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a b s t r a c t 

Tailoring electrocatalyst materials to the specific requirements of a certain reaction and to optimize ac- 

tivity or enhance selectivity is a key tactic for the development of low-temperature fuel and electrolyzer 

cells for clean energy production. Here, we demonstrate the modification of Cu(111) electrodes with dif- 

ferent sub-monolayer coverages of foreign metals (Cd) and metal hydroxides (Co(OH) 2 and Ni(OH) 2 ) for 

application in the hydrogen evolution reaction (HER) in alkaline media. In situ electrochemical scanning 

tunneling microscopy (EC-STM) reveals that these modifications have a significant influence on the mor- 

phology and structure of the Cu(111) surface with its characteristics depending on both the nature and 

the amount of the adsorbed metal(hydroxide). Ni(OH) 2 and Co(OH) 2 on Cu(111) lead to a significant en- 

hancement of the electrocatalytic activity towards the HER in alkaline electrolyte, whereas a decrease in 

activity is found for Cd modified Cu(111). These trends can be rationalized by considering the strength 

of the interfacial electric field and its influence on the specific interactions of the electrode with the wa- 

ter ad-layer close to the surface, as determined by laser-induced temperature jump measurements. This 

comparative study therefore provides valuable information on the structure-activity relation as well as 

insights on the interfacial characteristics of different bimetallic Cu electrocatalysts. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The rational design of active and selective electrocatalysts 

as been a central theme study in electrochemistry in the past 

ecades. One promising and feasible concept to optimize an elec- 

rode’s activity is the precise modification of the topmost layers of 

he catalyst surface, i.e., the sites where the reaction takes place, 

ith monolayers or sub-monolayers of foreign metals [1] . In prin- 

iple, there are two main strategies to engineer the electrode sur- 

ace properties with adlayers of other metals: (i) the so-called un- 

erpotential deposition (UPD) [ 2 , 3 ] and (ii) irreversible adsorption 

 4 , 5 , 6 ]. UPD refers to the electrochemical deposition of a metal on

 different metallic substrate, which takes place from a solution of 

ts cation at potentials that can be significantly less negative than 

hose needed for bulk deposition [ 3 , 4 ]. Since this is a reversible

rocess, it consequently implies that the adatom coverage is very 

uch dependent on the applied potential, and achieving a constant 
∗ Corresponding authors. 
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overage over the whole potential range of interest is difficult [4] . 

rreversible adsorption, on the other hand, occurs when, by putting 

 solution of a certain metallic salt in contact with an electrode at 

pen circuit potentials, a stable adatom layer forms and remains 

dsorbed on the substrate in a wide potential range after transfer 

o a solution without the corresponding ion [ 4 , 5 ]. In this case, the

datom coverage can be varied depending on the solution concen- 

ration or the immersion time, independently of the applied po- 

ential. 

Pt-based materials decorated with (sub-)monolayer amounts of 

oreign metals have been extensively studied (see for example refs 

 1 , 4 , 6 , 7 ]). Particularly interesting systems are 3d transition metal

TM = Ni, Co, Fe, Mn) hydroxide (TM(OH) 2 ) catalysts, due to their 

mproved activity towards the HER in alkaline electrolytes [8–10] . 

or TM(OH) 2 modified Pt(111), water dissociation is promoted 

hrough the introduced oxophilic species due to a decrease of its 

nergy barrier [ 10 , 11 ]. Interestingly, the reactivity trend for the al- 

aline HER (Ni > Co > Mn > Fe) clearly correlates with the corre- 

ponding oxophilicity [11] . The important role of the electric field 

t the solid/liquid interface and the corresponding interfacial wa- 

er reorganization, in particular as an activity descriptor for the 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ER in alkaline media, was demonstrated for Pt(111) with different 

mounts of Ni(OH) 2 [ 12 , 13 ]. For this system, the so-called laser-

nduced temperature jump method revealed a significant decrease 

n the electric field strength and thus a lowering of the energy bar- 

ier associated with the reorganization of the interfacial water net- 

ork with increasing amounts of Ni(OH) 2 on the surface [ 12 , 13 ]. 

In general, this technique allows to selectively study the interfa- 

ial water adlayer and relies on nanosecond laser pulses, which in- 

uce a sudden increase in temperature at the interface [ 14 , 15 ]. The

lectrode potential response during the temperature change gives a 

easure of the thermal coefficient of the interfacial potential drop 

 

∂�φ
∂T 

) at the electrified solid/liquid interface [5] . Since this coeffi- 

ient is directly related to the entropy of double layer formation, 

he potential at which it becomes zero corresponds to the poten- 

ial of maximum entropy (pme), which, in turn, is closely related 

o the potential of zero free charge (pzfc) [5] . 

