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ABSTRACT: Iron-based rechargeable batteries, because of
their low cost, eco-friendliness, and durability, are extremely
attractive for large-scale energy storage. A principal challenge
in the deployment of these batteries is their relatively low
electrical efficiency. The low efficiency is due to parasitic
hydrogen evolution that occurs on the iron electrode during
charging and idle stand. In this study, we demonstrate for the
first time that linear alkanethiols are very effective in
suppressing hydrogen evolution on alkaline iron battery
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electrodes. The alkanethiols form self-assembled monolayers on the iron electrodes. The degree of suppression of hydrogen
evolution by the alkanethiols was found to be greater than 90%, and the effectiveness of the alkanethiol increased with the chain
length. Through steady-state potentiostatic polarization studies and impedance measurements on high-purity iron disk
electrodes, we show that the self-assembly of alkanethiols suppressed the parasitic reaction by reducing the interfacial area
available for the electrochemical reaction. We have modeled the effect of chain length of the alkanethiol on the surface coverage,
charge-transfer resistance, and double-layer capacitance of the interface using a simple model that also yields a value for the
interchain interaction energy. We have verified the improvement in charging efficiency resulting from the use of the alkanethiols
in practical rechargeable iron battery electrodes. The results of battery tests indicate that alkanethiols yield among the highest
faradaic efficiencies reported for the rechargeable iron electrodes, enabling the prospect of a large-scale energy storage solution

based on low-cost iron-based rechargeable batteries.

B INTRODUCTION

The prime motivation for this study is the potential of iron-
based aqueous rechargeable batteries as a transformational
solution for large-scale battery-based energy storage. The low
cost of iron, the robustness of the iron electrode to repeated
charge and discharge cycles, combined with the global
abundance and eco-friendliness of iron are particularly
attractive for a large-scale energy storage system. Such energy
storage systems are direly needed for the intelgration of
renewable energy generation into the electricity grid.” However,
the principal limitation to the exploitation of the iron electrode
in aqueous alkaline media has been the parasitic evolution of
hydrogen that occurs during battery charging and idle stand.”
The hydrogen evolution process reduces the charging efficiency
and thus the overall electrical energy efficiency of the battery;
almost 50% of the energy is wasted during charging. Thus, the
suppression of hydrogen evolution will have a transformational
impact on the commercial deployment of iron-based batteries.
Specifically, suppressing hydrogen evolution will (1) enhance
the round-trip energy efficiency, (2) reduce the size of the
battery, and (3) reduce the loss of water from the battery
during charging,

Recently, we reported the benefits of in situ electro-
deposition of bismuth on iron in suppressing the evolution of
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hydrogen.’ However, the incorporation of bismuth additives in
the iron electrode, albeit in small quantities, can impact the cost
and the ability to recycle iron electrodes. Therefore, in the
present study, we identify the benefit of using organo-sulfur
compounds to improve the performance of iron electrodes.
Specifically, we find that n-alkanethiols are particularly effective
in suppressing the hydrogen evolution reaction on the iron
electrode in alkaline media. These additives will be required
only in very small quantities (ng/cm” of the battery electrode).
Thus, we do not anticipate any negative impacts on the cost
and environmental friendliness of iron-based batteries resulting
from the use of organo-sulfur compounds.

The evolution of hydrogen at an iron battery electrode
during charging and idle stand is because the standard
reduction potential of the iron electrode reaction is negative
to that of the hydrogen evolution reaction (eqs 1—3).

Charging Process at the Iron Electrode. Useful Battery
Electrode Reaction.

Fe(OH), + 2¢” — Fe + 20H™ E°=-0.870V (1)
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Parasitic Hydrogen Evolution.

2H,0 + 2¢” — H, + 20H E° = 0830V

)

Wasteful Self-Discharge during “ldle Stand” of
Electrode.

Fe 4+ 2H,0 — Fe(OH), + H, 3)

We may conclude from eqs 2 and 3, that suppression of the
hydrogen evolution reaction can be achieved by excluding
water from the surface of the iron electrode, since water is a
reactant in the wasteful hydrogen-generating reactions.
Alkanethiols and other organo-sulfur compounds are known
to form self-assembled monolayers on various metal surfaces
through the interaction of the sulfur atom of the thiol with the
metal.* Such self-assembled layers are generally compact and
hydrophobic and can reduce substantially the access of
reactants to the electrode—solution interface. Therefore, we
can expect such self-assembled monolayers of alkanethiols on
an iron surface to inhibit the hydrogen evolution reaction.

