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Waste heat is ubiquitous; as such, sustainable and long-lasting devices are required to convert it into more
useful forms of energy that can make use of this abundant potential resource. Thermogalvanic cells (or
thermocells) can use the thermoelectrochemical properties of redox couples to achieve this; entropy-
driven redox reactions allow them to act as liquid thermoelectrics. However, excellent electrocatalysis at
the electrode surface is required for optimum conversion efficiency. Serendipitous observation of
Nafion-based electrocatalysis prompted the exploration of electrostatically charged self-assembled
monolayers (SAMs) inside a thermocell. Both electrostatic electrocatalysis and improved electrode
stability were observed; in an aqueous Ks[Fe(CN)gl/K4[Fe(CN)gl-based cell, modification with (3-

trimethylammonium bromide)thiopropane resulted in higher electrical power, and protection against
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[Fe(CN)gl**~-induced gold passivation, to bare gold. Molecular-based electrostatic

electrocatalysis could be an alternative to precious metal-based nanomaterial electrocatalysis, and could

DOI: 10.1039/d35c06766a be integrated with (nano)carbon-based electrodes to further enhance the ability of thermogalvanic and

Open Access Article. Published on 03 April 2024. Downloaded on 4/8/2026 1:44:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

Sustainability and ‘Net Zero’ objectives necessitate improved
efficiency and accessing new renewable energy sources.
Approximately two-thirds of primary energy is lost as low-grade
waste heat, while biological processes and the sun provide
additional gigantic quantities of untapped low grade waste
heat, making these valuable potential contributors." Numerous
recent electrochemical studies have focussed upon harvesting
low-grade waste heat (below 100 °C), because no efficient
technology exists in this temperature region that is commer-
cially viable."” One enticing prospect is thermogalvanic elec-
trochemical cells (or thermocells). These relatively simple
devices comprise two electrodes and a typically aqueous redox
active electrolyte, and thus have promising green and sustain-
able credentials.®*

Thermocells with a temperature difference across the two
electrodes can convert some heat flux to a flow of electricity
through an external circuit.® Fig. 1(a) displays a schematic of
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other electrochemical energy conversion devices, e.g. redox flow batteries.

a thermocell in operation. This is driven primarily due to the
entropy difference between two redox states;* diffusion of these
species can ensure a constant flow of current, to act as a power
generator, or frustrated diffusion can achieve power storage (as
a thermocapacitor).®” Modification to boost entropy differences
can boost voltage and therefore electrical power;*>® modification
of the electrodes is often performed to boost current and
therefore also electrical power.'®"* The former entropy differ-
ences are typically independent of kinetics, but the latter
current is highly sensitive to electron transfer kinetics.*?

Methods to boost the entropy include coulombic ‘charge
additivity’, i.e. physically grafting charged moieties adjacent to
redox centres.'>* It also includes phase changes>'* and supra-
molecular association.>*°

Modification of the electrodes typically aims to increase
surface area and/or enhance the rate of electron transfer. For
this reason the application of nanomaterials to thermocell
electrodes has been extensively explored,*'*'” often with the
further addition of electrocatalytic noble metals such as Pt.*>*®
Fig. 1(b) displays this scenario for a hypothetical carbon nano-
material decorated with a precious metal nanoparticles, and
dropcast with Nafion ionomer to serve as a physical binder to
improve the dispersion and stability of the layer.*

Some preliminary experiments performed by us observed
a significant but temporary boost in thermocell performance for
the Fe?"** redox couple when electrodes were modified by
dropcasting a Nafion/nanomaterial suspension. This was traced
back to the anionically-charged Nafion polymer, which was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic showing (a) the basic operation of a [Fe(CN)gl®* /4~

thermogalvanic cell (thermocell), converting a temperature gradient
into a flow of electrical current, and (b) thermocell containing
a hypothetical carbon nanomaterial (black cylinders) modified with
metallic nanoparticle electrocatalysts (golden spheres) and bound by
a layer of anionically charged Nafion polymer (green lines). Also shown
is (c) the concept explored here, where a charged Self-Assembled
Monolayer (SAM) is used to molecularly increase electrocatalytic ability
by the introduction of functional headgroups (purple spheres).