In contrast to the precisely tailored Pt-based electrodes, ex- 

mples of well-defined Cu model electrodes tailored with (sub- 

monolayers of foreign metals are rather scarce and consist mostly 

f UPD studies [ 16 , 17 ]. This is also due to the fact that Cu is widely

sed as a surface modifier[3,6] rather than a substrate. Here, we 

herefore demonstrate the possibility of modifying Cu(111) elec- 

rodes with sub-monolayer amounts of different foreign metal hy- 

roxides (Ni(OH) 2 , Co(OH) 2 ) and metals (Cd), by using irreversible 

dsorption. In situ electrochemical scanning tunneling microscopy 

EC-STM) reveals significant differences in the structure and mor- 

hology of the bimetallic Cu materials that can be rationalized by 

ifferent deposition and growth mechanisms. We show that the 

dsorption of TM(OH) 2 leads to a significant enhancement of the 

ER activities in alkaline media. We find an unexpected trend (Co 

 Ni), which can be correlated with a greater decrease of the elec- 

ric field strength for Co(OH) 2 at potentials at which the HER takes 

lace, as determined by laser induced temperature jump measure- 

ents. For Cd modified Cu(111) on the other hand, we see a de- 

rease in HER activity even though there is a slight shift of the 

me towards more negative values, which is rationalized through 

 significantly more negative thermal coefficient, i.e., a higher elec- 

ric field at the interface. Our study sheds light on the interfa- 

ial properties of bimetallic Cu electrocatalysts and provides ev- 

dence, that the rate of the alkaline HER is strongly affected by 

he facilitation of the interfacial water reorganization during charge 

ransfer. 

. Experimental 

For a full detailed description of all experimental methods 

lease refer to the Supplementary Materials. Shortly, Cu(111) single 

rystal electrodes purchased from Mateck (Jülich) were mechani- 

ally polished with diamond paste (ESCIL) down to 0.25 μm and 

ubsequently electropolished at 1.8 V vs Cu in 60% H 3 PO 4 . All elec-

rochemical measurements were performed in a standard three- 

lectrode cell configuration with a Teflon beaker fitted inside to 

void solution contact with any glassware. Either a PTFE bound ac- 

ivated carbon [18] or a Pd/H 2 reference electrode and a carbon 

od counter electrode were used. Argon (5.0, Messer) was used 

o deoxygenate the 0.1 M NaOH (sodium hydroxide monohydrate, 

erck, Suprapur). A commercial Keysight 5500 scanning probe mi- 

roscope, placed inside a glove box (MBraun, MB 200 MOD), was 

sed for the EC-STM measurements. An electrochemically etched 

nd Apiezon coated tungsten wire was employed as STM tip. Quasi 

n situ X-ray photoelectron spectroscopy (XPS) was measured on 

 MulitLab 20 0 0 instrument (ThermoFisher Scientific) equipped 

ith a hemispherical sector analyser (Alpha 110, ThermoFischer 

cientific) and a monochromatic Al K α X-ray source. For the laser- 

nduced temperature jump experiments a Nd-YAG laser (Brilliant 

, Quantel, 532 nm) was used, as described in Refs. [ 5 , 15 , 19 ]. Ap-
2 
roximately, a hundred transients were averaged using a Tektronix 

odel TDS 3054B oscilloscope. 

. Results and Discussion 

Figure 1 depicts cyclic voltammograms (CVs) of Ni(OH) 2 and 

o(OH) 2 modified Cu(111) with two different coverages, i.e., 0.1 

nd 0.2 monolayers (ML), in 0.1 M NaOH. All potentials are given 

ersus the reversible hydrogen electrode (RHE). The voltammo- 

ram of bare Cu(111) is shown as a reference (black lines). For 

oth voltammetric responses of Cu(111) modified with Ni(OH) 2 and 

o(OH) 2 ( Figure 1 a and b), a decrease can be observed with in-

reasing coverages in the distinct peak pair, associated with hy- 

roxide (OH) adsorption and desorption on the Cu(111) surface 

t around 0.12 V RHE [ 20 , 21 ]. As stated in our previous work [22] ,

he well-defined, reversible OH adsorption feature in the CV al- 

ows to estimate the degree of blockage of the Cu surface and 

onsequently the apparent coverage from the remaining charge 

ensity (see Figure S1 and Table S1 in the Supporting Informa- 

ion (SI)). This consistently yields apparent coverages of around 

.1 ML and 0.2 ML for both Ni(OH) 2 and Co(OH) 2 by the use 

f 10 −4 and 10 −2 M Ni 2 + and Co 2 + solutions, respectively. Al- 

hough there exist uncertainties in the used coverage determi- 

ation due to the unknown ratio of adsorbed adatom and OH 

pecies, clearly the charge of the fingerprint OH adsorption feature 

elatively decreases with increasing Ni(OH) 2 and Co(OH) 2 surface 

oncentrations. 

