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 13 

The development of new catalytic materials for the hydrogen evolution reaction is of pivotal 14 

importance for the hydrogen economy. Here we show that thin Fe films covered by monolayer 15 

graphene exhibit an outstanding catalytic activity, surpassing even that of Pt. This was 16 

demonstrated exploiting a method based on the evaluation of the noise in the tunneling current of 17 

electrochemical scanning tunneling microscopy (EC-STM). In this way we mapped with atomic 18 

scale precision the electrochemical activity of the graphene/Fe interface, unraveling that single Fe 19 

atoms trapped within carbon vacancies and curved graphene areas on step edges are exceptionally 20 

active. Density functional theory (DFT) calculations confirmed the sequence of activity obtained 21 

in the experiments. This work exemplifies the potential of EC-STM as the only available technique 22 

to determine both the atomic structure and relative catalytic performance of atomically well-23 

defined sites in electrochemical operando conditions and provides a detailed rationale for the 24 

design of novel catalysts based on a cheap and abundant metal like Fe. 25 

 26 

 27 

1. Introduction 28 

Catalysis with 2D materials is a fascinating topic that is gaining an ever-increasing momentum in 29 

the scientific community. Not only 2D materials have exceptional intrinsic activity in a large 30 

variety of reactions, but connected to the 2D nature of these systems, some special nanoscale 31 

phenomena may unfold, which lay the basis for radically new strategies to improve the chemical 32 

activity1. In this regard, the confined space between a 2D material and its support (Scheme 1a) 33 

represents an unconventional physicochemical environment that is accessible only by selected 34 

chemical species (e.g. hydrogen2), therefore having a strong impact on selectivity. In addition, 35 

reaction intermediates or activated transition state complexes can be subjected to supplementary 36 

interactions that can lead to significant changes in the reaction energy paths3.  37 
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 38 

Figure 1. Interactions between a graphene layer and a metal substrate can lead to catalytic 39 

processes at different interfaces. 40 

 41 

In this respect, a key aspect is the interfacial hybridization that can produce both electronic and 42 

structural changes, which can be exploited as a powerful tool to design novel functional materials 43 

(Scheme 1b). For example, it has been reported that the interfacial hybridization can induce 44 

enhanced chemical activity and improved stability even outside the electrochemical (EC) potential 45 

window normally expected by bulk Pourbaix diagrams. Recently, it has been documented that in 46 

the case of graphene (Gr), the archetypal 2D material, an EC transfer effect occurs in the oxygen 47 

evolution reaction (OER): a single Gr layer, which is per se electrochemically inert, can mimic the 48 

typical chemical activity of the underlying support, Co3O4, as a result of a charge transfer between 49 

the two materials4. Similarly, the hydrogen adsorption energy on monolayer MoS2 can be precisely 50 

tuned by choosing conveniently the work function of the supporting metal, and so the activity 51 

towards the hydrogen evolution reaction (HER) can be substantially boosted5. Recently, some of 52 

us have demonstrated that 2D nano-oxides, if sufficiently thin (< 2 nm), can exhibit novel EC 53 

properties because of the electron tunneling from the underlying metal support6,7. Moreover, 2D 54 

materials can be chemically modified through the introduction of single atoms forming so-called 55 

single atom catalysts (SACs, see Scheme 1c), characterized by unconventional coordination and 56 

electronic structure, which are often endowed with rather unique chemical activity8.  57 

Such great interest in 2D materials and related nanoscale phenomena is motivating the 58 

development of novel characterization techniques for their study under operando conditions, 59 
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possibly with the ability to investigate (electro)catalytic processes with atomic scale precision. 60 

This is an ambitious goal considered the substantial dearth of experimental techniques that allow 61 

micro-spectroscopic measurements in the complex, and often harsh, environment typical of the 62 

working conditions used in (electro)catalytic applications. Most operando techniques such as X-63 

ray absorption or vibrational spectroscopies lack sub nanometric resolution, while techniques with 64 

atomic resolution such as electron microscopies can be used only for pre- and post mortem 65 

characterization, but not during electrochemical processes. 66 

In the context of electrocatalysis, electrochemical scanning tunneling microscopy (EC-STM) has 67 

taken a special standing, since it has been widely exploited in the past to obtain structural and 68 

chemical information under operando conditions and to provide an atomically resolved picture of 69 

several dynamic processes e.g. deposition, dissolution, adsorption/desorption,9–11 phase 70 

transitions12,13 and surface reactions14–17. 71 

More recently, EC-STM has also demonstrated the capability to provide a direct visualization of 72 

electrocatalytic processes in real time even at the atomic scale18,19, offering a powerful tool to 73 

establish accurate structure-activity relationships in catalysis. 74 

In this work we go beyond the state of the art of this technique, both providing a method for the 75 

quantitative analysis of the catalytic activity and reaching high spatial resolution, down to the 76 

atomic level of a family of metal-graphene active sites. As firstly recognized in the early 77 

development of STM by G. Binning, under certain assumptions, the noise in the tunneling current 78 

can be associated with surface dynamical processes. Taking the cue from this intuition, we have 79 

developed a method to extract quantitative information from the noise in the tunneling current and 80 

to correlate it with the faradaic processes taking place on single atomic sites. 81 

To reach this goal, we have prepared highly-precise model systems consisting of a Gr monolayer 82 

covering either a (111) oriented Pt single crystal (Gr/Pt(111)), or few monolayer (ML) Fe films on 83 

Pt(111) (Gr/Fe (n ML)/Pt(111)). Thanks to atomically resolved EC-STM images, we have 84 

monitored the H+ intercalation underneath the Gr layer, its adsorption on the metal surface and 85 

successive conversion to H2. Interestingly, through the combination of  model systems with the 86 

extraordinary capabilities of EC-STM to trace with atomic scale precision in real time nanoscale 87 

phenomena, we have demonstrated that the macroscopic electrocatalytic activity, observed in 88 

standard linear sweep voltammetry (LSV) experiments, is not only connected to the presence of 89 

the Gr/Fe interface, but is also the result of extremely active defects, such as carbon vacancies 90 
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filled by Fe atoms, and bent Gr layers, covering like a carpet metal step edges. State-of-the-art 91 

density functional theory (DFT) calculations have been used to model the investigated systems, to 92 

identify the different defects and to rationalize their catalytic activity, providing an detailed insight 93 

into the HER at the atomic level. 94 

 95 

 96 

2. Results  97 

 98 

2.1. Chemical and structural characterization of the Gr/Pt(111) and Gr/Fe (n ML)/Pt(111) 99 

model systems.  100 

The growth of both Gr and Fe ultrathin films on Pt(111) was thoroughly studied in the past20–23. 101 