gradually lost from the electrode surface (likely due to desorp-
tion and dissolution). While Nafion can undeniably improve the
dispersion, stability and charge conduction paths of electro-
catalytic materials,* Nafion can also weakly adsorb on electrode
surfaces and inhibit electron transfer.”*** It can also act as
a non-innocent binder by altering the redox state of bound
materials.>® Since Nafion was beneficial for Fe*"** but had no
effect upon [Fe(CN)g]> /*~, we speculated this could correspond
to enhanced electrostatic interactions between the highly
charged redox couples and the electrode surface. In order to
investigate this apparent ‘electrostatic electrocatalysis’
phenomena detected in the thermocell, a more rigorous
protocol was developed to probe this, based upon self-
assembled monolayers.

Self-assembled monolayers (or SAMs) are spontaneously
formed molecular assemblies at a surface, typically a metal.***®
This work utilised the well-established affinity of thiol moieties
to form SAMs on gold electrodes, via Au-S bonds.>*** Some prior
investigations have been performed into the influence of the
charge of SAM head groups on electrochemical response and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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rates of electron transfer. For example, ionisable thiol mono-
layers were investigated and the apparent rate of electron
transfer for [Ru(NH;)s*"** was 300 times faster at R-COO™
head groups compared to R-COOH ones, although both were
slower than unmodified gold.*® Positively charged monolayers
significantly hindered [Ru(NH;)s]** reduction but only slightly
hindered [Fe(CN)¢]>~ reduction; the opposite trend was
observed for anionically charged monolayers.”” In the above
studies, these observations were partially attributed to altered
potential drops across the electrical double layer, and primarily
due to electrostatically-induced changes in the concentration of
redox species near the electrode surface. Electrostatic catalysis
of non-redox processes is also known.?®

Similar results have been observed beyond SAMs, e.g. 4-car-
boxylphenyl groups grafted onto glassy carbon electrodes dis-
played no voltammetric response for [Fe(CN)¢]>'*", but
maintained redox features for [Ru(NH;)s]>"*" (albeit at slower
electron transfer rates than with the bare electrode).”® Similar
pH-dependent effects have been observed for graphene nano-
flakes with carboxylic acid functionalities.*

Results and discussion

Cyclic voltammetric and impedance spectroscopy analysis of
different SAMs

As noted above, Nafion ionomer on the surface of electrodes
appeared to result in a temporary but significant boost in
thermocell performance for the Fe?"*" redox couple; hence
experiments were designed to use self-assembled monolayers
(SAMSs) to introduce ‘permanent’ coulombic charges close to the
electrode surface. SAM layers were achieved through the use of
thio-alkyl-head group molecules, which were purchased or
synthesised to carry either a cationic ([RNMe;]"), anionic
([RCOO]7) or neutral (OH) head group, to emulate the electro-
static effect temporarily observed for Nafion. The utilised SAMs
are summarised in Fig. 2(a) (see ESLf for a full range of
chemical structures in Fig. S1, as well as synthesis and
methods). These SAMs allowed us to evaluate the potential of
‘electrostatic electrocatalysis’ in thermocells, via the concept
shown in Fig. 1(c). As a result of pH instability and coordination
issues between the Fe®"** redox couple and the carboxylate
SAM, the [Fe(CN)s]>~"*~ redox couple was selected as a model
electrolyte. Finally, the length of the alkyl chain in the SAM was
varied with ‘short’ (2 to 3 carbons), ‘medium’ (5 to 7 carbons)
and ‘long’ (11 carbons) as additional variables.