To determine the influence of Ni(OH) 2 and Co(OH) 2 on the elec- 

rocatalytic properties, the HER activities in alkaline media were 

nvestigated and are depicted in Fig. 1 c and d. A clear enhance- 

ent can be observed for both 0.2 ML Ni(OH) 2 and Co(OH) 2 on 

u(111), whereas only a small activity increase is found for 0.1 

L. This non-linear increase in activity towards the HER in alka- 

ine media with increasing coverage is independent of the type 

f TM(OH) 2 and significantly differs from the linear enhancement 

ound for Pt(111) with various, low amounts of Ni(OH) 2 . Even more 

ntriguingly, Pt(111) decorated with nano-islands of 3d TM(OH) 2 , 

xhibit a clear activity trend following Ni > Co > Fe > Mn [ 10 , 11 ],

hereas for modified Cu(111) a larger enhancement in reactivity 

or Co(OH) 2 over Ni(OH) 2 is observed. Therefore, a clear connec- 

ion between the oxophilicity of the TM(OH) 2 and the activity can- 

ot be made in the case of Cu(111). 

Higher amounts of Cu(I) species, that may result from the 

u surface preparation, and hence a higher surface oxophilicity, 

ave been reported to lead to a significant enhancement in the 

ER activity in alkaline electrolytes [23] . To evaluate the effect 

f TM(OH) 2 modification on the oxidation state of Cu(111), quasi 

n situ X-ray photoelectron spectroscopy (XPS) [24] was employed 

 Fig. 2 ). For this, the deposition and the cyclic voltammetry were 

erformed inside an Ar-filled glove box, and the electrodes were 

mersed from the electrochemical cell under potential control (0 

 RHE ) before being transported to the XPS chamber without any 

ontact to air (see Supporting Information (SI)). Fig. 2 a and b show 

he Cu LMM Auger signals for Cu(111) modified with Ni(OH) 2 and 

o(OH) 2 , respectively, which can be used to determine the rela- 

ive population of different oxidation states, i.e., Cu(0) and Cu(I), 

ia the relative intensities of the peaks [ 23 , 25 ]. The relative inten-

ities of the highest peak appearing at a kinetic energy of ∼ 919.0 

V associated with Cu(0) species [26] , and the peak at ∼ 916.5 eV 

ttributed to Cu(I) species [26] , remain unaltered for all the sam- 

les, i.e., Cu(0) >> Cu(I). Therefore, sub-monolayer modifications 

f Cu(111) with Ni(OH) 2 and Co(OH) 2 , leave its oxidation state un- 

hanged at Cu(0), and the observed activity enhancement cannot 

e attributed to higher amounts of Cu(I) species. The presence of 

xidized Ni species on the surface is confirmed by the presence of 

he small signals in the Ni 2p region at binding energies (BE) of 
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Fig. 1. Electrochemical behavior of Ni(OH) 2 and Co(OH) 2 modified Cu(111) electrodes. Fingerprint cyclic voltammograms (CVs) for (a) Cu(111) with 0.1 ML and 0.2 ML Ni(OH) 2 
and (b) Cu(111) with 0.1 ML and 0.2 ML Co(OH) 2 in 0.1 M NaOH with a scan rate of 50 mV/s. Panel (c) and (d) show the HER activities in 0.1 M NaOH for Cu(111) modified 

with 0.1 ML and 0.2 ML Ni(OH) 2 , and Cu(111) modified with 0.1 ML and 0.2 ML Co(OH) 2 , respectively. Black lines: Cu(111) reference. (For interpretation of the references to 

colour in their figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Quasi in situ X-ray photoelectron spectroscopy: Cu LMM Auger signals for Cu(111) with different coverages of (a) Ni(OH) 2 and (c) Co(OH) 2 . (b) XPS spectra of the Ni 

2p region and (d) of the Co 2p region. All spectra were recorded with a take-off angle of 60 ° between the Cu(111) surface normal and the analyzer. 