We found several reports on the effectiveness of thiols and
other compounds in suppressing the corrosion of copper in
aerated acidic solutions.’ In alkaline media, the alkanethiols are
in the jonized “thiolate” form but are still capable of forming
self-assembled monolayers. However, there has been no report
of studies on the effect of such compounds on iron in alkaline
media or in rechargeable batteries. Since the properties of self-
assembled monolayers depend on chain length of the
alkanethiol,® we expected the degree of suppression of the
hydrogen evolution reaction to depend on the molecular
structure of the alkanethiol. We also recognized that, if the self-
assembled layer was too compact, then the total exclusion of
water from the surface will inhibit all the electrochemical
processes including the desirable process of charging the
battery electrode (eq 1). Therefore, it was important to identify
the chain length of alkanethiol that achieved optimal inhibition
without complete blockage of all the surface reactions. Another
important aspect of exploiting this type of self-assembly was the
selectivity of formation of such self-assembled monolayers only
on the bare surface of iron and not on surfaces covered with
oxides or hydroxides.”” Consequently, as iron hydroxide is
converted to iron in the charging process (eq 1), the adsorption
of the alkanethiols can cover the newly generated iron surface
and ensure a steady level of suppression of hydrogen evolution
throughout the charge process.

In this report, we address three scientific questions: (1) To
what extent do the self-assembled layers of alkanethiols
suppress the hydrogen evolution reaction during charging of
the iron electrode? (2) How does the molecular structure of the
alkanethiol influence the extent of suppression of hydrogen
evolution? (3) What is the minimum alkane chain length that
achieves adequate hydrogen suppression without impairing the
battery discharge process?

B EXPERIMENTAL SECTION

Three types of experiments were conducted to study the effect of
alkanethiols: (1) steady-state potentiostatic polarization experiments
on polished iron disk electrodes, (2) electrochemical impedance
spectroscopy of polished iron disk electrodes, and (3) measurement of
the faradaic efficiency of charging of porous iron electrodes prepared
with high-purity carbonyl iron.> The potentiostatic polarization and
impedance measurements were conducted on a high-purity iron disk
(99.999%, S mm diameter, Alfa—Aesar) mounted on a rotating-disk
electrode (Pine Instruments, change-disk electrode AFESTQ0S50).
The disks were polished with 0.05 ym alumina and cleaned with

348

isopropanol and acetone before each experiment. Experiments were
conducted in an electrochemical cell made of polyfluoroethylene that
contained the following: 1 M potassium hydroxide solution (purged
with argon gas) as the electrolyte, a platinum wire counter electrode,
and a mercury—mercuric oxide (MMO) reference electrode (20%
potassium hydroxide, E° = +0.098 V). Unless otherwise mentioned, all
values of electrode potential are reported versus the MMO reference
electrode. The electrochemical cell was thoroughly cleaned prior to
each experiment to avoid cross-contamination by the alkanethiols.

Steady-state polarization measurements in the potential range —0.85
to —1.3 V versus the MMO reference electrode were conducted by
stepping the electrode potential S0 mV at a time and holding the
potential for 300 s before recording the steady-state current (Ametek-
PAR-VMC-4 potentiostat/galvanostat/frequency response analyzer).
Electrochemical impedance was measured as a function of electrode
potential with a sinusoidal-excitation signal of 2 mV (peak-to-peak)
over the frequency range S0 mHz to 100 kHz. The polarization and
impedance experiments were repeated with 1 M potassium hydroxide
solution containing 10 mM linear alkanethiols of the general formula
C,H(;,-1)SH and n values of 3, 4, 5, 6, 7, 8, 10, 11, and 12 (Sigma—
Aldrich). The electrodes were equilibrated in the alkanethiol-
containing electrolyte for 60 min under argon atmosphere prior to
the electrochemical measurements. The period of 60 min was
adequate to achieve equilibration as indicated by steady-state currents
(see the Supporting Information, Figure S1).

B RESULTS AND DISCUSSION

Suppression of Hydrogen Evolution Reaction. Results
of the polarization measurements on the iron disk electrode are
shown in Figure 1.
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Figure 1. Steady-state potentiostatic polarization of rotating iron disk
in 1 M potassium hydroxide with and without 10 mM octanethiol.