Some of us investigated the Fe/Gr interface both as supported Fe nanoparticles (Fe/Gr/Pt(111)) 102 

and intercalated Fe layers of different thickness (hereafter Gr/Fe(n ML)/Pt(111))24. This was 103 

possible given the easy intercalation of Fe atoms through Gr, which can be promoted by a mild 104 

thermal treatment of the Fe/Gr/Pt(111) system. 105 

In the present study, the atomic structure and chemical composition of the Gr/Pt(111) and Gr/Fe(n 106 

ML)/Pt(111) systems have been investigated by LEED and XPS. The results are extensively 107 

reported in Supplementary Figures 1 and 2.  108 

Briefly, in the used conditions, Gr grows as a continuous monolayer on the Pt(111) surface, mostly 109 

forming a (3 × 3) Moiré superstructure with respect to the Gr periodicity.  This film is characterized 110 

by a sharp C 1s peak centered at a binding energy (BE) of 284.2 eV that can be fitted by a single 111 

component representing C sp2 atoms24 (see Supplementary Figure 2a and Supplementary Table 1). 112 

After the deposition of 1.2 ML of Fe, directly on Gr/Pt(111) at 570 K to allow an immediate 113 

intercalation, three new components appear in the C 1s spectrum: the peak at 284.4 eV can be 114 

associated with C sp2 bonds at the Gr/Fe interface, the component at 285.0 eV with sp3 115 

rehybridized C atoms, due to defects produced by the Fe deposition/intercalation or to highly bent 116 

Gr at step edges24, and the feature at 283.8 eV, which becomes more evident after a mild sputtering 117 

procedure with Ar+ (0.4 keV for 10 s), is related to C vacancies (vide infra). The shift by 0.2 eV 118 

of the C sp2 peak centroid towards higher BE compared to the same peak observed on the Gr/Pt 119 

interface, reflects the stronger cohesive energy between Gr and Fe24.  120 

This analysis is confirmed by the DFT calculations: Figure S3 (a and b) shows the optimized 121 

geometry (top and side views) of the Gr/Pt(111) and Gr/Fe (1 ML)/Pt(111) systems, respectively. 122 
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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 123 

agreement with the literature25. However, in the case of Gr/Fe (1 ML)/Pt(111), it increases up to -124 

0.20 eV per C atom. Furthermore, the stronger interaction between Gr and the Fe layer is evident 125 

by their interlayer distance, which is reduced from 3.29 Å in Gr/Pt(111) to 2.05 Å in Gr/Fe (1 126 

ML)/Pt(111), and from the analysis of the Löwdin charges, which indicates an additional electron 127 

charge transfer of 0.039 e- per C atom of Gr in Gr/Fe (1 ML)/Pt(111) with respect to that in 128 

Gr/Pt(111)24. Another proof of the strong change in the interaction between Gr and the two 129 

different metals can be deduced by the projected density of states (PDOS) (Figure S4). In the case 130 

of Gr/Pt(111) the Dirac cone is almost intact, indicating that Gr is free-standing-like, whereas in 131 

the case of Gr/Fe (1 ML)/Pt(111), the Dirac cone  is modified because of the mixing of the π states 132 

of Gr and the 3d-states of Fe atoms.  133 

 134 

 135 
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 136 

Figure 2. (a) CVs of Pt(111) and Gr/Pt(111) in Ar saturated 0.1 M HClO4 electrolyte: (1) first CV, 137 

(2) CV recorded after 72 h by keeping the sample under constant electrode potential (0.5 V vs 138 

RHE). Large scale (b) and high-resolution (c) EC-STM images showing the (3×3) Moirè 139 

superstructure of Gr/Pt(111) recorded at E =500 mV vs RHE in Ar saturated 0.1 M HClO4 140 

electrolyte, tunnelling conditions: It = 0.85 nA, Ub = 78 mV. 141 

 142 

2.2 Electrochemical activity towards HER 143 

We first examined the HER activity of the Gr/Pt(111) system and its stability by in situ EC-144 

STM measurements in Ar saturated 0.1 M HClO4 electrolyte. Figure 1a shows a typical cyclic 145 

voltammogram (CV, red curve) of Gr/Pt(111). As previously reported,26 anion (OH-) 146 

adsorption/desorption peaks are not observed, suggesting that Gr fully covers the Pt(111) surface; 147 

conversely, hydrogen adsorption/desorption peaks (hydrogen underpotential deposition, HUPD) are 148 

observed, but shifted by 50 mV towards more negative potentials compared to bare Pt(111) (black 149 
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curve in Figure 1a). The integration of the HUPD peak of Gr/Pt(111) yields a charge density of ≈220 150 

μC/cm2, which corresponds to a monolayer of adsorbed atomic hydrogen26.  151 

The stability of Gr/Pt(111) in the electrode potential window between 0 and 900 mV was 152 

monitored by in situ EC-STM: the CV (blue dashed trace in Figure 1a) recorded after 72 h under 153 

the constant electrode potential (0.5 V vs RHE) in Ar saturated electrolyte is identical to that 154 

recorded at the beginning (red curve in Figure 1a). As to the morphology, large-scale EC-STM 155 

images acquired at 500 mV vs RHE (Figure 1b) reveal wide terraces fully covered by the Gr layer 156 

with a wide distribution of the Gr domain size (from 20 nm up to 300 nm). High-resolution EC-157 

STM images at 500 mV vs RHE (Figure 1c) reveal a (33) Gr superstructure with a periodicity of 158 

7.4 Å and a rotation of 19.1° with respect to the Pt lattice. The surface was continuously monitored 159 

by EC-STM and no morphological changes were observed in the double layer potential window 160 

(i.e. in the range between 400 mV and 900 mV vs RHE). On the other hand, when STM images 161 

(see Figure 2a) were acquired in the potential region of hydrogen adsorption, we observed a (11) 162 