3 
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Fig. 3. In situ EC STM images of (a)-(b) metallic Cu(111), (c)-(d) Cu(111) with 0.1 ML Ni(OH) 2 and 0.1 ML Co(OH) 2 and (e)-(f) Cu(111) with 0.2 ML Ni(OH) 2 and 0.2 ML 

Co(OH) 2 , respectively, at -0.05 V RHE in 0.1 M NaOH. Image sizes are (50 0 × 50 0) nm 

2 (a) and (250 × 250) nm 

2 (b-f). I tip = 1 nA, E tip = 0.25 V RHE . 
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856 eV and 873 eV ( Fig. 2 b), which correspond to Ni 2p 3/2 and

i 2p 1/2 , and which is in good agreement with literature values 

or Ni(OH) 2 [ 27 , 28 ]. Similar XPS results are obtained for Co(OH) 2 
odified Cu(111), where the small peaks at ∼781 eV (Co 2p 3/2 ) 

nd 796 eV (Co 2p 5/2 ) clearly indicate the presence of Co(OH) 2 at 

he surface ( Fig. 2 d) [28] . Both the adsorbed Ni and Co species are

herefore interpreted as hydroxides that do not get reduced or oxi- 

ized in the present systems. The same behavior is known for irre- 

ersibly adsorbed Ni(OH) 2 and Co(OH) 2 on Pt in its pseudocapaci- 

ive potential region [ 10 , 13 ]. 

Both the unusual non-linear activity trend with increasing cov- 

rages and the enhanced performance of Co(OH) 2 over Ni(OH) 2 
odified Cu(111), are significant differences compared to Pt(111) 

ased electrocatalysts. This cannot be attributed to the oxophilic- 

ty of the Cu surface, as was ruled out by the XPS results, nor to
4 
he oxophilicity of the TM(OH) 2 itself, as was previously discussed 

or Pt [ 10 , 23 ]. However, it is well known, that Cu is highly prone

o surface restructuring processes, not only upon anion adsorp- 

ion [29–32] or during electrocatalytic reactions (e.g. CO oxidation 

33] and reduction [34–36] or hydrogen evolution in acidic media 

 37 , 38 ]), but even at its pzfc [21] . If we compare the much lower

ohesive energy of Cu of 3.5 eV with that of Pt (5.84 eV) [39] , it

eems likely, that the modification of Cu(111) with TM(OH) 2 has a 

ifferent effect on its structure and/or morphology. While ex situ 

canning tunneling microscopy of the as-prepared Pt(111) modified 

ith Ni(OH) 2 and Co(OH) 2 has revealed the presence of randomly 

istributed, three-dimensional clusters, consisting of approximately 

wo TM(OH) 2 layers [ 8 , 10 ], our previous results evidence a disinte-

ration of the Cu(111) surface upon Ni(OH) 2 deposition [22] . To get 

 realistic picture and to compare the structure and morphology 
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Fig. 4. (a) Fingerprint CVs and (b) the corresponding HER activities for Cu(111) with 0.1 ML and 0.2 ML of Cd. Black lines correspond to the measurement of blank Cu(111). 

(c) Cu LMM Auger signals and (d) XPS spectra of the Cd 3d region for Cu(111) with different coverages of Cd. (For interpretation of the references to colour in their figure 

legend, the reader is referred to the web version of this article.) 
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f the different, sub-monolayer modified Cu(111), we performed in 

itu EC-STM. 

Fig. 3 a and b depict the metallic Cu(111) surface in 0.1 M NaOH

t -0.05 V RHE in two different magnifications, which reveal a sur- 

ace morphology consisting of flat terraces separated by either 

onolayer steps ( ∼ 0.22 nm) or step bundles. Upon adding 0.1 ML 

f Ni(OH) 2 , the Cu(111) morphology changes and adopts a rougher 

ppearance, affected by numerous Cu islands with a specific height 

f around 0.20 nm (see Fig. 3 c and Fig. S2), as was previously

hown [22] . A higher coverage of 0.2 ML of Ni(OH) 2 , leads to an

ven more pronounced restructuring of the surface with a further 

ncreased island density and a three-dimensional (3D) roughening 

 Fig. 3 e). Cu is known to be very mobile, which is attributed to Cu

d-atoms (Cu ad ), detached from under-coordinated sites, that ag- 

regate to small clusters [40] . This effect is enhanced in the pres- 

nce of adsorbates that act as surfactants and that stabilize these 

lusters, such as CO, and has been observed at the solid/liquid 

33] and the solid/gas interface [ 39 , 41 , 42 ]. It seems plausible that

i(OH) 2 binds to low-coordinated Cu atoms in a similar fashion, 

orming mobile Ni(OH) 2 -Cu ad complexes, which likewise causes an 

ncreased mobility of the Cu(111) surface and leads to the observed 

isintegration [22] . We assume that Ni(OH) 2 is adsorbed at the Cu 

tep edges and stabilizes the roughened surface by lowering the 

tep edge formation energy, even though it is not directly locat- 

ble with the EC-STM. 