In the absence of any alkanethiol additive, the cathodic
current for hydrogen evolution on iron was significant at values
more negative to —0.95 V. In the potential range —1.050 to
—1.300 V, the Tafel slope and exchange current density for
hydrogen evolution were 134 mV/decade and 1.1 X 107> A/
cm?, respectively. These values were in general agreement with
those reported in the literature.” In a solution of 1 M potassium
hydroxide containing 10 mM n-octanethiol, the Tafel slope was
184 mV/decade, and the exchange current density was 2.7 X
107 A/em’.

The increase in the value of the Tafel slope with the addition
of n-octanethiol suggested that the electron transfer process for
hydrogen evolution was hindered in the presence of the thiol.
We can expect the double-layer structure to be considerably
altered by the high surface coverage of the thiol layer which in
turn would cause the interfacial electric field gradient to be
more distributed for a thiol-covered electrode. Such a
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distributed interfacial potential drop would necessitate a higher
value of overpotential to effect the same increase in current
(manifesting as a higher Tafel slope). Similar high values of
Tafel slopes have been observed with the specific adsorption of
chromate on iron in alkaline media.”” The reduced values of
exchange current density were attributed to a reduced area
available for reaction following the adsorption of the n-
octanethiol. Based on the values of exchange current density,
the surface coverage of the n-octanethiol was estimated to be
approximately 75%.

Impedance spectroscopy measurements with and without n-
octanethiol confirmed the conclusions from the steady-state
polarization measurements and led to additional insights into
the self-assembly of n-octanethiol. The results of impedance
spectroscopy (Figure 2a) were fitted to a simple electrical
equivalent circuit (Figure 2b) with the following elements: (a)
capacitance, Cq, associated with the double layer at the
electrode—electrolyte interface; (b) resistance, R, associated
with the charge-transfer process; and (c) resistance, R,
associated with the Ohmic resistance of the electrode and
electrolyte. The Warburg impedance element was not included
in the equivalent circuit because limitations from mass
transport of water or hydroxide ions were not expected to
make a significant contribution to the impedance in the range
of potentials studied. The standard error in the fitted parameter
was less than 5% without the thiol. For the case with thiol, the
standard error ranged from 10% to 25% (see the Supporting
Information, Figure S2a—f for fitted data). Although we could
have achieved less than 5% with the use of a constant phase
element (CPE) instead of the capacitance, we chose not to
because of the lack of a convincing physical equivalent of the
CPE for the interface.

The charge-transfer resistance (Figure 2a) increased with the
addition of n-octanethiol, and this was consistent with the
results from steady-state polarization measurements (Figure 1).
As before, we conclude that the adsorption of n-octanethiol
decreases the available surface area for the hydrogen evolution
reaction and thus increases the observed value of charge-
transfer resistance. Therefore, the surface coverage by n-
octanethiol can be determined from the increase in the value of
charge-transfer resistance at any particular potential.®

The double-layer capacitance in the range —0.85 to —0.90 V
was about the same with and without n-octanethiol. However,
at more negative potentials, in the range —1.00 to —1.30 V, the
double-layer capacitance (Figure 2d) decreased markedly in the
presence of n-octanethiol. This decrease may be understood in
terms of the faradaic conversion of iron hydroxide to iron
occurring on the surface. In the potential region —0.85 to —1.0
V, the iron electrode is largely covered by an iron hydroxide
film. At negative potentials less than —1.0 V, the iron hydroxide
is reduced to elemental iron, and thus, more sites become
available for the adsorption of n-octanethiol. Consequently, the
progressive adsorption and self-assembly of n-octanethiol
results in a decrease in the double-layer capacitance (Figure
2d). Also, at —1.3 V, the self-assembly of n-octanethiol
molecules is complete, and the exclusion of water occurs
from the surface of the iron electrode. Thus, the adsorption of
n-octanethiol to form a compact layer leads to a very low value
of double-layer capacitance. These observations also confirm
that the adsorption of the n-alkanethiols occurs preferentially
on iron although iron hydroxide may be present. The slight
increase in capacitance between —1.2 and —1.3 V in the
absence of the thiol could be due to the variations in area that
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Figure 2. Representative impedance data of the iron disk electrode in
1 M potassium hydroxide (a) at electrode potential of —1.05 V in the
absence and presence of 10 mM octanethiol; (b) equivalent circuit
used for analysis; (c) variation of charge-transfer resistance with
potential; (d) variation of double-layer capacitance with electrode
potential.

accompany the reduction of the surface iron oxides at these
potentials.

