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Importance of the electrolyte cation on the non-covalent interactions in the 
electrooxidation of 1-heptanol on gold in 0.1 M alkali metal hydroxides 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Dependence of the hydration of the OH 
group of 1-heptanol in 0.1 M alkaline 
hydroxides on the of cation nature. 
� Dependence of the 1-heptanol oxidation 

rate on gold in 0.1 M MOH on the nature 
of the electrolyte cation. 
� 1-heptanol electrooxidation rate on gold 

in 0.1 M alkaline hydroxides on the 
hydration of the alcoholic OH group. 
� 1-heptanol electrooxidation rates on 

gold measured by cyclic voltammetry 
and electrochemical impedance 
spectroscopy.  
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A B S T R A C T   

In order to determine the possible non-covalent influence of the alkali metal cation on the electrooxidation of 1- 
heptanol on gold in alkali metal hydroxides, 0.1 M MOH solutions, where M ¼ Li, Na, K, Rb, and Cs, have been 
used. The charge-transfer resistance, determined by Electrochemical Impedance Spectroscopy, of heptanol 
oxidation at a fixed potential increased monotonically by a factor of 4 from LiOH to RbOH, that is, the heptanol 
oxidation current decreased. Since the degree of hydration of the OH group of the alcohol, as estimated by 
Molecular Dynamics Simulation, increased by a factor of 5 from LiOH to RbOH, it can be concluded that the 
decrease of the heptanol oxidation current from LiOH to RbOH is due to an increasing hydration of the heptanol 
OH group, which would hinder its access to the electrode surface. This result is in line with the previous finding 
[M.S. Ureta-Za~nartu, C. Mascayano, C. Guti�errez, doi:10.1016/j.electacta.2015.02.230] that the increase of the 
alcohol oxidation current at a fixed potential of linear saturated aliphatic alcohols from C1 to C7 on gold, both in 
a pH 11 buffer and in 0.1 M NaOH, increased with increasing chain length, that is, with decreasing hydration 
(because of the increasing hydrophobicity) of the alcoholic OH group.   
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1. Introduction 

Non-covalent interactions have become an active research field. So, 
Strmcnik et al. [1] claimed that non-covalent interactions must be 
considered in the oxidation of methanol on platinum in alkali metal 
hydroxides. According to them, non-covalent interactions between hy-
drated alkali metal cations Mþ(H2O)x and adsorbed OH (OHad) species, 
generating OHad

� Mþ(H2O)x clusters, increase in the same order as the 
hydration energies of the corresponding cations (Li(þ) ≫ Na(þ) > K(þ) 
> Cs(þ)), and these clusters block the platinum active sites. 

Recently, Nakamura et al. [2] reported that up to 1.2 V vs RHE the 
CVs of Au(111) in 0.1 M LiOH and 0.1 M CsOH fully coincided. The same 
occurred in the presence of 2.5 M methanol, and also in the presence of 
0.2 M ethanol. 

Already in 1986 Adzic and Avramov-Ivic [3] found by CV that in 0.1 
M NaOH the onset potential of oxidation of ethylene glycol on the three 
basal planes of Au coincided with the onset potential of AuOH formation 
in base electrolyte, which critically depended on the crystallographic 
orientation, increasing in the order Au(100) < Au(110) < Au(111). 
(They assumed that the low-current plateau that preceded the main peak 
of Au oxidation corresponded to AuOH). Any non-covalent interaction 
of the alcohol oxidation should affect how the OH group of the alcohol 
interacts with the OH group on the surface of Au. 