Gr structure indicating the lift of the (3×3) superstructure caused by hydrogen adsorption directly 163 

on the Pt(111) surface, underneath the Gr layer. This process was found to be reversible with 164 

respect to the applied EC potential. Figures 2a-b show atomically resolved potentiodynamic STM 165 

images registered on the same surface position (indicated by the red arrow in Figure 2a-b). At 0 166 

mV vs RHE a full monolayer of hydrogen is adsorbed on Pt(111) underneath the Gr layer. This 167 

proton intercalation process is revealed by a significant change in the corrugation of the Gr layer, 168 

which becomes flatter and characterized by a simple (11) unit cell. On the other hand, when the 169 

applied electrode potential is set in the potential window corresponding to the desorption of 170 

hydrogen, the (33) pattern immediately reappears.  171 

Since the penetration of protons and hydrogen atoms through a free-standing Gr layer, likely 172 

assisted by intrinsic defects, was confirmed by previous DFT calculations and experiments27,28, in 173 

this work we assumed models where hydrogen atoms are adsorbed on the underlying metal 174 

substrate. The simulated STM images of Gr/Pt(111) and Gr/H (1 ML)/Pt(111) (where 1 ML 175 

indicates the adsorption of seven H atoms per cell on the Pt(111) surface, see Methods section) are 176 

shown in Figure 2c-d, respectively. The top and side views of their optimized configurations are 177 

shown in Figure 2e-f. The simulations confirm the experimentally observed changes of STM 178 

contrast and periodicity upon H intercalation in the confined space between Gr and Pt(111). 179 

Interestingly, the defects observed on the images (see yellow circles in Figure 2a and b) undergo 180 
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a huge contrast change as a function of the EC potential, being dark at 500 mV, whereas they 181 

become very bright and bulged at 0 mV. Our simulated STM images in Figure S5 show that when 182 

H2 molecules physisorb on the Pt(111) surface they appear as bright and bulged features (Figure 183 

S5b), whereas chemisorbed H atoms are relatively dark (Figure S5a). Therefore, the bright features 184 

observed in the experiments can be interpreted as the H2 molecules evolving from a cluster of C 185 

vacancies (or small vacancy island) amidst the Gr layer, exposing a small patch of Pt(111), where 186 

the HER can freely take place. 187 

Considering the literature data on the behavior of Gr covered metal surfaces in other reactions, 188 

a rather complex scenario is emerging: in the case of the oxygen reduction reaction (ORR) or 189 

oxygen evolution reaction (OER) occurring on Gr wrapped metal or metal oxide surfaces, the 190 

active layer is the outer Gr surface, which becomes active because of a strong interfacial 191 

hybridization29. On the contrary, in the case of the HER, the EC reaction can take place also in the 192 

confined space between the metal and Gr.30 193 

 194 

 195 

Figure 2. Potentiodynamic EC-STM images (a-b) of Gr/Pt(111) showing the lift of the (33) Gr 196 

superstructure upon hydrogen adsorption on Pt(111) underneath the Gr layer. In both STM images, 197 

the red arrow marks the same point on the surface. (a) desorption of hydrogen: upper part of the 198 

image recorded at 0 mV vs RHE and subsequently changed electrode potential to 500 mV vs RHE 199 

(lower part of the STM image); tunneling conditions: It = 0.85 nA, Ub = 78 mV. (b) STM image 200 

recorded at 0 mV vs RHE in 0.1 M HClO4; Constant height simulated STM images at 78 meV and 201 

2 Å for (c) Gr/Pt(111), and (d) Gr/H (1 ML)/Pt(111). The top and side views (only the first layer 202 

Pt atoms are shown in the side views) of their optimized geometries are shown in (e) and (f), where 203 

graphene is depicted by black sticks, hydrogen and Pt by blue and grey spheres respectively. 204 

 205 
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Concerning the activity of Pt(111) and Gr/Pt(111) in H2-saturated 0.1 M HClO4, the LSV data 206 

indicate a marked decrease in the catalytic current both for the HER and hydrogen oxidation 207 

reaction (HOR) (see Figure 3a), suggesting that Gr strongly suppresses the electrocatalytic 208 

performance. 209 

 210 

Figure 3. (a) LSV in H2-saturated 0.1 M HClO4 of the Pt(111) and Gr/Pt(111) electrodes, scan 211 

rate 5 mV s-1; (b) Gibbs free energy diagram for hydrogen adsorption on Pt(111), Gr/H@Pt(111), 212 

H@Gr/Pt(111) for a single H per unit cell (see Figures S7a, S7b, and S7e for the optimized 213 

geometries). 214 

 215 

The exchange current density (j0), which reflects the intrinsic activity of materials is 216 

determined from the so-called Tafel plot (see Figure S6) with the value of 0.84 mA cm-2 for 217 

Pt(111), in accordance with the values reported previously31,32, and a value of 0.26 mA cm-2 for 218 

Gr/Pt(111) (see Table S3). These results, however, are apparently in contrast with the results of 219 

our DFT calculations, where we modelled the adsorption of H at different coverages from 1/7 to 1 220 

ML (see SI for the optimized structures when a single H is adsorbed on the bare Pt(111) surface 221 

(H@Pt(111) in Figure S7a), at the interface between Gr and Pt (Gr/H@Pt(111) in Figure S7b), and 222 

on top of the Gr layer supported on Pt (H@Gr/Pt(111) in Figure S7e)).  Before examining the DFT 223 

results, it has to be reminded that according to the literature the j0 can be directly compared to the 224 

Gibbs free energy of hydrogen adsorption, which is unanimously used as the best descriptor for 225 

the HER activity20,21.  226 

In the case of the lowest coverage, the adsorption of hydrogen on the outer Gr surface is 227 

strongly unfavorable (ΔGH* = +1.42 eV for H@Gr/Pt(111)), whereas in the confined space 228 

between Gr and Pt(111) (ΔGH* = -0.20 eV for Gr/H@Pt(111)), the hydrogen adsorption is 229 

exergonic. Interestingly, the presence of Gr slightly destabilizes the adsorption of hydrogen 230 

compared to the case of bare Pt(111) (ΔGH* = -0.27 eV for (H@Pt(111)), therefore producing a 231 
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potentially beneficial effect on the catalytic activity, since the highest activity should be observed 232 

in correspondence of a thermoneutral (GH* = 0 eV) adsorption.  233 

The apparent discrepancy with the experimental data can be reconciled if we consider the 234 

effects derived by the chemically selective permeation through Gr of the different species involved 235 

in the reaction. As a matter of fact, while protons, given their small size, can easily permeate Gr 236 

likely through point defects (vacancies, Stone-Wales defects) or even bent areas close to step 237 

edges26,33–35,41  as demonstrated by our EC-STM measurements and other theoretical works; on the 238 

contrary the produced H2 molecules cannot, but have to diffuse underneath Gr to reach large 239 

defects such as those present in Figure 2a-b (see yellow circle) or grain boundaries, to be evolved. 240 