Dependence of Chain Length of n-Alkanethiol on
Charge-Transfer Resistance and Double-Layer Capaci-
tance. The current for hydrogen evolution, measured by
steady-state polarization measurements, depended strongly on
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the chain length of the n-alkanethiol. The relative hydrogen
evolution rate was calculated by normalizing the hydrogen
evolution current observed with the alkanethiol to that
observed in the absence of the alkanethiol. This type of
normalization removed the variability originating from the
surface roughness of the iron disks and permitted a valid
comparison of results from different iron disk electrodes. For
the chain length of n = 12, the rate of hydrogen evolution was
reduced by 4 orders of magnitude (Figure 3a).

10° [+

normalized
H2 evolution current

0 5 10
number of carbon atoms, n

(b) .

LS

charge transfer
-
(=]
<4
P

resistance, Rct , Ohm
«

-
(=1
N

o 5 10
number of carbon atoms, n

Figure 3. (a) Dependence of the normalized hydrogen evolution
current at —1.20 V vs MMO on the chain length of alkanethiol (from
potentiostatic polarization measurements); (b) dependence of charge-
transfer resistance at —1.20 V vs the MMO on the chain length of
alkanethiol (impedance measurements).

The logarithmic dependence of the hydrogen evolution rate
and charge-transfer resistance on the chain length of the
alkanethiol may be understood in terms of the interactions of
the alkanethiols with the iron surface and the van der Waals
interactions between the alkanethiol chains. The interaction of
the thiol with the iron surface occurs through chemisorption of
the thiol end-group. The molar free energy change for the
interaction of the thiol end-group with the iron surface is
primarily dependent on the electron affinity of the sulfur center
and is largely independent of the chain length. However, the
compactness of the self-assembled layers would be dependent
on the lateral interactions between the alkanethiol chains. The
strength of such interchain interactions is dependent on the
length of the chains.” Therefore, we may represent the molar
free energy change for the formation of self-assembled
monolayers to be a sum of a constant value associated with
the interactions of the sulfur head with the iron surface and a
variable value that increases with chain length as expressed in
eq 4.

These results confirmed that the surface coverage and
compactness of the self-assembled layer formed by the
alkanethiols depended significantly on the chain length. Thus,
the desired degree of suppression of hydrogen evolution may
be achieved by the appropriate choice of chain length. For
example, to realize a 95% reduction in hydrogen evolution rate

350

on iron, the n value for the alkanethiol must be chosen in the
range n = 6—8. The charge transfer resistance determined from
impedance measurements also increased by several orders of
magnitude over the range of n = 3—12 (Figure 3b).

A(AG,

mterchain)

An 4)

In eq 4, AGguy is the molar free energy change for the
formation of the self-assembled monolayer, AGgyg,_p. is the
molar free energy change arising from the sulfur—iron bond,
AGierchain 1S the molar free energy change for the interchain
interaction, and n is the value of the carbon atoms in the
alkanethiol.®

The molar free energy change is also related to the
equilibrium constant for the adsorption—desorption process

by the relationship of basic chemical thermodynamics:

AGSAM = AGSquur—Fe +n

AGguy = AGgy + RTIn K (s)
In eq 5, AG’%,y is the standard molar free energy for the
formation of the self-assembled monolayer, K., is the
equilibrium constant for the adsorption—desorption process,
R is the gas constant, and T is the absolute temperature.
The equilibrium surface coverage may be related to the
equilibrium constant and the activity of the thiol as follows:

{0/(1 = 0)} = K.ay" (6)

where 6 is the fraction of the surface covered by the alkanethiol
and ag,;,* is the activity of the adsorbing species in solution.
Combining eqs 4—6 we have

In{0/(1 = 0)} = (1/RT){(In ay;,™)

+ (AGgygyr—pe — AGOSAM)}

+ n{(A(AGinterchain)/An>}/RT (7)

The relationship in eq 7 is similar to the Langmuir—Frumkin
isotherm that includes lateral interactions between adsorbate
molecules. Since the faradaic reaction occurs only on the areas
not covered by the alkanethiol, the observed value of charge-
transfer resistance is related to the surface coverage of the

alkanethiol, 6, by
(Rct—thiol/Rct—O)(SO/Sthiol) = 1/(1 - 0) (8)

where R, and R 4, are the charge-transfer resistances in the
absence and presence of the additive, respectively, and S, and
Stniol are the corresponding Tafel slopes.