The effect of SAMs was initially investigated here using cyclic
voltammetry (CV). SAMs were grown for 4 h on Au voltammetry
electrodes, and CVs measured separately in both 10 mM
K;[Fe(CN)s] and 10 mM K,[Fe(CN)s] (both with 1 M KCI sup-
porting electrolyte; full discussion and data in the ESI}). As
shown by the CVs (Fig. S2t), significant decreases in the
apparent rate of electron transfer was observed for neutral SAMs
with chain lengths of 8 carbons or greater, and 6 carbons or
greater for the anionic SAM; Fig. 2(b) displays the complete loss
of apparent redox chemistry when the 11-carbon anionic SAM
was present. This is in agreement with extensive prior literature
which has observed slower rates of electron transfer through
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Fig.2 Showing (a) the general chemical structure of the 3 types of thiol-alkyl molecules utilised to form electrostatic SAM layers on Au surfaces,
where n is between 0 and 9; the CV responses for (b) 10 mM [Fe(CN)gl*~ with the 11-carbon anionic SAM and (c) 10 mM [Fe(CN)gl*~ with the 11-
carbon cationic SAM, showing scans with SAM modification (green) and without (red) on the Au electrode; (d) measured apparent electron

transfer resistance (Ret) for 10 mM [Fe(CN)gl> /4~

, as a function of SAM lengths with cationic and neutral SAMs, where the * indicates an Rgt

couldn't be accurately measured and can be ascribed as <10 Q. Further information on the Nyquist fitting (including frequency ranges) can be

found in the ESI.{

SAMs for every methylene group,** e.g [Ru(NH;)e]*"*"
exhibited slower electron transfer through longer SAMs made
from amino-1-alkanethiol, with a complete loss of faradaic
peaks by the 11 carbon SAM.** Contrary to the above, in this
study the voltammetric response of [Fe(CN)s]* "*~ was found to
be almost unaffected in the presence of the cationic SAM layers,
even up to 11 carbons, as shown in Fig. 2(c). This demonstrates
a clear electrostatic effect.

The CV results were followed by more quantitative electro-
chemical impedance spectroscopy (EIS) analysis, in 10 mM
[Fe(CN)e]>/*~ (where both ions were present in a 50 : 50 ratio).
The solution resistance (Rs) and electron transfer resistance
(Rer) were quantified in the absence of a SAM, and with various
lengths of neutral and cationic SAMs. All raw data, fittings and
tabulated values are available in the ESI; Fig. 2(d) visually
summarises the Rgr values. The unmodified gold electrode
surface was found to have an Rgr of 56.9 + 0.8 Q, and for neutral
SAMs with 3-, 6- and 11-carbons the Ry increased to 79.2 + 0.3
Q then 1776 £ 4 Q and 17 300 = 200 Q, respectively. However,
for all cationic SAMs a significant electrocatalytic improvement
towards the [Fe(CN)s]>*~ redox couple was observed. The
cationic 11-carbon SAM was found to have an Rgy of 682 + 5 Q,
which is more than two orders of magnitude lower than the
neutral 11-carbon SAM. For the 2- and 5-carbon cationic SAMs
the Rgr component of the Nyquist plots were too small to be
fitted, but for both Rgr < 10 Q. Example Nyquist plots are
shown in Fig. 3(a), clearly showing the electron transfer and
mass transfer components were observed when a 6-carbon
neutral SAM was present, but electron transfer resistances were
too small to be measured (even at higher frequencies) for
cationic SAMs shorter than 11 carbons.

The detrimental steric effect of the neutral SAMs, the
significant detrimental electrostatic effect of the negative SAMs,
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and the significant beneficial electrostatic electrocatalytic effect
of the cationic SAMs were therefore all confirmed. A schematic
of the different scenarios is shown in Fig. 3(b); the neutral SAM
necessitates quantum tunnelling of electrons over greater
distances, thus lowering the rate of electron transfer.>*-** This
distance is even greater for the anionic SAMs due to electrostatic
repulsion. Beneficial electrostatic electrocatalysis has been
previously linked to altered potential differences at the inter-
face, and partitioning to accumulate higher concentrations of
ionic species at the interface;*® both are possibilities here.
Electron transfer can also occur at SAM defect sites*® or via
partition of the redox active species inside the SAM layer®® but
there is no evidence of this here.