Cu(111) modified with 0.1 ML Co(OH) 2 reveal a cluster like mor- 

hology, where evenly distributed 3-5 nm small islands reside on 

op of the terraces and some larger 3D islands are preferably lo- 

ated at step bundles (see Fig. 3 d). This indicates different local 

overages, which is in contrast to Ni(OH) 2 . The clusters exhibit 

phere-like, round morphologies with heights of approximately 

.65 – 1.20 nm (see Fig. S2). Due to the absence of the characteris- 

ic monoatomic height and thermodynamic shape of Cu ad-islands, 
5 
e conclude that the Co(OH) 2 is visualized in the EC-STM, and 

hat it predominantly forms 3D islands with 2 – 4 Co(OH) 2 lay- 

rs height [10] . An increase of the coverage to 0.2 ML of Co(OH) 2 ,

auses an increase in number and size of these islands, similar to 

hat was found for Sn modified Au(111) electrodes [43] . However, 

hile Sn islands coalesce on Au(111) and form merged 2D struc- 

ures during longer immersion times, it is mostly the number of 

niformly distributed Co(OH) 2 clusters that significantly increases 

ith increasing Co 2 + ion concentrations. These clusters exhibit the 

ame approximate height of around 0.65 – 0.95 nm. It is not un- 

erstood why modification with Ni(OH) 2 and with Co(OH) 2 leads 

o different types of restructuring. One possible reason for the for- 

ation of the 3D Co(OH) 2 cluster could result from its preference 

or a Volmer-Weber type growth, i.e., a higher tendency to clus- 

er, caused by stronger bonds between the foreign species or by a 

igher rate of surface nucleation compared to diffusive processes 

44] . It is important to note that on Pt(111) such a growth mecha- 

ism was observed for both Ni(OH) 2 and Co(OH) 2 [ 8 , 10 ]. The sig-

ificant differences in the nature of the deposition and the mor- 

hological characteristics between Cu(111) modified with Ni(OH) 2 
nd Co(OH) 2 can help to rationalize the unexpected activity trend 

o(OH) 2 > Ni(OH) 2 on Cu(111). 

The decoration of Cu(111) with different TM(OH) 2 species pro- 

ides the possibility to tune the catalyst’s activity towards the HER 

n alkaline media due to an inherent change of the electrocatalytic 

roperties. Chemically, this clearly induces oxophilic sites that are 

xpected to influence the catalytic performance of these bimetal- 

ic systems. In addition, in order to study the changes induced by 

 metallic species, we irreversibly adsorbed sub-monolayers of Cd 

n Cu(111). Cd can be reversibly deposited via UPD on Cu(111) 

nd Cu(100) in acidic chloride containing solutions [ 17 , 45 ], which 

akes it likely that an irreversible adsorption on Cu(111) is pos- 

ible in alkaline solutions. Fig. 4 a depicts the fingerprint CV of 
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Fig. 5. In situ EC STM images of Cu(111)/0.1 ML Cd and Cu(111)/0.2 ML Cd at −0.05 V RHE in 0.1 M NaOH. STM images of each Cd modified Cu(111) surface are represented 

in two different magnifications. Image sizes are (500 × 500) nm 

2 (a,c) and (250 × 250) nm 

2 (b,d). I tip = 1 nA, E tip = 0.25 V RHE . 
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u(111) with 0.1 ML and 0.2 ML Cd in 0.1 M NaOH. The estimation

f the apparent coverage was carried out similarly as described 

or the TM(OH) 2 species (see Fig. S3 and Tables S2-3). Interest- 

ngly, in contrast to adsorbed Ni(OH) 2 and Co(OH) 2 , the Cd under- 

oes a redox process as indicated by the anodic double peak and 

orresponding cathodic peak in the potential range between 0.30 

nd 0.45 V RHE . Such redox reactions have been previously reported 

or various metals irreversibly adsorbed on Pt, such as Bi, Sb, As 

nd Pb [4] . Previous works explain the redox reactions of these 

datoms as a change in oxidation state from zero, i.e., totally dis- 

harged, to a higher value upon the positive-going potential sweep, 

here both the reduced and oxidized species are adsorbed on the 

t [4] . The charge of the reduction peak of oxidized Cd at 0.34 V RHE 

eveals coverages that are slightly smaller but in reasonable agree- 

ent with those estimated from the OH adsorption charges (see 

able S3). 