The resulting entrapment of the H2 molecules within the confined space between Gr and the metal 241 

surface is likely responsible for the observed lower activity of the Gr/Pt(111) system observed in 242 

the LSV experiments. On the other hand, the Tafel slopes (Figure S6) of Gr/Pt(111) and Pt(111) 243 

are very similar, indicating no significant changes in the HER mechanism, because the reaction 244 

takes place in both cases directly on the Pt(111) surface. 245 

 246 

When Fe, a metal with a rather scarce activity for HER and with limited stability at the pH and 247 

potential conditions mostly used for this reaction (E< 0 V vs RHE and acidic pH), is intercalated 248 

underneath the Gr layer, we observe a radical change in the catalytic activity compared to the 249 

Gr/Pt(111) system. Figures 4a-b show the CVs of Pt(111) (black), Gr/Pt(111) (red), Gr/Fe (0.6 250 

ML)/Pt(111)  (blue), Gr/Fe (1.2 ML)/Pt(111) (green), Gr/Fe (3.5 ML)/Pt(111) (orange) and mildly 251 

sputtered (0.4 keV for 10 s) Gr/Fe (3.5 ML)/Pt(111) (light blue) recorded in Ar saturated 0.1 M 252 

HClO4 at a scan rate of 20 mV/s are reported. First of all, in all the Gr/Fe/Pt systems no OH- 253 

adsorption/desorption peaks are observed indicating that Gr covers the whole surface and hence 254 

Pt is not directly exposed to the electrolyte solution. Moreover, the comparison of the CVs of 255 

Gr/Fe/Pt(111) and Gr/Pt(111) indicates significant differences in the HUPD process, consisting of a 256 

decrease in the corresponding charge density as a function of the Fe amount (see Table S2): since 257 

hydrogen does not adsorb on the Fe surface in the electrode potential window investigated here36, 258 

the charge density calculated from the CVs directly corresponds to the Pt area not covered by Fe. 259 

Therefore, the change in the HUPD charge density allows monitoring the Fe coverage directly by 260 

CV measurements. In fact, as reported previously, the growth of Fe on Pt(111) proceeds in a 261 
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Stranski-Krastanov mode, i.e. forming an interfacial fully wetting monolayer followed by 3D 262 

islands, as confirmed by our STM images (vide infra) and by previous works23,24,37.  263 

Figure S8 shows a CV of Gr/Fe (0.6 ML)/Pt(111) recorded after the contact with the electrolyte 264 

(green curve) and after 72 h (blue curve) (under the constant electrode potential of 0.5 V vs RHE): 265 

the calculated HUPD charge densities are essentially the same, suggesting that the Gr layer 266 

efficiently protects Fe from leaching. This is a notable and unexpected result considering the bulk 267 

Pourbaix diagram of Fe, it is however in agreement with previous investigations on powder 268 

catalysts made up by Fe nanoparticles coated by a single C layer and supported on single walled 269 

nanotubes38. The stability of Gr/Fe (0.6 ML)/Pt(111) was further confirmed by EC-STM 270 

measurements. Figure S9 reports a series of typical large-scale EC-STM images of Gr/Fe (0.6 271 

ML)/Pt(111) recorded either after the sample was introduced in the EC cell (Figure S9a, open 272 

circuit potential  (OCP) conditions) or after applying a specific electrochemical potential (Figure 273 

S9b,c). The STM topography acquired at the OCP reveals large terraces with Gr encapsulated 274 

monoatomic Fe islands with size between 4 and 30 nm. Moreover, no changes of morphology are 275 

observed as a function of time, up to an applied electrode potential of +500 mV vs RHE, 276 

confirming the stability of the Fe layer.  277 
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 278 

Figure 4. (a-b) CVs of  Pt(111) (black), Gr/Pt(111) (red), Gr/Fe (0.6 ML)/Pt(111)  (blue),  Gr/Fe 279 

(1.2 ML)/Pt(111) (green), Gr/Fe (3.5 ML)/Pt(111) (orange) and mildly sputtered Gr/Fe (3.5 280 

ML)/Pt(111) (light blue)  recorded in Ar-sat. 0.1 M HClO4 electrolyte with the scan rate of 20 mV 281 

s-1; (c) LSV in H2-saturated 0.1 M HClO4 of the Pt(111) and Gr/Pt(111) electrodes, scan rate 5 mV 282 

s-1.  283 

 284 

When a high coverage (>3 ML) of Fe is intercalated, a rough metal film characterized by 3D 285 

islanding growth mode can be observed as reported in the EC-STM investigation of Gr/Fe (3.5 286 

ML)/Pt(111) (Figure S10). Even in this case we were able to acquire atomically resolved images 287 
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showing the presence of a variety of bright defects that can be associated with either C vacancies 288 

or Fe atoms trapped into defects (single or multiple vacancies within the Gr layer)39. The presence 289 

of such defects is confirmed also by the analysis of the C 1s photoemission spectrum of the Gr/Fe 290 

(3.5 ML)/Pt(111) sample (Figure S2a), which shows an additional component at 283.8 eV 291 

(separated from the main peak by -0.6 eV) compatible with the presence of C vacancies and/or Fe-292 

C bonds. This component further increases after a mild Ar+ sputtering, which is a treatment known 293 

to produce C vacancies, confirming the correctness of the attribution. Moreover, we have 294 

simulated the photoemission spectra (Figure S2b) of a double C vacancy (2V) either empty (i.e. 295 

2VGr/Fe (3 ML)/Pt(111)) or trapping an Fe atom (i.e. Fe-2VGr/Fe (3 ML)/Pt(111)), and found 296 

that the C atoms at the 2V produce a photoemission peak shifted by -0.8 eV or -0.6 eV, 297 

respectively, compared to that of the C sp2 component.  298 

Furthermore, atomically resolved EC-STM images (Figure S10c and S10d) supported by DFT 299 

simulations (Figure S10e), as it will be discussed in detail in the following, allow identifying C 300 

double vacancies (2V) filled by an Fe atom forming Fe-C4 rectangular units, characterized by a 301 

rather bright contrast in the EC-STM images. Taking into account that this set of STM images 302 

have been recorded after 30 CVs in potential range between 0 mV and 500 mV vs RHE and after 303 

24 h by keeping the sample under a constant electrode potential (0.5 V vs RHE) in Ar saturated 304 