Effect of different SAMs inside an operational thermocell

Next, this electrocatalysis phenomena was investigated in an
operational thermogalvanic cell (or thermocell). Since the
thermocell gold electrodes were significantly larger and
different from the voltammetry electrodes, some additional
optimisation was required to achieve reproducible thermocell
results. Primarily, extending the SAM growth time from 4 hours
to 24 hours was optimal (Fig. S47).

For thermocell measurements, two symmetrical gold elec-
trodes were modified with an identical SAM and a temperature
difference of 20 K was applied across the cell, as shown by the
schematic in Fig. 1(c). The electrolyte used was aqueous
200 mM [Fe(CN)¢]>~"*~, as a 50:50 ratio of K;[Fe(CN)] and
K,[Fe(CN)¢]. This is a non-optimised' and relatively dilute®
system, but was employed for proof-of-concept. The steady-state
maximum electrical power generated by the cell was measured
in line with established techniques.”

Fig. 4(a and b) plots thermogalvanic power curves as a func-
tion of chain length (for the neutral SAMs) and head group

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Showing (a) Nyquist plots for the 5-carbon cationic and 6-carbon neutral SAMs (same experimental conditions as Fig. 2(d)), demonstrating
the semi-circle electron transfer resistance and linear mass transport resistance components for the neutral SAM, but only mass transport could
be observed for the cationic SAMs. Also (b) diagrams representing the likely electron transfer scenarios for the different systems. [Fe(CN)gl* /4~ is
a known quasi-outer sphere electron transfer redox couple,®* hence adsorption at the bare Au is potentially a key electron transfer mechanism.
This is frustrated at the neutral and anionic SAMs, with the electron forced to quantum tunnel over an extended distance. For the cationic SAM,
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Fig. 4 Showing (a) representative power density curves measured for
unmodified Au electrodes (M) and electrodes modified with neutral
SAMs as a function of chain length (@), and (b) the 11 carbon cationic
(@) and anionic (A) SAMs. Also (c) the steady-state maximum power,
Pmax. @s a function of SAM head group and chain length. All were
measured in thermocells containing 0.2 M Ks/K4[Fe(CN)¢]l (0.1 M of
each; applied temperature difference of 20 K). Error bars represent one
standard deviation of triplicate measurement; if absent then the error
bar was smaller than the data point.

charge (for the 11 carbon SAMs); the power generated as

a function of carbon chain length and head group is plotted in
Fig. 4(c). Interestingly, the voltage generated as a function of

© 2024 The Author(s). Published by the Royal Society of Chemistry

at the cationic SAM head groups is likely, resulting in a greater residence time near the electrode surface and thus

temperature difference, or thermogalvanic Seebeck coefficient,
remained constant and was entirely unaffected by the presence
of SAMs, thus all changes in electrical power were solely due to
current differences. The unmodified electrode generated the
highest thermogalvanic power, with Py, = 72.8 1.0 mW m>.
Despite the clear electrostatic electrocatalysis evidenced earlier
for the shorter cationic SAMs, the power actually decreased
slightly, to 71.2 £ 0.9 mW m™> for 2 carbons, 67.8 + 2.7 mW
m ™ for 5 carbons and 66.5 + 3.8 mW m > for 11 carbons. The
major resistance in this thermocell is expected to be mass
transport rather than kinetic,” hence this could relate to mass
transport phenomena such as slower removal of negatively
charged redox products from the electrodes surface. Neverthe-
less, the power remains largely unchanged whereas for the
neutral and anionic SAMs the power drops significantly with
increasing chain length. This proves the viability of electrostatic
electrocatalysis in a thermocell, which could be highly benefi-
cial to other systems (discussed at the end).

