr. These values are comparable with other works in

the literature dealing with Gr encapsulated metals®4°.

Table 1. Gibbs free energy for hydrogen adsorption and onset potential determined by the cr-EC-
STM method.

Onset potential vs

AGu+ (eV) REE ()
H@Gr/Pt(111) 1.42 44+ 10
H@Gr/Fe (1 ML)/Pt(111) 0.29 59+ 10
Edge of HaoGr/Fe (2.5 ML)/Pt(111) 0.16 69+ 11
H@Fe-2VGr/Fe (I ML)/Pt(111) 0.08 76 £ 10

On the bottom of Figure 6a, it is possible to observe also a small area where Gr directly covers

the Pt(111) surface as deduced by the height profile, which is in agreement with the DFT
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calculations (see Figure S7¢). Here, the local current roughness measurements probe the HER that
is taking place on the Gr outer surface and not within the confined space. No rise in the current
roughness is observed in the potential window investigated here (i.e. up to -25 mV vs RHE).
Therefore, to determine the onset potential of the basal plane of Gr/Pt(111), a further
potentiodynamic EC-STM experiment has been performed and the results are shown in Figure S19
and in a second movie included in Supplementary Movie 2. For the Gr/Pt(111) system, DFT
calculations predict a rather endergonic AGu=of +1.42 eV in excellent agreement with the fact that
experimentally the onset of catalytic activity is observed at the most reducing potential (-44 mV
vs RHE).

Finally, we modelled some of the point defects that are formed during the intercalation of Fe
and that were documented on several areas. We envisaged the formation of C double (2V)
vacancies (i.e. removal of two adjacent C atoms): we considered it either as an empty defect or
filled by one Fe atom, forming a pseudo square-planar coordination Fe-C4 unit (Figure S21b-f). In
the latter, the Gr layer was supported on 1, 2 and 3 ML Fe films on Pt(111). The simulation of the
STM image of such a defect is reported in Figure S10e and nicely reproduces the bright four-fold
structure labelled as defect Fe-2V in Figure 6b. On this special defect, hydrogen can adsorb on top
of the metal atom with a Gibbs free energy of adsorption AGn=of +0.08 eV (Table S4). In this case
the active site is directly exposed to the electrolyte solution providing an easy mass transport for
both reactants and products.

The high activity of this type of defects deduced by cr-EC-STM and DFT calculations was
independently confirmed by LSV experiments carried out on sputtered surfaces (see Figure 4c). A
Gr/Fe (3.5 ML)/Pt(111) surface was gently sputtered by Ar" (0.4 keV for 10 s) to form C vacancies,
which can be easily metalated by the underlying Fe atoms*!. LSV recorded in Hz-sat. 0.1 M HC1O4
shows that after sputtering, the catalytic activity of the system increases substantially almost
matching the activity of the Pt(111) surface.

Overall, the sequence of reactivity experimentally observed by cr-EC-STM therefore perfectly
agrees with the trend of AGu+ obtained by the DFT simulations, actually if we plot the onset
potential points of the L(E) vs EC curves, which is an experimental determination of the

overpotential vs AGu+ we observe a linear correlation (see Figure 6g).
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3. Conclusions

In this work we have investigated the HER at the interface between Gr and two different
metals, namely Pt and Fe, unravelling quite different behaviors. In the confined space between Gr
and Pt, the HER is thermodynamically boosted (AGu*=-0.20 vs -0.27 eV for clean Pt(111)), but
is limited by the diffusion of the H> molecules away from the interface. On the other hand, on the
outer surface of the Gr/Pt(111) system, the HER is strongly suppressed, given the scarce
interaction between the H atoms and Gr (AGu+=+1.42). Moreover, when Fe is intercalated below
Gr, producing a Gr/Fe interface, radical changes are observed in the activity and in the reaction
mechanism. In this case the large electronic modification induced on Gr by the close contact with
the Fe layer allows the reaction to take place directly on the outer Gr surface (AGn+=+0.29 eV).
Through the introduction of the local roughness of the tunneling current and an innovative method
(cr-EC-STM) for the analysis of the noise in the atomically resolved potentiodynamic EC-STM
images, it was possible to investigate under operando conditions with sub nanometric resolution,
the activity of several different structural units such as point defects, step edges and
compositionally different flat interfaces. The converging evidence of DFT calculations and
experimental data indicates that the Fe atoms trapped into C vacancies behave as very reactive
SACs (AGnu=as low as +0.08 eV), and that the activity of the bent areas of Gr across step edges is
also remarkable (AGu+ of +0.16 eV). This work therefore sheds light on the electrocatalytic activity
of metal surfaces wrapped by graphitic layers, which are showing an enormous potential not only
in the HER, but also in the ORR and OER*. Differently from other works however, we were able
to provide both experimental evidences and theoretical models based on DFT calculations that
confirm the importance of point defects, which so far have been overlooked in the literature due
to the dearth of suitable investigation techniques with high spatial resolution under operando
conditions. With this work we provide a detailed blueprint for the design of HER catalysts bearing
specific types of defects such as Metal-Cs4 units and curved Gr, with outstanding activity (AGu*=
+0.08 eV) and demonstrate the potential of cr-EC-STM in electrochemistry. In fact, this technique
allows to acquire quantitative electrocatalytic measurements with high resolution down to the
atomic level. This tool, therefore, can bring a radical change in perspective on the methodological
approach used to investigate electrocatalysts. Actually, the biggest conundrum in the field is how
to connect the catalytic performance of materials to their atomic scale properties. Cr-EC-STM