The electrocatalytic properties of Cd modified Cu(111) towards 

he HER in alkaline solution are shown in Fig. 4 b. While Ni(OH) 2 
nd Co(OH) 2 modifications clearly generate a promoting effect for 

he HER, we find a decrease in activity for both 0.1 and 0.2 ML Cd

overage. 

The chemical composition of Cd modified Cu(111) is examined 

ith quasi in situ XPS (see Fig. 4 ). Similar to what was found for

he TM(OH) 2 /Cu(111) electrodes, the Cu surface stays mostly metal- 

ic upon deposition of sub-monolayer amounts of Cd, which is de- 

ermined by the relative intensities of Cu(0) >> Cu(I) in the Auger 

ignals (see Fig. 4 c). The Cd 3d region, shown in Fig. 3 d, clearly

eveals the presence of Cd species on the surface. Where the ob- 

erved peaks with positions at around 405 and 412 eV, correspond- 
6 
ng to Cd 3d 5/2 and 3d 3/2 , with a spin orbit splitting of around 7

V, are consistent with literature values reported for metallic Cd 

 46 , 47 ]. However, it has to be noted that metallic Cd cannot be un-

mbiguously distinguished from any oxidized Cd species using XPS 

ue to the high similarity in binding energies. The results therefore 

annot unambiguously refute the possibility of having Cd(OH) 2 nor 

hat of a Cu-Cd alloy formation. 

In situ EC-STM imaging of 0.1 ML Cd on Cu(111) reveals that 

he Cd first deposits at step sites, which leads to a bright appear- 

nce of the step edges ( Fig. 5 a and b). Additional bright features on

he terraces ( Fig. 5 b) can be attributed to adsorbed Cd. While the 

tep edges look sharp, the features on top of the terraces appear 

uzzy indicating a certain mobility. 0.2 ML of Cd trigger the for- 

ation of small, clearly separated clusters on the terraces and the 

ecoration of the step edges. EC-STM data that show the surface 

orphology and structure evolution over time, after Cd deposition, 

ndicate strong surface dynamics where extensive 2D clustering of 

he surface is observed after prolonged imaging (for longer than 2 

ours) at -0.05 V RHE (see Fig. S4). 

Oxidation of the adsorbed Cd at 0.36 V RHE (see Fig. 4 a) leads 

o the formation of large vacancy islands. This effect is even more 

ronounced at a more positive potential of 0.43 V RHE , located af- 

er the second anodic peak (see Fig. S5). This surface morphology 

hange during Cd oxidation suggests a dissolution process, which 

an be attributed to a strong bond between the deposited Cd and 

he Cu surface that causes disruption of the topmost surface upon 

xidation, similar to what was found for irreversibly adsorbed Sn 

n Au(111) [43] or Sb on Pt(111) [48] . This process is found to be

ully reversible in the present case (see Fig. S5). 
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Fig. 6. 3D plots of the laser transients ( �E vs t) recorded on Cu(111) with different adatom coverages within the approximate potential range of -0.4 to 0.4 V RHE . (a)-(b) 0.1 

ML and 0.2 ML Ni(OH) 2 , (c)-(d) 0.1 ML and 0.2 ML Co(OH) 2 , and (e)-(f) 0.1 ML and 0.2 ML Cd. 
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While we previously focused on the electrocatalytic properties 

s well as the structure and morphology of the modified Cu(111) 

lectrodes, knowledge of the position and evolution of the pme 

pon adatom deposition is highly desirable. The pme is closley re- 

ated to the pzfc and therefore a central parameter for the under- 

tanding of electrocatalytic activity, due to the insights it provides 

n the specific interactions of the interfacial water molecules with 

he electrode [5] . Therefore, the laser-induced temperature jump 

ethod was employed to shed light on the interfacial water reor- 

anization and its impact on the HER activities of differently mod- 

fied Cu(111) electrodes in alkaline media. The determination of 

he pme value and the thermal coefficients for bare Cu(111) sin- 

le crystals in 0.1 M NaOH can be found in refs [ 19,22 ]. The laser-

nduced potential transients of all the investigated electrodes are 

hown in Fig. 6 . In all cases, at sufficiently high potentials (approxi- 

ately between 0.35 and 0.1 V RHE ) the transients are positive, indi- 

ating that the interfacial water adlayer has a net orientation with 

heir negative end, i.e., the oxygen, towards the metal. At the onset 

f the OH adsorption peak at around 0.06-0.09 V RHE the transients 

or Cu(111) with Ni(OH) 2 and Co(OH) 2 change their sign to nega- 

ive, i.e., the hydrogen-towards-the-metal configuration is favored, 

s was previously found for bare Cu(111) [ 19 , 21 ]. Intriguingly, for
7 
oth TM(OH) 2 /Cu(111) electrodes at even more negative potentials, 