In a previous work [4] we found that the longer the chain length, 
from C1 to C7, of linear saturated aliphatic alcohols on gold, both in a pH 
11 buffer and in 0.1 M NaOH, the lower was the onset potential for 
alcohol oxidation, that is, the easier was the oxidation of the alcohol. We 
attributed this trend to the increasing hydrophobicity of the alcohol with 
increasing chain length, which would decrease the degree of hydration 
of the OH group of the alcohol, facilitating its access to the electrode 
surface. This hypothesis was supported by Molecular Dynamics Simu-
lations [4]. This previous work has led us to study if the nature of the 
cation in 0.1 M MOH electrolytes, where M ¼ Li, Na, K, Rb and Cs, could 
non-covalently affect the degree of hydration of the OH group of 1-hep-
tanol, and if this, in turn, affected its electrooxidation on polycrystalline 
gold. For this purpose, cyclic voltammetry (CV), electrochemical 
impedance spectroscopy (EIS), electrochemical quartz crystal micro-
balance (EQCM), and Molecular Dynamics Simulation (MDS), were 
used. We had to resort to the measurement of the charge-transfer 
resistance by EIS for determining the activity for 1-heptanol electro-
oxidation in the different electrolytes, since these differences were very 
small. Actually, even the electrochemical rate constant can be deter-
mined by EIS [5]. 

2. Experimental 

2.1. Reagents 

NaOH (pellets, 99%, Merck), KOH (pellets, >85%, Fluka) were used. 
LiOH (granules 98%), RbOH (50 wt% aqueous solution, 99.9% trace 
metals basis), CsOH (50 wt% aqueous solution, 99.9% trace metals 
basis) and analytical grade 1-heptanol were from Sigma Aldrich. The 
solutions were freshly prepared in twice distilled water, and the exper-
iments were carried out at room temperature under a nitrogen 
atmosphere. 

2.2. Electrochemical equipment 

Two electrochemical work stations, CHInstrument 660c and Auto-
labPGstat 128 N, with EQCM and FRA modules, were used. The working 
electrodes were: gold discs (at least a different one for each cation), 0.2 
cm in diameter, from CHInstruments, and an Au/quartz crystal electrode 
(Au/QCE, 10 MHz AT-cut quartz crystals with a thin film of gold (0.25 
cm2 geometrical area, and 0.24 cm2 resonant area) from Elchema. The 
electrodes were cleaned by at least 5 repetitive potential cycles in the 
support electrolyte. A gold counter electrode of high area (ca 1.9 cm2) 

and an Ag/AgCl/3 M KCl (þ0.210 V vs. SHE) reference electrode were 
used. The latter was located in a vertical tube containing support elec-
trolyte, and with a closed glass stopcock to avoid chloride diffusion into 
the cell. (In the EQCM experiments a Hg/Hg2SO4/K2SO4(sat), (þ0.65 V vs 
SHE) reference electrode was used, in order to decrease the electrical 
noise). Current densities (j) were referred to the geometrical area (0.031 
cm2 for the CHI disk, 0.25 cm2 for the Au/QCE). The roughness factors of 
the gold discs and of the Au/QCE electrodes were 2.5 � 0.3 and 1.33 �
0.2, respectively, taking a value of 400 μC cm� 2 for the reduction of an 
AuO monolayer in acidic media [6]. 

Electrochemical impedance spectroscopy (EIS) at a constant poten-
tial was carried out at 0.10 V vs Ag/AgCl using a sinusoidal modulation 
of 5 mV in a frequency range of 10 kHz to 10 mHz, with a logarithmic 
decrease of frequency, with 10 points per decade. The analysis of the 
impedance spectra was performed with the NOVA 2.1 software, that 
includes a Kramers-Kronig transformation (KKt). 

2.3. Molecular Dynamics Simulation (MDS) 

The alcohol was modelled with the Gaussian View software. The 
ChelpG charges for all atoms were assigned using the B3LYP/6-31G** 
basis set in Gaussian 09 software [7]. The hydroxides of Cs, Na, K, Rb 
and Li at a 0.1 M concentration in a water box (see below) were added by 
Chimera software [8] and the complete ensembles of the system were 
built in Visual Molecular Dynamics (VMD). 