allows to go beyond the usual area averaged measurements and on the contrary, to break down the
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electrocatalytic response of a complex surface, even though it is inhomogeneous and presents a
variety of defects, into the single components associated with specific sites. This combination of
high spatial resolution and operando evaluation of catalytic activity represents a powerful tool to

derive accurate structure-activity relationships in electrocatalysis.

4. Methods

The preparation of the Gr/Pt(111) and Gr/Fe/Pt(111) systems and their characterization by
Low Energy Electron Diffraction (LEED) and X-ray Photoemission Spectroscopy (XPS) were
performed in a custom-designed Ultra-High Vacuum (UHV) system described in Ref*.
Synthesis of Gr/Pt(111) and Gr/Fe(n ML)/Pt(111) samples. The surface of a Pt(111) single
crystal (MaTeck) was cleaned by repeated cycles of sputtering (1.5 keV, 1 x 10°® mbar of Ar, at
room temperature RT) and annealing at 1000 K. The residual carbon was removed by annealing
in 2.0 x 107 mbar of Oz at 900 K, and subsequently, the adsorbed oxygen was removed by flash
heating at 1000 K. This procedure was repeated until a sharp LEED pattern was obtained (Fig.
Sla). The Gr/Pt(111) model system was grown in situ on the clean Pt(111) surface by ethylene
dosing following a previous procedure described by Cattelan et al.>*: the Gr layer was grown in
situ by ethylene dosing (5 x 10 mbar, at 1000 K, for 5 min and subsequently in 1 x 10 mbar for
15 min) on the clean Pt(111) surface and then cooling down the crystal at 50 Kmin.** Different
Gr/Fe(n ML)/Pt(111) model surfaces (where n indicates the number of monolayers MLs) were
then prepared according to a procedure described in the same paper®*: Fe was deposited in situ by
physical vapor deposition (PVD) on the Gr/Pt(111) system after a proper calibration of the iron
evaporator by angle-resolved XPS (AR-XPS) measurements using the Fe 2p and Pt 4f
photoemission peak intensity, according to a method previously described**. Fe was evaporated
while maintaining the sample at 570 K to allow the metal intercalation, i.e. the diffusion of Fe
atoms through the Gr layer, forming metal thin films between the Pt(111) surface and the Gr layer.
The thickness of the layer is expressed in terms of monolayer (ML), where 1 ML correspond to
2.60 x 10! Fe atoms/cm?.

Chemical and Structural Characterization. The composition of the samples and the chemical
changes induced by the exposure to the EC environment were investigated by XPS using an EA
125 Omicron electron analyzer equipped with five channeltrons, working at a base pressure of 2 x
10'% mbar. The XPS data were collected at RT with the Mg Ko line (hv = 1256.6 V) of a non-
monochromatized dual-anode DAR400 X-ray source using 0.1 eV energy steps, 0.5 s acquisition
time, and 20 eV pass energy. The binding energy (BE) scale was calibrated using a gold sample
(Au 4f72 at 84 eV). The curve fitting of the C 1s lines was performed using Voigt functions and a
Shirley background using the KolXPD software*’. LEED patterns were acquired using an incident
electron beam energy between 40 and 100 eV. All LEED patterns were recorded at RT.

In situ EC Scanning Tunneling Microscopy Measurements. The in situ EC-STM measurements
were carried out using a home-built EC-STM operating in constant current mode, as described by
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Wilms et al.*¢. The STM tips were electrochemically etched from a 0.25 mm tungsten wire in 2 M
KOH solution and, subsequently, cleaned in high purity water, dried and coated passing the tip
through a drop of hot glue. Platinum wires were used as counter and reference electrodes in order
to ensure a high-purity of the system. The Pt reference electrode was calibrated vs. Ag/AgCl/Clsar)™
in Ar-saturated 0.1 M HCIOs. The overall error in the EC potential scale was estimated to be 10
mV. The exposed area of the sample during EC-STM measurements was 0.096 cm?. The image
analysis was carried out by using the WSxM 5.0 software*’. To correct for experimental artefacts
(e.g. thermal drift) and for a better visualization, in some cases, the displayed EC-STM images
have been subjected to: plane correction, equalization, fast Fourier transform filter, and drift
correction based on the Gr lattice. Figure S22 shows a typical raw (not filtered/corrected) EC-STM
image obtained in topographic and current mode (raw EC-STM image of Figure 6a). The analysis
of the current roughness has been performed on the raw EC-STM images. The error bars reported
in the L vs EC potential plots (Fig 6f) were determined on the basis of the standard deviation of
the tunneling current values within each rectangular box.