A plot of In{8/(1 — 0)} versus the chain length n (Figure 4)
gave a straight line. The value of A(AGiyerchan)/An was
calculated from the slope to be 2.6 k] mol™ per carbon atom.
Since van der Waals’ forces govern such lateral interactions that
lead to self-assembly, we compared the molar free energy of
interchain interaction determined here with that of the molar
free energy of fusion of alkanes. We find that the value of molar
free energy of fusion for long-chain alkanes of 3.1 kJ mol™" per
carbon is about the same magnitude as the molar free energy
for interchain interaction of the alkyl groups in the self-
assembled alkanethiols.” The agreement of the values for
interchain interaction derived from the analysis of the
alkanethiol adsorption on iron with experimental values from
the fusion of alkanes strongly supports our overall under-
standing of the suppression of hydrogen evolution by self-
assembly of the alkanethiols on the iron sites.
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Figure 4. Dependence of the coverage function In(6/(1 — 6)) on the
number of carbon atoms in the alkanethiol.

The impedance measurements in the range —1.0 to—1.3 V
also indicated that the chain length of the alkanethiol had a
marked influence on the double-layer capacitance (Figure S).
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Figure S. Influence of the n value of the alkanethiol C,H,_;SH on the
double-layer capacitance of the iron disk electrode in 1 M potassium
hydroxide at —1.2 V vs the MMO.

The decrease in double-layer capacitance with the increasing
chain length of the alkanethiol can be understood in terms of
the same adsorption model used to explain the charge-transfer
resistance. The double-layer capacitance may be modeled by
adding the contributions from the covered and uncovered areas
of the electrode and expressed as

C,. = Af{0C., + (1 — 6)C

uncov}

)

where C, is the observed value of double-layer capacitance,
Ce.oy and Cy,,, are specific capacitance values for the covered
and uncovered areas, respectively, @ is the coverage of the
surface by the thiols with 0 < @ < 1, A is the geometric area, and
f is the roughness factor.

As before, since only uncovered areas can sustain a faradaic
reaction, the charge-transfer resistance of the interface can be
used to determine 0 (eq 8). C.,, is modeled as a parallel-plate
capacitor with the self-assembled monolayers forming a
dielectric layer of thickness equal to the chain length of the
alkanethiol and thus

Ccov = 880/(dthiol) (10)

where ¢ is the dielectric constant of the layer, &, is the
permittivity of free space, and dy,, is length of the alkanethiol
molecule. The length of the alkanethiol in centimeters is
expressed in terms of the number of carbon atoms by the
following relationship:®®
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dyyop €m = 0.5 X 107° + n(1.24 X 107%) (11)
Cuncov Is the double-layer capacitance of the film-free interface
obtained from measurements without alkanethiol.
Therefore, from eqs 9—11,

Cp. = Af{Bee,/[0.5 X 107° + n(1.24 x 107%)]
+ (1 -0)C

uncov}

(12)

Using eq 12, we have calculated the value of double-layer
capacitance for alkanethiols of different values of chain length
using the following values:'® A = 0.196 sz;f: 8; £ =2.16; ¢,
=8.85X 1072 C>* N™' m™? and C,,., ranged from 10.2 to 34.8
UE/ cm?. Values of @ were derived from eq 8.

As shown in Figure S, the double-layer capacitance predicted
by the model is in good agreement with the experimental values
up to a chain length of n = 8. However, for n = 10—12, the
experimental values of capacitance are lower than those
predicted by the model. Factors that could reduce the value
of double-layer capacitance at higher values of chain length are
(1) the reduction in the value of the dielectric constant of the
films with increasing chain length, (2) the degree of
compactness of the self-assembled layers, and (3) the formation
of multilayer films. These factors are not included in the simple
model presented here. Also, in an effort to use only measurable
quantities in the model, we have avoided invoking any arbitrary
parameters. Despite these simplifications, the model does
predict the properties of the adsorbed films formed up to a
chain length of eight.

Performance of Battery Electrodes with n-Alkane-
thiol. Results of steady-state polarization measurements on
high-purity iron disks (Figure 3) suggest that n-hexanethiol (n
= 6) reduces the hydrogen evolution rate at the iron electrode
by about 90%. Therefore, we decided to test the properties of
n-hexanethiol on iron battery electrodes as an example of the n-
alkanethiol . Such a battery electrode was prepared from high-
purity carbonyl iron powder. In a recent study, we have
demonstrated a high-performance iron electrode of this type for
large-scale energy storage.” Such iron electrodes were coated
with n-hexanethiol by immersing in an ethanolic solution of n-
hexanethiol followed by drying in a stream of argon (to avoid
oxidation of the n-hexanethiol). The iron electrodes coated
with n-hexanethiol were then charged and discharged several
times until a stable capacity was achieved. Then, the iron
electrode was subjected to further charge/discharge cycling for
at least 25 cycles during which the rate of evolution of
hydrogen during the charging process and the charging
efficiency was determined; the capacity realized in the discharge
step and the amount of charge used in charging were
determined to calculate the efficiency.