The Molecular Dynamics simulations were performed using NAMD 
2.6 [9] with the Charmm 33 b1 force field [10]. Four Au{111} layers 
were built with the inorganic builder module in VMD, one 1-heptanol 
molecule was placed on top of the Au, and finally a 50 x 50 � 50 Å3 

water box with about 3895 water molecules was added. We applied a 
cutoff of 10 Å for non-bonded interactions and performed 250 ps of 
water equilibration, 10000 steps of minimization and 50 ps of heating 
from 0 K up to 310 K before each Molecular Dynamics simulation, which 
was 10 ns long. The temperature was kept constant using Langevin’s 
method (300 K) and all the system was neutralized. All graphical ana-
lyses (Radial Distribution Function, RDF) were performed with the VMD 
software [11] using a correction parameter of monomer, added into the 
Charmm Force Field with the CcpNmr ACPYPE web server [12]. 

3. Results and discussion 

The Au disc electrodes (CHI) were characterized by cyclic voltam-
metry in 0.5 M H2SO4 at 0.1 V s� 1. The first CVs at 0.01 V s� 1 of the 
stabilized gold disc electrodes in 0.1 M MOH with M ¼ Li, Na, K, Rb and 
Cs (Fig. 1A) show the characteristic region of surface oxide formation 
(peak 1a) and its reduction (peak 1c). The plots of the onset potentials 
for gold oxide formation, taken to be as those at which the current 
density was 10 and 15 μA cm� 2, at 10 and 20 mV s� 1, respectively, vs the 
Gibbs hydration energy (ΔGhydrat) of the cations [13] are given in 
Fig. 1B. While at 0.01 V s� 1 the onset potential barely increased with 
increasing hydration energy of the cation, at 0.02 V s� 1 the opposite 
behaviour was clearly apparent, and so no correlation between the two 
magnitudes could be established. 

In the EQCM experiments, the cell with the previously cleaned 
electrode was refilled with fresh electrolyte and deaerated with N2 for 
30 min at open circuit. The potential was then held at � 0.60 V vs Hg/ 
Hg2SO4 (� 0.16 V vs Ag/AgCl) for 1 min (with N2 bubbling during the 
first 30 s, after which the mass decreased abruptly), and then a CV at 
0.02 V s� 1 between � 0.60 V and ~0.25 V vs Hg/Hg2SO4 (� 0.16 
and~0.69 V vs Ag/Ag/Cl) was started. The mass/time curves in Fig. 2A 
have been overlapped at the minimum mass observed upon stopping the 
nitrogen bubbling. The thin lines in Fig. 2A correspond to the mass 
change during the CV. 

The formation of a monolayer of AuO, taking Trasatti’s value of 400 
μC cm� 2 [6], would produce a mass increase of 30.9 ng cm� 2, which 
multiplied by the roughness factor, 1.33, would yield a mass increase of 
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41.1 ng cm� 2. 
The observed mass increase attending gold oxidation ranged from 

35.4 ng cm� 2 for Li to 120 ng cm� 2 for Cs, the mass increase mono-
tonically decreasing with increasing hydration energy of the cation 
(Fig. 2B). Obviously, the adsorption of water and/or hydrated cations is 
largely responsible for the observed mass increase. Probably, the more 
hydrated a cation is, the more difficult will be its adsorption on the 
electrode. 

3.1. Electrooxidation of 1-heptanol 

3.1.1. Cycling voltammetry at 0.01 V s� 1 in 10 mM 1-heptanol 
The 1st and 2nd CVs (subsequent CVs showed no further changes) at 

0.01 V s� 1 in 0.1 M MOH in the presence of 10 mM heptanol, with 
heptanol admitted at open circuit, are shown in Fig. 3A and B, respec-
tively. As already reported [4], the CVs show two anodic peaks of 
heptanol oxidation, one in the positive potential scan (peak b1) and the 
other one in the negative scan (peak b2). The charges in the positive scan 
were higher in the second scan (Fig. 3C), both when the alcohol was 
added at open circuit or at controlled potential. This result is in agree-
ment with the recent study by Zhang et al. [14] of the oxidation of 
ethanol on gold in 0.1 M KOH, using in-situ liquid SIMS under operando 
conditions. They found that Au(OH)ads species were responsible for the 
oxidation of the alcohol, and that more Au(OH)ads species were available 
in the cathodic direction than in the anodic direction. 