Evaluating a SAM's ability to improve long-term electrode
stability

Finally, gold electrodes in conjunction with [Fe(CN)s]>~"*~ are
well known to suffer from instability issues, including various
electron transfer mechanisms, rates and corrosion.*®?*’ This
includes in thermogalvanic cells, where initial electrocatalysis
by gold nanoparticles was previously observed to result in poor
performance after moderate operation times (relative to just
graphite) due to passivating layers of Au/[Fe(CN)g]*'*~ reaction
products forming.*® However, in this study no evidence of this
was observed when SAMs were present, so the ability of cationic
SAMs to increase the longevity and stability of the thermocell
system was explored. SAMs are in fact known to afford the
underlying metal electrodes some protection against corrosion,
with cyanide known as a useful probe molecule to test the
quality of SAM formation;** Electrochemical Scanning Tunnel-
ling Microscopy of Au(111) protected with hexadecyl mercaptan
SAMs have shown significantly reduced CN -induced

Chem. Sci., 2024, 15, 6958-6964 | 6961
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Fig. 5 Bar charts showing measurements for Au electrodes with and
without the 2-carbon cationic SAM, before and after soaking in 0.4 M
K3/K4[Fe(CN)gl for 24 h. Panel (a) shows the apparent electron transfer
resistance (Rg7) measured for the voltammetric Au electrode in 10 mM
K3/K4lFe(CN)gl with 1 M KCl supporting electrolyte; (b) shows the
thermogalvanic Pp.x measured in the thermocell with 0.4 M Ks/
K4[Fe(CN)gl. The * indicates the Rgt was too small to be measured.
Further information relating to the Nyquist fitting frequency ranges can
be found in Fig. S10.}

corrosion;** this also applied to aqueous Br~ solutions, with
a range of techniques demonstrating OH- and COOH-
terminated SAMs provided even more corrosion protection
than CHj-terminated SAMs, but also changing the corrosion
mechanism (pitting vs. layer-by-layer, respectively).*?

Since this study has not investigated the Au electrode surface
in detail, we can only discuss here the ability of the SAMs to
achieve protection against ‘kinetic passivation’, or observed
decreases in the electrocatalytic ability of the Au electrodes by
extended exposure to concentrated [Fe(CN)]~*~. This was
quantitatively demonstrated both electrochemically and ther-
moelectrochemically, by using EIS to measure Rgr, and

6962 | Chem. Sci, 2024, 15, 6958-6964
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monitoring the thermogalvanic power density. Both voltam-
metry Au electrodes and thermocell Au electrodes were cleaned,
measured, soaked in a [Fe(CN)q]*~*~ solution for 24 hours, and
then re-measured. Here the thermocell electrolyte was changed
from 200 mM [Fe(CN)e]>"*~ to 400 mM to increase it's ability to
corrode the gold, and this was also used as the soaking solution.

As shown in Fig. 5(a) and (b), the bare electrodes were
notably poisoned, with the Rgy increasing by an order of
magnitude and the power dropping by ca. 32% (from 116 + 1
mW m 2 to 79 + 16 mW m ). Conversely, for electrodes
modified with 2 carbon cationic SAMs, the Rgy before soaking
was too small to be measured, and afterwards this increased to
39.4 £ 1.0 Q (the unmodified electrode had an Rgr of 59.8 &+ 1.2
Q), although it's unclear if this is due to partial kinetic passiv-
ation of the Au, or if the SAM underwent partial restructuring.
However, the thermogalvanic power for the SAM-modified
electrodes (121 + 1 mW m™?) in this more concentrated elec-
trolyte not only exceed the power of the bare electrodes (116 &+ 1
mW m~?), but also remained largely unchanged despite 24 h
soaking in [Fe(CN)s]> ™~ (120 + 7 mW m?), clearly indicating
enhanced electrocatalysis and no significant kinetic passivation
of the thermocell electrode surface.