0.1 M HClO4, we can conclude that Fe atoms cannot leach through Gr point defects, because either 305 

they get trapped in the defect itself or because of the strong adhesion energy within the Fe layer. 306 

It should be mentioned however, that a small amount of Fe could leak just after the contact with 307 

the electrolyte. Indeed in the CV data (Figure S11 and Table S2) of the Gr/Fe (3.5 ML)/Pt(111) 308 

sample after a mild sputtering treatment, a small current wave is observed in the potential range 309 

between 0 and 300 mV vs RHE. This feature can be connected to HUPD at the interface between 310 

Gr and the Pt surface. The calculated charge density is 14 μC/cm2, which corresponds to 6 % of Pt 311 

areas not covered by the Fe layer. These data suggests that Fe can partially dissolve into the 312 

electrolyte, but according to EC-STM measurements this process cannot take place through point 313 

defects, but likely through grain boundaries or other larger morphological defects.   314 

 315 



   
 

14 
 

 316 

Figure 5. Potentiodynamic EC-STM images in current mode of catalytic activity of Gr/Fe (1.8 317 

ML)/Pt(111);(a-i) tunneling conditions: It = 1.50 nA, Ub = -16 mV. The grey arrow always 318 

indicates the same position on the surface. The white dashed lines in panels (a-i) marks step edges 319 

between Gr/Pt-Gr/Fe and Gr/Fe-Gr/Pt basal planes. 320 

 321 

Once evaluated the long-term stability of the Gr/Fe system, we focused on the catalytic 322 

performance. Surprisingly, the CV and LSV data (Figure 4) clearly indicate that the Gr/Fe interface 323 

is more reactive than the Gr/Pt one, reaching almost the same activity of the bare Pt(111) surface 324 

(see Table S3 and Figure S12). Besides, the HER activity is dependent on the amount of Fe, with 325 

thicker layers being more active. This can be connected to the increasing number of point defects 326 

observed at higher coverage and with the formation of a rough surface with several step edges as 327 

deduced by XPS and STM measurements. Therefore, in order to get an insight at the atomic level 328 
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into the catalytic activity and stability of the Gr/Fe system and directly compare it to the Gr/Pt 329 

interface we performed a potentiodynamic STM study (see Figure 5 and S13 for current and 330 

topography mode, respectively) from pre-catalytic conditions to more reducing conditions for 331 

Gr/Fe (1.8 ML)/Pt(111), which allows observing on the same surface both Gr/Fe and Gr/Pt 332 

patches. The series of images reported in Figure 5 is part of a potentiodynamic experiment (68 333 

STM images in total) that is presented in Supplementary Movie 1 (where an extended description 334 

of the movie can also be found - Figure S14).   335 

To analyze the data of the potentiodynamic experiments we have followed an approach that 336 

represents an implementation of a technique originally proposed by Bandarenka et al..18 This 337 

innovative method allows investigating in a quantitative way the electrocatalytic activity of 338 

different chemical and morphological defects, which can be identified in atomically resolved STM 339 

images. Some technical details of this method are reported in the following and in the SI, whereas 340 

its full description will be the object of a forthcoming publication. The current images reported in 341 

Figure 5 show an apparent progressive loss of the atomic resolution as the EC potential is reduced; 342 

however, this phenomenon is not due to instrumental factors, such as a modification of the tip or 343 

mechanical instabilities etc., but is the consequence of the applied EC potential since it is highly 344 

reversible with respect to it (see Figure S16). Nonetheless, it can be observed that these changes 345 

in the resolution do not affect in the same way the whole surface, but in some regions, such as step 346 

edges and point defects, occasional spikes and noise are particularly enhanced. As suggested in 347 

the seminal work by Bandarenka et al.18, such instabilities of the tunneling current are due to 348 

instantaneous variations of the tunneling resistance due to changes of the local environment 349 

triggered by an EC reaction, and therefore represent a powerful tool for the identification of active 350 

sites. In Figure 6a, which is a simple 2D topography of the same area shown in Figure 5, we can 351 

recognize several different structural situations: patches of Gr covering the basal plane of a Fe 352 

island (Gr/Fe), or directly in contact with the Pt substrate (Gr/Pt) and the corresponding step edges. 353 

Moreover, several types of point defects made up by a different number of missing C atoms and 354 

trapped Fe atoms are visible, such as one Fe atom trapped on two (Fe-2V), three (Fe-3V) or four 355 

(Fe-4V) adjacent C vacancies, and three Fe atoms trapped into a cluster of 6 C vacancies (3Fe-356 

6V). As discussed in the following, the most notable of these structures have been simulated by 357 

DFT calculations (see Table S4 and Figure S21).   358 
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 359 

Figure 6. (a-f) EC-STM topographic images of the Gr/Fe (1.8 ML)/Pt(111) surface recorded at E 360 

= 195 mV vs RHE, tunneling parameters: It = 1.50 nA, Ub = -16 mV; f) Normalized current 361 

roughness L as a function of the EC potential extracted from the areas outlined by the rectangular 362 

boxes in (a); g) Plot of onset potential versus Gibbs free energy of adsorption (ΔGH*) showing a 363 

linear relationship. 364 

 365 

To provide a quantitative basis to Bandarenka’s original method18, we introduced a quantity 366 

Lo that can be described as current roughness (cr), which is a measure of the deviation of the 367 

tunneling current from the set value, due to the fluctuation of the tunneling junction resistance 368 

produced locally by the ongoing EC reaction, and is defined as: 369 

𝐿0 = √∑ (𝐼𝑥,𝑦−𝐼𝑠𝑒𝑡)
2

𝑥,𝑦

𝑁
∙
𝐴𝑆𝐸𝑇

𝐴𝑆𝐼𝑇𝐸
 (1) 370 
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where: Ix,y are the measured current values on an (xj,yj) point, Iset is the current value set in feedback 371 

loop of the EC-STM working in constant current mode, ASET is the area of the portion of the STM 372 

image analysed (e.g. the areas of the rectangles in Figure 6a) and ASITE is the actual area of the 373 

investigated catalytic site. The technique herein implemented will be referred as cr-EC-STM. The 374 

absolute value of L0 depends on the STM acquisition parameters, local electronic structure, and 375 

topographic corrugation; therefore, to enable a comparison, the L0 values were normalized with 376 

respect to a constant K that depends on the difference between the value of the set current, Iset and 377 

its average local value, IAverage and assuming as reference zero the value of L0 at an electrochemical 378 

potential when the reaction is off, L0(off). More details are provided in the SI. The normalized 379 

quantity L(E) (see Supplementary Equation 3) can be calculated on rectangular areas enclosing 380 

different points of interest and plotted as a function of the EC potential (Figure 6f). 381 