Ex situ EC Measurements. The Linear sweep voltammetry (LSV) measurements in H>-saturated
0.1 M HCIO4 electrolyte of prepared samples were carried out ex sifu in a conventional three-
electrode cell. A glassy carbon rod was used as counter electrode and an Ag/AgCl/Clay~ as
reference electrode. A custom-designed sample holder with an area of 0.502 cm? was used in an
upside-down configuration causing mass transport limitation at high current densities. Both for ex
situ and in situ measurements, all samples have been introduced in the electrochemical cell without
an external bias or connection to a load. Typical values of the open circuit potential were 920 mV
for the Pt(111) surface and 810 mV for the Gr covered systems, respectively.

Computational details. DFT was used to study the various systems namely H@Pt(111),
Gr/H@Pt(111), H@Gr/Pt(111), Gr/H@Fe (n ML)/Pt(111), H@Gr/Fe (n ML)/Pt(111), and
H@Gr/Fe island (n ML)/Pt(111) for different H coverages (not all are shown here). We also
investigated H adsorption at the single (1V) and double vacancies (2V) in Gr for the systems with
Fe. The Quantum Espresso suite was used to model and simulate the systems*® and the Tersoff-
Hamann approach was used to simulate the STM images*. Ultrasoft pseudopotentials requiring
wave function and charge density cut-offs of 46 Ry and 401 Ry were used, respectively. From the
Moiré-like pattern observed in the experimental EC-STM images, as the majority phase of
Gr/Pt(111) was determined to be a (3x3) Gr on (V7xV7)R19.1° Pt(111), the same was modelled
using the repeated slab approach. The lattice mismatch between Gr and Pt(111) is of 0.6 %. This
mismatch cannot be modeled due to the periodic boundary conditions used in simulations. Hence,
we stretched the Pt substrate to match the Gr lattice. However, we made sure that the properties of
the Pt substrate were unaltered by this negligible increase in the lattice constant by checking the
work function. The calculated work function of the stretched Pt(111) slab is 5.92 eV which agrees
with the value in the literature®®. The Pt slab consists of four layers where the bottom two layers
were kept fixed during all relaxations. For the systems with Fe (1 ML or less), Fe atoms were
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added on top of the Pt substrate. For Fe (2 ML or more) systems, the same number of Pt layers
were replaced with the Fe layers (see Figure S7). As there are seven substrate-surface atoms per
cell, the full-coverage equivalent of 1 ML in simulations is when seven atoms are present. A
12x12x1 Monkhorst-Pack®! k-points grid was used to sample the Brillouin zone. To include the

2¢09% non-local

van der Waal’s interactions, all calculations were run including the vdW-DF
functional®? .

To model the EC half-cell we used the computational hydrogen electrode (CHE) model
developed by Nerskov and co-workers®. The electronic energy of atomic hydrogen adsorption
(AEp#) is calculated as: AEy* = 1/n (Esurfrntt — Esurt — 1/2 En,) where Egueinn 1s the total energy of
the system with n number of H atoms adsorbed, Esur is the energy of the slab and Ew, is the energy
of the H> molecule in the gas-phase. Once we obtain the electronic energy, the Gibb’s free energy
for atomic hydrogen adsorption AGu=, which is the key descriptor of HER used in simulations,
was obtained as follows: AGu+ = AEn* + AZPEn+ - TASu*, where AZPEq+ is the zero-point energy
difference between the reactants and the products and ASg~ is the difference in the entropies
between them?®. Vibrational modes were calculated by performing a normal-mode analysis and all
3N degrees of freedom of the adsorbates within the harmonic oscillator approximation. Corrections
for the ZPE were included by calculating and diagonalizing the dynamical matrix at I' point only.
For a gas-phase H, molecule, the standard tabulated entropy was used. The more negative the
AGu~ value is, the stronger is the adsorption and a positive value indicates non-bonding, or a very
weak adsorption. The best catalyst should have the ideal value of AGu+~0 eV. However, it is worth
to underline how a thermoneutral hydrogen adsorption step is a necessary but not sufficient
condition for a catalyst to be active for HER.

The C 1s XPS was simulated by determining the core level shifts (CLS) between the
inequivalent carbon atoms®’. The CLS were calculated as the total energy differences between the
systems with different inequivalent excited atoms and their weighted average. The excited atoms
were modelled by a C pseudopotential generated with a full core hole at the 1s level. The final
spectra were obtained by broadening the CLS with pseudo-Voigt profiles®®*®. The ball and stick
models have been rendered by using the XCrySDen software®’.

Data availability

The data supporting the findings of this study are available within the article and its
Supplementary Information or from the corresponding authors upon reasonable request.
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