Further potential applications of this ‘electrostatic
electrocatalysis’ and enhanced electrode stability

Ultimately this study elegantly demonstrates the concept of how
molecular electrostatic electrocatalysis can be applied to ther-
mogalvanic cells. This is significant because, whereas previous
attempts to use gold nanomaterials to enhance electrocatalysis
has also decreased stability (due to the increased reactivity of
the nanostructured gold), this study demonstrates how appro-
priately electrostatically charged SAMs can lower the apparent
electron transfer resistance and simultaneously improve long-
term stability. This is critical when considering most indus-
trial waste heat applications have commercial payback periods
of 3 to 15 years,* demonstrating the time frames thermocell
devices should continuously operate for (and ideally exceed).
Thermogalvanic cells routinely employ highly ionically
charged redox couples and operate at relatively small over-
potentials, hence are especially positioned to benefit from
electrostatic electrocatalysis. While this concept has been
demonstrated here, the particular experimental setup of gold
and [Fe(CN)s]> /*~ isn't able to significantly benefit from it.
Notably, gold is already an excellent electrocatalyst and in this
case is even superior to platinum (Fig. S11%), [Fe(CN)s]>™*~ is
relatively kinetically fast, and the bulk thermocell used for
measurements is primarily mass transport-limited rather than
kinetically-limited. However, the ultimate goal is for this
demonstrated concept to be extended to improving cheaper
electrodes with more sustainable redox couples (both of which
typically introduce kinetic issues**). For example inexpensive
(nano)carbon electrodes could be electrostatically modified
with e.g. covalently grafted charged groups,” in order to
improve their electrocatalytic ability towards more sustainable
redox couples e.g. kinetically slower but highly charged Fe*"**
salts.***” The results from this study indicate such modification

© 2024 The Author(s). Published by the Royal Society of Chemistry
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is expected to significantly improve both thermocell power
output (more so than could be observed here using Au as the
base material) and potentially the effective lifetime.

Conclusions

In summary, our study reveals that electrostatic electrocatalysis
can play a crucial role in the performance of thermogalvanic
cells. Spurred on by negatively-charged Nafion's ability to
temporarily enhance Fe?"** cell performance, but hindered by
its instability and irreproducibility, we employed gold elec-
trodes with various self-assembled monolayers and explored
their impact on electron transfer and power generation. Using
[Fe(CN)e]>*~ as a model redox couple, cationic SAMs showed
significant electrocatalytic improvement, while neutral and
anionic SAMs exhibited detrimental kinetic effects. SAMs also
afforded the electrodes long-term protection against estab-
lished corrosion and passivation issues.® These findings
demonstrate the general potential of electrostatic electro-
catalysis, and more specifically how this concept could be
applied to enhance the performance of sustainable, cost-
effective electrodes in thermogalvanic cells, paving the way for
long-term, efficient operation. This could also be extended to
other systems with highly concentrated, charged electrolytes
that require long-term effective electrocatalysis, e.g. carbon felt
electrodes in redox flow batteries.

Experimental

Below is a brief experimental section containing the key perti-
nent information. A much more comprehensive and detailed
Experimental section can be found in the ESL¥

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS)

All CV and EIS experiments were carried out using a PGSTAT204
potentiostat with NOVA software (Metrohm, UK). The electro-
chemical setup was a 1.6 mm diameter Au disc working elec-
trode, a Pt counter electrode, and an Ag/AgCl (3 M NaCl)
reference electrode (all BASi, USA). All scans were, unless
specified otherwise, recorded ex situ to the thermocell and at
ambient temperature (ca. 22 °C). CVs had a scan rate of 100 mV
s~ '; impedance spectra were initially recorded from 20 000 to
0.1 Hz with an amplitude of 10 mV, and the frequency range
adjusted if required.

Thermoelectrochemistry

All thermoelectrochemical measurements were performed
using a two-chamber thermocell, which is detailed in the ESI}
and has been reported elsewhere.”*> The electrodes were solid
gold discs (99.99% pure, 1 mm thick discs with 10 mm diam-
eter, from Surepure Chemetals, USA) with an electrode surface
area of 35 mm? exposed to the electrolyte and an inter-electrode
spacing of 7.4 mm. The outside of the electrodes had an applied
temperature difference, AT, of 20 K (hot side 45 °C, cold side 25
°C) which has previously been demonstrated”** to result in an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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‘experienced’ temperature difference of ca. 18 K, due to the
thickness of the electrodes. All potential, current and power
measurements were performed using a Keysight B2901A Source
Measure Unit and Quick IV software (Keysight, UK), and were
carefully measured and allowed to reach steady-state, following
precisely the ‘sequence of constant voltages’ method previously
reported.”"