Interestingly, the general shape of the plot of L(E) vs EC potential is very similar to LSV data. 382 

This can be easily explained assuming that the catalytic reaction and ultimately the catalytic current 383 

is a first order perturbation of the tunneling current measured by EC-STM. 384 

When the onset potential, i.e. the lowest potential where a catalytic current can be detected, for the 385 

reaction is reached, the HER starts taking place, producing instantaneous changes in the tunneling 386 

junction since protons are continuously reduced to H, and H2 is formed and desorbed. Therefore, 387 

the L(E), which quantifies the roughness or noise in the tunneling current, can be directly 388 

associated with the catalytic current. By means of EC-STM, such measurement can be acquired in 389 

real time with high spatial resolution, operando at different EC potentials. Eventually however, 390 

when the overpotential is large enough, the associated noise in the tunneling current reaches a 391 

steady value, which explains the plateau observed at more reducing potential. 392 

Therefore, by using the current roughness, cr-EC-STM provides the possibility to investigate with 393 

atomic scale precision the catalytic activity of single defects and special structural units, allowing 394 

to go beyond the area averaged information provided by standard EC techniques. As in standard 395 

LSV, the cr vs voltage plots allow identifying the catalytic sites present on a surface and to 396 

determine quantitatively their onset potential (Table 1). The comparative analysis of the L(E) 397 

curves of the different sites indicates that the point defects based on Fe atoms trapped into vacancy 398 

clusters are the most active sites followed by the iron step edge and the Fe basal plane covered by 399 

Gr. This detail in the direct visualization of catalytically active sites during an EC reaction is in 400 
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excellent agreement with the results of DFT calculations where the different defects have been 401 

simulated (see Table 1).  402 

We started by modelling a Pt(111) surface covered with increasing amount of Fe (from 1 to 3 403 

ML, see Methods section for more details) terminating on top with a Gr layer. In all these cases, 404 

the free energy (ΔGH*) values for a single H adsorption on top of Gr, are slightly exergonic, but 405 

strongly dependent on the Fe layer thickness. The system with a single layer of Fe is the most 406 

active with a ΔGH* of +0.29 eV (Figure S7f), whereas at higher coverages (2 and 3 ML), the ΔGH* 407 

saturates at around +0.48 eV (Figures S7g,h). More interestingly, the activity of Gr/Fe (n 408 

ML)/Pt(111) is substantially boosted if the Gr layer becomes curved, as it happens on step edges. 409 

The Fe step edge has been modelled by a 6√7×1√7 supercell consisting of two complete Fe layers 410 

on Pt(111) and a third layer of an Fe island with a Gr layer on top, which covers the whole surface 411 

in a carpeting mode, assuming a wavy conformation comprising flat and curved regions. The 412 

adsorption of H atoms has been tested on several sites on this model (see Figures S18a-d) and, 413 

among them, the most favored adsorption energy (ΔGH* = +0.16 eV) has been found on the C 414 

atoms not directly attached to the iron layer, which are located at the curved areas adjacent to the 415 

step edges. Notably, in this case the H atom is preferentially adsorbed on top of the Gr layer and 416 

not in the confined space between iron and Gr. These values are comparable with other works in 417 

the literature dealing with Gr encapsulated metals8,40.  418 

 419 

Table 1. Gibbs free energy for hydrogen adsorption and onset potential determined by the cr-EC-420 

STM method.  421 

 ΔGH* (eV) 
Onset potential vs 

RHE (mV) 

H@Gr/Pt(111) 1.42 -44 ± 10 

H@Gr/Fe (1 ML)/Pt(111) 0.29 59 ± 10 

Edge of H@Gr/Fe (2.5 ML)/Pt(111) 0.16 69 ± 11  

H@Fe-2VGr/Fe (1 ML)/Pt(111) 0.08 76 ± 10 

 422 

On the bottom of Figure 6a, it is possible to observe also a small area where Gr directly covers 423 

the Pt(111) surface as deduced by the height profile, which is in agreement with the DFT 424 
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calculations (see Figure S7e). Here, the local current roughness measurements probe the HER that 425 

is taking place on the Gr outer surface and not within the confined space. No rise in the current 426 

roughness is observed in the potential window investigated here (i.e. up to -25 mV vs RHE). 427 

Therefore, to determine the onset potential of the basal plane of Gr/Pt(111), a further 428 

potentiodynamic EC-STM experiment has been performed and the results are shown in Figure S19 429 

and in a second movie included in Supplementary Movie 2. For the Gr/Pt(111) system, DFT 430 

calculations predict a rather endergonic ΔGH* of +1.42 eV in excellent agreement with the fact that 431 

experimentally the onset of catalytic activity is observed at the most reducing potential (-44 mV 432 

vs RHE). 433 

Finally, we modelled some of the point defects that are formed during the intercalation of Fe 434 

and that were documented on several areas. We envisaged the formation of C double (2V) 435 

vacancies (i.e. removal of two adjacent C atoms): we considered it either as an empty defect or 436 

filled by one Fe atom, forming a pseudo square-planar coordination Fe-C4 unit (Figure S21b-f). In 437 

the latter, the Gr layer was supported on 1, 2 and 3 ML Fe films on Pt(111). The simulation of the 438 

STM image of such a defect is reported in Figure S10e and nicely reproduces the bright four-fold 439 

structure labelled as defect Fe-2V in Figure 6b. On this special defect, hydrogen can adsorb on top 440 

of the metal atom with a Gibbs free energy of adsorption ΔGH* of +0.08 eV (Table S4). In this case 441 

the active site is directly exposed to the electrolyte solution providing an easy mass transport for 442 

both reactants and products. 443 

The high activity of this type of defects deduced by cr-EC-STM and DFT calculations was 444 

independently confirmed by LSV experiments carried out on sputtered surfaces (see Figure 4c). A 445 