With n-hexanethiol on the porous carbonyl iron electrode,
the rate of evolution of hydrogen was reduced by at least 30%
(Figure 6a) compared to the electrode without n-hexanethiol.
Such a reduction is quite significant from an overall efficiency
standpoint. The reduced rate of evolution of hydrogen and the
high charging efficiency were retained over at least 25 cycles
(Figure 6b), suggesting that the function of the alkanethiol
layers was retained on the surface of the iron electrode even
after many charge/discharge cycles.

The enhanced charging efficiency observed with the coating
of n-hexanethiol was consistent with the suppression of
hydrogen evolution and the increase in charge-transfer
resistance observed on the iron disk electrodes. While the
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Figure 6. Faradaic efficiency measurements: (a) relative rates of
hydrogen evolution on carbonyl electrodes with and without
hexanethiol; (b) charging efficiency of a carbonyl iron electrode with
hexanethiol as a function of cycling at 200 mA charge and 20 mA
discharge (capacity of 0.3 Ah).

iron disks showed about 90% suppression, the porous
electrodes showed only a 30% reduction. We believe that
some of this lower level of suppression can be attributed to the
differences in distribution of alkanethiol in a porous battery
electrode versus the flat disk electrode used in the electro-
chemical studies. Further, all the fundamental studies were
performed without exposure to air, whereas the battery
electrode cycling tests were conducted with free access to air
that will cause loss of the thiol by air oxidation. The relatively
stable performance over 25 cycles (obtained over a period of a
month) suggested that the beneficial effect of the thiol can be
retained even when dissolved oxygen is present in the cell. The
migration of the thiol across the cell is not expected to affect
the performance of the air electrode as the thiol will be oxidized
to soluble sulfonates.'! Regardless of these differences, the
carbonyl iron electrode with n-hexanethiol had a charging
efficiency of about 92% which is a 5-fold reduction in hydrogen
evolution rate over the commercial electrodes in which the
charging efficiency is 55—70%. Thus, the charging efhiciency of
the alkanethiol-coated iron electrodes was among the highest
observed with rechargeable iron electrodes and compared well
with the electrodes containing bismuth sulfide additives
developed by us recently.?

B CONCLUSIONS

Our study shows that self-assembled monolayers of alkanethiols
can substantially reduce the rate of hydrogen evolution on iron
in alkaline media and thereby mitigate the problem of low
charging eficiency of the rechargeable iron electrode. Electro-
chemical measurements confirm that the degree of suppression
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of hydrogen evolution is determined by the differences in the
extent of coverage of the surface by the alkanethiol molecules.
The chain length of the alkanethiol was found to markedly
influence the rate of hydrogen evolution. For a chain length of n
> 6, greater than 90% reduction in hydrogen evolution rate was
observed. The dependence of the charge-transfer resistance and
the double-layer capacitance on the chain length of the
alkanethiol have been modeled with a Langmuir—Frumkin
type isotherm. The analysis showed that the difference in
surface coverage was caused by increased interchain inter-
actions of alkanethiol molecules with higher chain length. The
energy of interchain interactions was estimated to be about 2.6
k] mol™ per carbon atom and found to be of the same
magnitude as the molar free energy of fusion of long-chain
alkanes per carbon atom, confirming that van der Waals’
interactions between the thiol chains determine the surface
coverage by the alkanethiols. The model proposed here could
predict the experimental values of double-layer capacitance very
well up to a chain length of #n = 8. The benefits of alkanethiols
in suppressing hydrogen evolution was confirmed with practical
iron rechargeable battery electrodes coated with n-hexanethiol,
wherein the high charging efficiency and suppression of
hydrogen evolution was retained over multiple charge/
discharge cycles. The research presented here demonstrates a
new and promising approach of exploiting self-assembled
monolayers for improving the charging efficiency of recharge-
able iron batteries and rendering these inexpensive batteries
attractive for large-scale energy storage.
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