The onset potentials, taken to be as those at which the current den-
sity was 0.05 mA cm� 2, have been plotted as a function of the Gibbs 
hydration energy of the cation in Fig. 3D. Again, as in the absence of 
heptanol (Fig. 1B), no clear correlation can be established between the 
onset potentials and the Gibbs hydration energy. 

3.1.2. Electrochemical Impedance Spectroscopy (EIS) 
Since no clear trend of the influence of the cation on the activity of 

gold for the oxidation of 1-heptanol in 0.1 M hydroxide was observed in 
the CVs (Fig. 3), impedance measurements were carried 0.010 V vs Ag/ 
AgCl, the onset potential for the oxidation of 1-heptanol, at which small 
differences in the onset potential in the different electrolytes would 
largely affect the measured charge-transfer resistance. Effectively, as 
shown below this was the case. 

The Nyquist plots in the absence of 1-heptanol (Fig. 4) at 0.01 VAg/ 

Fig. 1. (A)Cyclic voltammograms at 0.02 V s� 1 of a gold disc electrode in 0.1 M 
MOH (M as in the inset). (B) Plot of the onset potentials of peaks 1a and 1c vs 
the Gibbs hydration energy of the respective cation. Closed and open symbols 
correspond to CVs carried out at 0.02 and 0.01 V s� 1, respectively. 

Fig. 2. EQCM study of the oxidation of a gold disc electrode in 0.1 M MOH. A: 
mass change during a CV at 0.02 V s-1between � 0.16 and 0.69 V vs Ag/Ag/Cl 
(thin line) after holding the potential at � 0.16 V vs Ag/AgCl for 60 s (thick 
line). The arrow shows the time at which the potential scan begins. B: plot of 
the mass change associated with the gold oxide formation vs the Gibbs hy-
dration energy of the cation. 

Fig. 3. 1st (A) and 2nd (B) consecutive cyclic voltammograms at 0.01 V s� 1 of a 
gold disc electrode in 0.1 M MOH containing 10 mM 1-heptanol. The bar plot 
(C) shows the electrical charge of the positive potential scan in 0.1 M MOH 
(base), and in the 1st and 2nd CVs in the presence of 10 mM 1-heptanol. The 
plot labelled (D) shows the onset potentials for the oxidation peaks b1 and b2 of 
heptanol, taken to be as those at which the current density reached 0.05 mA 
cm� 2 in CV1 and CV2. 
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AgCl were barely affected by the nature of the cation. They are typical of 
an Ru-Cpseudo series circuit, where Ru is the uncompensated electrolyte 
resistance and Cpseudo the pseudocapacitance of a non-ideal capacitor, 
known as a constant phase element. The fitted parameters, determined 
using the Fit and Simulation function of the Nova 2.1.1 software, are 
given in Table 1(a). 

In the presence of 5 mM 1-heptanol, also at 0.01 V vs Ag/AgCl, the 
characteristic semicircle in the Nyquist plot is observed (Fig. 5), 
evidencing that heptanol oxidation takes place, in agreement with the 
CVs in Fig. 3A and B. As expected for measurements at the onset po-
tential, at which the current is far lower than the diffusion-limited 
current, no Warburg resistance was observed. The data were fitted to 
a Randles equivalent circuit, Ru(RFCdl), namely, an uncompensated 
electrolyte resistance (Ru), in series with a faradaic resistance (RF) in 
parallel with a double layer capacity (Cdl). The values of these param-
eters are given in Table 1(b). The faradaic resistance increased mono-
tonically from LiOH to RbOH, its value for RbOH being about 4 times 
higher than that for LiOH, while the value for CsOH was the same as that 
for KOH. This result shows that EIS measurements at a fixed potential in 
the onset potential region can discriminate small differences in elec-
trooxidation activity which are not clearly apparent in the onset 
potentials. 