Gr/Fe (3.5 ML)/Pt(111) surface was gently sputtered by Ar+ (0.4 keV for 10 s) to form C vacancies, 446 

which can be easily metalated by the underlying Fe atoms41. LSV recorded in H2-sat. 0.1 M HClO4 447 

shows that after sputtering, the catalytic activity of the system increases substantially almost 448 

matching the activity of the Pt(111) surface. 449 

Overall, the sequence of reactivity experimentally observed by cr-EC-STM therefore perfectly 450 

agrees with the trend of ΔGH* obtained by the DFT simulations, actually if we plot the onset 451 

potential points of the L(E) vs EC curves, which is an experimental determination of the 452 

overpotential vs ΔGH* we observe a linear correlation (see Figure 6g). 453 

  454 

 455 
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3. Conclusions  456 

In this work we have investigated the HER at the interface between Gr and two different 457 

metals, namely Pt and Fe, unravelling quite different behaviors. In the confined space between Gr 458 

and Pt, the HER is thermodynamically boosted (ΔGH* =-0.20 vs -0.27 eV for clean Pt(111)), but 459 

is limited by the diffusion of the H2 molecules away from the interface. On the other hand, on the 460 

outer surface of the Gr/Pt(111) system, the HER is strongly suppressed, given the scarce 461 

interaction between the H atoms and Gr (ΔGH* =+1.42). Moreover, when Fe is intercalated below 462 

Gr, producing a Gr/Fe interface, radical changes are observed in the activity and in the reaction 463 

mechanism. In this case the large electronic modification induced on Gr by the close contact with 464 

the Fe layer allows the reaction to take place directly on the outer Gr surface (ΔGH* =+0.29 eV). 465 

Through the introduction of the local roughness of the tunneling current and an innovative method 466 

(cr-EC-STM) for the analysis of the noise in the atomically resolved potentiodynamic EC-STM 467 

images, it was possible to investigate under operando conditions with sub nanometric resolution, 468 

the activity of several different structural units such as point defects, step edges and 469 

compositionally different flat interfaces. The converging evidence of DFT calculations and 470 

experimental data indicates that the Fe atoms trapped into C vacancies behave as very reactive 471 

SACs (ΔGH* as low as +0.08 eV), and that the activity of the bent areas of Gr across step edges is 472 

also remarkable (ΔGH* of +0.16 eV). This work therefore sheds light on the electrocatalytic activity 473 

of metal surfaces wrapped by graphitic layers, which are showing an enormous potential not only 474 

in the HER, but also in the ORR and OER42. Differently from other works however, we were able 475 

to provide both experimental evidences and theoretical models based on DFT calculations that 476 

confirm the importance of point defects, which so far have been overlooked in the literature due 477 

to the dearth of suitable investigation techniques with high spatial resolution under operando 478 

conditions. With this work we provide a detailed blueprint for the design of HER catalysts bearing 479 

specific types of defects such as Metal-C4 units and curved Gr, with outstanding activity (ΔGH* = 480 

+0.08 eV) and demonstrate the potential of cr-EC-STM in electrochemistry. In fact, this technique 481 

allows to acquire quantitative electrocatalytic measurements with high resolution down to the 482 

atomic level. This tool, therefore, can bring a radical change in perspective on the methodological 483 

approach used to investigate electrocatalysts. Actually, the biggest conundrum in the field is how 484 

to connect the catalytic performance of materials to their atomic scale properties. Cr-EC-STM 485 

allows to go beyond the usual area averaged measurements and on the contrary, to break down the 486 
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electrocatalytic response of a complex surface, even though it is inhomogeneous and presents a 487 

variety of defects, into the single components associated with specific sites. This combination of 488 

high spatial resolution and operando evaluation of catalytic activity represents a powerful tool to 489 

derive accurate structure-activity relationships in electrocatalysis.  490 

 491 

4. Methods 492 

The preparation of the Gr/Pt(111) and Gr/Fe/Pt(111) systems and their characterization by 493 

Low Energy Electron Diffraction (LEED) and X-ray Photoemission Spectroscopy (XPS) were 494 

performed in a custom-designed Ultra-High Vacuum (UHV) system described in Ref43.  495 

Synthesis of Gr/Pt(111) and Gr/Fe(n ML)/Pt(111) samples. The surface of a Pt(111) single 496 

crystal (MaTeck) was cleaned by repeated cycles of sputtering (1.5 keV, 1  10-6 mbar of Ar, at 497 

room temperature RT) and annealing at 1000 K. The residual carbon was removed by annealing 498 

in 2.0  107 mbar of O2 at 900 K, and subsequently, the adsorbed oxygen was removed by flash 499 

heating at 1000 K. This procedure was repeated until a sharp LEED pattern was obtained (Fig. 500 

S1a). The Gr/Pt(111) model system was grown in situ on the clean Pt(111) surface by ethylene 501 

dosing following a previous procedure described by Cattelan et al.24: the Gr layer was grown in 502 

situ by ethylene dosing (5  10-8 mbar, at 1000 K, for 5 min and subsequently in 1  10-6 mbar for 503 

15 min) on the clean Pt(111) surface and then cooling down the crystal at 50 Kmin-1.44  Different 504 

Gr/Fe(n ML)/Pt(111) model surfaces (where n indicates the number of monolayers MLs) were 505 

then prepared according to a procedure described in the same paper24: Fe was deposited in situ by 506 

physical vapor deposition (PVD) on the Gr/Pt(111) system after a proper calibration of the iron 507 

evaporator by angle-resolved XPS (AR-XPS) measurements using the Fe 2p and Pt 4f 508 

photoemission peak intensity, according to a method previously described44. Fe was evaporated 509 

while maintaining the sample at 570 K to allow the metal intercalation, i.e. the diffusion of Fe 510 

atoms through the Gr layer, forming metal thin films between the Pt(111) surface and the Gr layer. 511 

The thickness of the layer is expressed in terms of monolayer (ML), where 1 ML correspond to 512 

2.60  1015 Fe atoms/cm2.   513 

Chemical and Structural Characterization. The composition of the samples and the chemical 514 

changes induced by the exposure to the EC environment were investigated by XPS using an EA 515 

125 Omicron electron analyzer equipped with five channeltrons, working at a base pressure of 2  516 

10-10 mbar. The XPS data were collected at RT with the Mg Kα line (hυ = 1256.6 eV) of a non-517 

monochromatized dual-anode DAR400 X-ray source using 0.1 eV energy steps, 0.5 s acquisition 518 

time, and 20 eV pass energy. The binding energy (BE) scale was calibrated using a gold sample 519 

(Au 4f7/2 at 84 eV). The curve fitting of the C 1s lines was performed using Voigt functions and a 520 

Shirley background using the KolXPD software45. LEED patterns were acquired using an incident 521 

electron beam energy between 40 and 100 eV. All LEED patterns were recorded at RT.  522 