he transients become positive again in a quite narrow potential 

egion, before changing to negative once more. While for Co(OH) 2 , 

he appearance of three turn-overs of the water adlayer are found, 

ndependently of the coverage, Ni(OH) 2 shows this behavior for the 

igher coverage, i.e., 0.2 ML, only. The transients of Cd modified 

u(111) reveal that there is only one change in the orientation of 

he interfacial water molecules, which is shifted to lower potentials 

f approximately -0.15 V RHE ( Fig. 6 e and f). 

The laser-induced potential transients provide insight into the 

lectric field at the solid/liquid interface, which is accessible 

hrough determination of the thermal coefficient of the potential 

rop across the double layer ( ∂ �φ/ ∂ T). This parameter can be ex-

racted from the slope of a suitable linearized plot of the transients 

see description in the Supporting Information and Fig. S6) and are 

epicted in Fig. 7 a. The potential of zero response (pzr), where 

 

∂�φ
∂T 

) q = 0 , corresponds to a maximum disorder in the interfa- 

ial water layer and the turn-over of the water molecules, which is 

enerally attributed to the pme of double layer formation [5] . The 

me is closely linked to the pzfc, where the electric field across 

he interface is zero, which generates a random orientation of the 

ater dipoles [ 14 , 15 ]. Detailed information is provided in the SI. 
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Fig. 7. (a) Thermal coefficient ( ∂ �φ/ ∂ T) for Cu(111) modified with Ni(OH) 2 , Co(OH) 2 and Cd. Comparison of the HER activities expressed as (c) the current density at 

-0.6 V RHE and (d) the overpotential at a current density of -5 mA cm 

−2 , extracted from potentiodynamic measurements at 50 mVs −1 . 
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he measured thermal coefficients have to be adjusted by the con- 

ribution of the thermodiffusion potential ( ∼ -0.43 mV K 

−1 ) [49] , 

hich must be accounted for due to the high OH 

- ion mobility 

Fig. S7). If we compare the potential dependence of the thermal 

oefficient of Ni(OH) 2 and Co(OH) 2 modified Cu(111), we find a 

eak shaped development in the lower potential region close to 

he onset of the HER for coverages of 0.2 ML for both TM(OH) 2 
nd for 0.1 ML Co(OH) 2 , whereas for 0.1 ML Ni(OH) 2 no second 

ransition from negative to positive is observed. Consequently, for 

o(OH) 2 on Cu(111), two pme values of double layer formation ex- 

st, independently of the coverage, while this is only the case for 

he higher coverage of Ni(OH) 2 on Cu(111) (see Fig. S8). The wa- 

er orientation at the surface at a given potential is responsible 

or the appearance of pme values. The orientation is influenced 

y a heterogeneous chemical composition, or by a step versus ter- 

ace site adsorption and corresponding charge-dipole interactions 

hrough locally induced positive free charges at the steps causing 

n oxygen-towards-the-metal configuration [50] . In case of Ni(OH) 2 
n Cu(111), the coverage critically dictates the trend of the thermal 

oefficient over the potential range of interest. Only higher cover- 

ges of 0.2 ML Ni(OH) 2 cause a degree of Cu(111) surface rough- 

ning that is high enough to induce a reorientation of the water 

ipoles [22] . The surface chemistry, locally changed through the 

resence of oxophilic Ni(OH) 2 that is assumed to preferentially re- 

ide at the step edges, certainly also contributes to the observed 

ffect. 

In case of Co(OH) 2 , in situ EC-STM imaging upon irreversible 

dsorption suggests the formation of Co(OH) 2 islands rather than 

ubstrate restructuring that causes Cu ad-island growth. This type 

f nucleation leads to the development of a significantly higher 

ocal concentration of oxophilic sites, which can chemically favor 

n oxygen-towards-the-metal configuration at lower potentials and 

xplains the appearance of a second pme independently of the 

overage. 

Intriguingly, when we compare the HER activities, considered as 

ither the current density or the overpotential ( η) (see Fig. 7 b and

), we can clearly correlate the greater enhancement for Co(OH) 2 
ver Ni(OH) with a decrease in the thermal coefficient, which is 
2 

a

8 
irectly associated with the interfacial electric field strength [12] . 

or 0.1 ML Co(OH) 2 and Ni(OH) 2 not only the current density at 

0.6 V RHE (-0.48 and -0.5 mA cm 

−2 ) and the overpotential at -5 

A cm 

−2 (0.93 and 0.87 V) are quite comparable, also the ther- 

al coefficients shown in Fig. 7 a close to the onset of the HER (i.e.