3.2. Probability of finding water molecules near the OH group of 1-hep-
tanol in 0.1 M alkali metal hydroxides 

The probability, g(r), of finding water molecules at a given distance 
of the oxygen atom in the OH group of 1-heptanol in pure water and in 
0.1 M solutions of different alkali metal cations, in the absence and the 
presence of a gold surface, is plotted in Fig. 6A and B, respectively. The 
results for hexanol have been already reported [4], the probabilities of 
finding water near the alcoholic OH group being higher than those for 
heptanol, as was to be expected due to the higher hydrophobicity of the 
latter. The probability, g(0.2 nm), of finding water in the first hydration 
sphere of the OH group of heptanol (at about 0.2 nm from the oxygen 
atom) decreases dramatically in 0.1 M MOH as compared with its value 
in pure water (the probability at 1 nm was normalized to 1) (Fig. 6A). 
The probability in 0.1 M MOH decreased very strongly, and linearly, 
with increasing Gibbs hydration energy of the cation, from Csþ to Liþ, 

and was only slightly affected by the presence of the gold surface 
(Fig. 7). 

Since the charge-transfer resistance for the oxidation of 1-heptanol 
increased monotonically from LiOH to RbOH, its value for RbOH 
being about 4 times higher than that for LiOH, that is, the heptanol 
oxidation current at a fixed potential decreased from LiOH to RbOH, it 
can be concluded that a smaller hydration of the heptanol OH group 
favours its access to the gold surface. The only exception is CsOH, for 
which the charge-transfer resistance was the same as that with KOH. 

4. Conclusions 

As already reported [4], the oxidazability of linear saturated 
aliphatic alcohols from C1 to C7 on gold in alkali metal hydroxides 
increased with increasing chain length, that is, with decreasing hydra-
tion of the alcohol, as confirmed by molecular dynamics simulation. This 
decreasing hydration would facilitate the access of the alcohol to the 
electrode surface. Here we have found a similar result, namely, that the 
charge-transfer resistance at a fixed potential of 1-heptanol oxidation on 
gold in 0.1 M MOH electrolytes increased by a factor of 4 from LiOH to 
RbOH, that is, the heptanol oxidation current decreased. Since the de-
gree of hydration of the OH group of the alcohol, as estimated by Mo-
lecular Dynamics Simulation, increased by a factor of 5 from LiOH to 
RbOH, the simplest explanation possible is that the decrease of the 
heptanol oxidation current from LiOH to RbOH is due to an increasing Fig. 4. Nyquist plots of a gold disc electrode in 0.1 M MOH at 0.010 V vs Ag/ 

AgCl, with M ¼ Li, Na, K, Rb and Cs. 

Table 1 
EIS parameters at 0.010 V vs Ag/AgCl of a gold disc in 0.1 M MOH solutions (a) 
and in 0.1 M MOH solutions containing 5 mM 1-heptanol (b) (from Nyquist plots 
in Figs. 4 and 5, respectively).  

MOH 0.1 M MOH (a) 5 mM 1-heptanol in 0.1 M MOH (b) 

Ru/Ω cm2 Cpseudo/μF cm� 2 Ru/Ω cm2 RF/kΩ cm2 Cdl/μF cm� 2 

LiOH 4.7 309 7.6 3.7 38.1 
NaOH 3.8 290 8.5 6.0 21.2 
KOH 5.0 249 8.1 10.6 35.8 
RbOH 6.9 281 6.2 16.7 22.9 
CsOH 6.3 287 4.9 10.3 34.2  

Fig. 5. Nyquist plots at 0.010 V vs Ag/AgCl of a gold disc electrode in 0.1 M 
MOH þ5 mM 1-heptanol, with M ¼ Li, Na, K, Rb and Cs. 
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Fig. 6. Probability, g(r), obtained by Molecular Dynamics Simulation, of finding water molecules as a function of the distance, r, of the oxygen atom in the OH group of 1-heptanol, in water and in 0.1 M solutions of 
different alkali metal hydroxides, in the absence (Fig.6A) and the presence (Fig.6B) of a gold surface. The sharp maxima at about 0.2 nm correspond to the inner hydration sphere of the OH group of 1-heptanol. 
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hydration of the heptanol OH group, which would hinder its access to 
the electrode surface. Although the EIS measurement in CsOH did not fit 
this trend, we think that the nature of the cation in the alkali metal 
hydroxide significantly affects the electrooxidation of 1-heptanol on 
gold, in a clear case of non-covalent interaction. 
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