In situ EC Scanning Tunneling Microscopy Measurements. The in situ EC-STM measurements 523 

were carried out using a home-built EC-STM operating in constant current mode, as described by 524 
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Wilms et al.46. The STM tips were electrochemically etched from a 0.25 mm tungsten wire in 2 M 525 

KOH solution and, subsequently, cleaned in high purity water, dried and coated passing the tip 526 

through a drop of hot glue. Platinum wires were used as counter and reference electrodes in order 527 

to ensure a high-purity of the system. The Pt reference electrode was calibrated vs. Ag/AgCl/Cl(sat)
− 528 

in Ar-saturated 0.1 M HClO4. The overall error in the EC potential scale was estimated to be 10 529 

mV. The exposed area of the sample during EC-STM measurements was 0.096 cm2. The image 530 

analysis was carried out by using the WSxM 5.0 software47. To correct for experimental artefacts 531 

(e.g. thermal drift) and for a better visualization, in some cases, the displayed EC-STM images 532 

have been subjected to: plane correction, equalization, fast Fourier transform filter, and drift 533 

correction based on the Gr lattice. Figure S22 shows a typical raw (not filtered/corrected) EC-STM 534 

image obtained in topographic and current mode (raw EC-STM image of Figure 6a). The analysis 535 

of the current roughness has been performed on the raw EC-STM images. The error bars reported 536 

in the L vs EC potential plots (Fig 6f) were determined on the basis of the standard deviation of 537 

the tunneling current values within each rectangular box. 538 

 539 

Ex situ EC Measurements. The Linear sweep voltammetry (LSV) measurements in H2-saturated 540 

0.1 M HClO4 electrolyte of prepared samples were carried out ex situ in a conventional three-541 

electrode cell. A glassy carbon rod was used as counter electrode and an Ag/AgCl/Cl(sat)
− as 542 

reference electrode. A custom-designed sample holder with an area of 0.502 cm2 was used in an 543 

upside-down configuration causing mass transport limitation at high current densities. Both for ex 544 

situ and in situ measurements, all samples have been introduced in the electrochemical cell without 545 

an external bias or connection to a load. Typical values of the open circuit potential were 920 mV 546 

for the Pt(111) surface and 810 mV for the Gr covered systems, respectively. 547 

 548 

Computational details. DFT was used to study the various systems namely H@Pt(111), 549 

Gr/H@Pt(111), H@Gr/Pt(111), Gr/H@Fe (n ML)/Pt(111), H@Gr/Fe (n ML)/Pt(111), and 550 

H@Gr/Fe island (n ML)/Pt(111) for different H coverages (not all are shown here). We also 551 

investigated H adsorption at the single (1V) and double vacancies (2V) in Gr for the systems with 552 

Fe. The Quantum Espresso suite was used to model and simulate the systems48 and the Tersoff-553 

Hamann approach was used to simulate the STM images49. Ultrasoft pseudopotentials requiring 554 

wave function and charge density cut-offs of 46 Ry and 401 Ry were used, respectively. From the 555 

Moiré-like pattern observed in the experimental EC-STM images, as the majority phase of 556 

Gr/Pt(111) was determined to be a (33) Gr on (√7√7)R19.1° Pt(111), the same was modelled 557 

using the repeated slab approach. The lattice mismatch between Gr and Pt(111) is of 0.6 %. This 558 

mismatch cannot be modeled due to the periodic boundary conditions used in simulations. Hence, 559 

we stretched the Pt substrate to match the Gr lattice. However, we made sure that the properties of 560 

the Pt substrate were unaltered by this negligible increase in the lattice constant by checking the 561 

work function. The calculated work function of the stretched Pt(111) slab is 5.92 eV which agrees 562 

with the value in the literature50. The Pt slab consists of four layers where the bottom two layers 563 

were kept fixed during all relaxations. For the systems with Fe (1 ML or less), Fe atoms were 564 
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added on top of the Pt substrate. For Fe (2 ML or more) systems, the same number of Pt layers 565 

were replaced with the Fe layers (see Figure S7). As there are seven substrate-surface atoms per 566 

cell, the full-coverage equivalent of 1 ML in simulations is when seven atoms are present. A 567 

12121 Monkhorst-Pack51 k-points grid was used to sample the Brillouin zone. To include the 568 

van der Waal’s interactions, all calculations were run including the vdW-DF2c09x non-local 569 

functional52–55. 570 

To model the EC half-cell we used the computational hydrogen electrode (CHE) model 571 

developed by Nørskov and co-workers56. The electronic energy of atomic hydrogen adsorption 572 

(ΔEH*) is calculated as: ΔEH* = 1/n (Esurf+nH – Esurf – n/2 EH2) where Esurf+nH is the total energy of 573 

the system with n number of H atoms adsorbed, Esurf is the energy of the slab and EH2 is the energy 574 

of the H2 molecule in the gas-phase. Once we obtain the electronic energy, the Gibb’s free energy 575 

for atomic hydrogen adsorption ΔGH*, which is the key descriptor of HER used in simulations, 576 

was obtained as follows: ΔGH* = ΔEH* + ΔZPEH* - TΔSH*, where ΔZPEH* is the zero-point energy 577 

difference between the reactants and the products and ΔSH* is the difference in the entropies 578 

between them8. Vibrational modes were calculated by performing a normal-mode analysis and all 579 

3N degrees of freedom of the adsorbates within the harmonic oscillator approximation. Corrections 580 

for the ZPE were included by calculating and diagonalizing the dynamical matrix at Γ point only. 581 

For a gas-phase H2 molecule, the standard tabulated entropy was used. The more negative the 582 

ΔGH* value is, the stronger is the adsorption and a positive value indicates non-bonding, or a very 583 

weak adsorption. The best catalyst should have the ideal value of ΔGH*≈0 eV. However, it is worth 584 

to underline how a thermoneutral hydrogen adsorption step is a necessary but not sufficient 585 

condition for a catalyst to be active for HER. 586 

The C 1s XPS was simulated by determining the core level shifts (CLS) between the 587 

inequivalent carbon atoms57. The CLS were calculated as the total energy differences between the 588 

systems with different inequivalent excited atoms and their weighted average. The excited atoms 589 

were modelled by a C pseudopotential generated with a full core hole at the 1s level. The final 590 

spectra were obtained by broadening the CLS with pseudo-Voigt profiles58,59. The ball and stick 591 

models have been rendered by using the XCrySDen software60. 592 

 593 

Data availability 594 

The data supporting the findings of this study are available within the article and its 595 

Supplementary Information or from the corresponding authors upon reasonable request. 596 
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