0.3 V RHE ) are almost identical. For surface concentrations of 0.2 

L Ni(OH) 2 and Co(OH) 2 , however, the HER current densities at a 

can rate of 50 mV/s (-2.2 versus -4.1 mA cm 

-2 ) are enhanced by 

 factor of 6.3 and 10.3 relative to the bare Cu(111), respectively. 

he respective values of the thermal coefficients reflect this behav- 

or well. At the onset of the HER, they are significantly negative 

or Ni(OH) 2 , while they are close to zero for Co(OH) 2 . This means

hat the highly disordered water ad-layer is only persistent at even 

ower potentials for 0.2 ML Co(OH) 2 on Cu(111), which explains the 

nexpected trend (Co > Ni) for Cu(111) modified electrodes. 

For Cd modified Cu(111), we observe the presence of only one 

me at approximately -0.15 V RHE , which is shifted to lower poten- 

ials compared to pure Cu(111). There is only a small difference 

f 20 mV between the pme values for 0.1 and 0.2 ML coverages 

see Fig. S8). For Cd modified Cu(111) the HER onset is shifted to- 

ards more negative values, therefore, this small shift of the pme 

owards more negative values, does not seem to have any influence 

n its reactivity, since we observe a significantly negative thermal 

oefficient at potentials close to the onset of the HER. 

. Conclusion 

In conclusion, we have shown that it is possible to decorate 

u(111) using irreversible adsorption not only with sub-monolayers 

f different TM(OH) 2 , but also with metallic Cd, which in contrast 

o Ni(OH) 2 and Co(OH) 2 exhibits a quasi-reversible redox reaction. 

The behavior of all three bimetallic systems is predominantly 

nfluenced by the properties of Cu(111). This substrate has a 

endency to restructure, and its reorganization is different with 

i(OH) 2 , Co(OH) 2 and Cd. Therefore, the morphological/structural 

ffects of the modification have to be thoroughly examined in the 

ase of Cu(111) electrodes, before an understanding of the observed 

ctivity trends is possible. We find that the structural and the re- 
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ated chemical changes of the electrode surfaces are intimately re- 

ated to the electric field at the solid/liquid interface and to the 

ctivity towards the HER. 

In situ EC-STM data for Cu(111) modified with Ni(OH) 2 and 

o(OH) 2 clearly reveal significant differences in the nature of the 

eposition and the morphological characteristics of the modified 

urfaces . While the addition of Ni(OH) 2 causes a drastic surface re- 

tructuring including Cu ad-island growth and a three-dimensional 

oughening at higher coverage, irreversible adsorption of Co(OH) 2 
eads to nucleation and growth of three-dimensional Co(OH) 2 is- 

ands. This understanding of morphology and structure changes 

pon irreversible adsorption can help to rationalize the observed 

nusual activity trend Co(OH) 2 > Ni(OH) 2 . There is a clear cor- 

elation of the thermal coefficient, i.e., the electric field strength, 

nd the HER activities in alkaline media for these modified Cu(111) 

lectrodes. The occurrence of a second pme at negative potentials 

lose to the HER onset, as observed for 0.2 ML of Ni(OH) 2 and 0.1

nd 0.2 ML of Co(OH) 2 generally indicates a higher activity towards 

his reaction. The significant decrease in the electric field strength, 

ersisting towards cathodic potentials and over a wide potential 

ange in case of high Co(OH) 2 coverages, correlates with the high- 

st activity, which can be assigned to the greatest increase in dis- 

rder of the interfacial water ad-layer, which promotes the charge 

ransfer through the double-layer. 

The adsorption of Cd on Cu(111) initiates at step sites at early 

tages of the process, and surface alloying is assumed. The thermal 

oefficient in the HER potential range is shifted to more negative 

alues compared to Cu(111), which is reflected in the rather nega- 

ive shift of the HER onset. 

In the three systems investigated in the present study, we found 

 clear correlation of the electric field at the solid/liquid interface 

nd the activity towards the HER. The thermal coefficient acces- 

ible through laser-induced potential transient studies is therefore 

 meaningful descriptor for this reaction. It is generally essential 

or electrocatalysis research and development that this descriptor 

s found to be leastwise affected by the morphology, structure and 

hemistry of the respective electrode surface. 
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