SAM growth

All SAM forming molecules were (i) thiol, (ii) thioacetate or (iii)
isothiouronium-based (see ESIt for full details).

For growth on the 1.6 mm diameter Au disk electrode for CV
and EIS measurements, the optimised protocol was found to be
a solvent composition of ethanol:dichloromethane (EtOH:
DCM, 9: 1), with incubation 4 hours before being rinsed with
EtOH and dried under a stream of N,. A volume of 1 mL was
used, with a concentration of (i) 1 mM thiol, (ii) 1 mM thio-
acetate or (iii) 1 mM isothiouronium and 0.9 mM KOH; the in
situ hydrolysis of the isothiouronium to the free thiol was found
to be optimal, compared to attempting to isolate the free thiol
and then utilise.

For thermoelectrochemistry, the SAMs were grown on two
significantly larger 10 mm diameter Au electrodes. Given the ca.
order of magnitude higher surface area, the volume was initially
increased to 10 mL EtOH : DCM (9 : 1); however, in order to get
reproducible SAM formation it was also necessary to increase
the concentration to 5 mM thiol, 5 mM thioacetate or 5 mM
isothiouronium (the latter with 4.5 mM KOH), before being
rinsed with EtOH and dried under a stream of N,. The incu-
bation duration was also varied between 3 and 24 hours (results
shown in the ESIt) with 24 hours found to be optimal.

Data availability

The datasets supporting this article have been uploaded as part
of the ESIT (e.g. graphically reported values are all tabulated).

Author contributions

All: writing; visualisation. KL: methodology; investigation. MB:
validation; investigation. LA: conceptualisation; supervision;
funding acquisition.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

M. A. B. acknowledges the EPSRC for funding (Standard
Research Studentship (DTP), EP/N509498/1). The authors
acknowledge Dr Huanxin Li for the initial observation of the
Nafion electrocatalysis phenomena.

Chem. Sci., 2024, 15, 6958-6964 | 6963


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06766a

Open Access Article. Published on 03 April 2024. Downloaded on 4/8/2026 1:44:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

References

1 C. Geffroy, D. Lilley, P. S. Parez and R. Prasher, Joule, 2021, 5,
3080-3096.

2 H. Zhou, H. Inoue, M. Ujita and T. Yamada, Angew. Chem.,
Int. Ed., 2023, 62, €202213449.

3 M. A. Buckingham, K. Laws, J. T. Sengel and L. Aldous, Green
Chem., 2020, 22, 6062-6074.

4 M. A. Buckingham, K. Laws, E. Cross, A. ]J. Surman and
L. Aldous, Green Chem., 2021, 23, 8901-8915.

5 M. A. Trosheva, M. A. Buckingham and L. Aldous, Chem. Sci.,
2022, 13, 4984-4998.

6 M. F. Dupont, D. R. MacFarlane and J. M. Pringle, Chem.
Commun., 2017, 53, 6288-6302.

7 M. A. Buckingham and L. Aldous, J. Electroanal. Chem., 2020,
872, 114280.

8 M. A. Buckingham, F. Stoffel, S. Zhang, Y. Liu, F. Marken,
J. Chen and L. Aldous, ACS Appl. Nano Mater., 2022, 5, 438-
445.

9 M. A. Buckingham, S. Zhang, Y. Liu, J. Chen, F. Marken and
L. Aldous, ACS Appl. Energy Mater., 2021, 4, 11204-11214.
10 H. Zhou, T. Yamada and N. Kimizuka, J. Am. Chem. Soc.,

2016, 138, 10502-10507.

11 H. Zhou, T. Yamada and N. Kimizuka, Sustainable Energy
Fuels, 2018, 2, 472-478.

12 M. A. Buckingham, S. Hammoud, H. Li, C. ]J. Beale,
J. T. Sengel and L. Aldous, Sustainable Energy Fuels, 2020,
4, 3388-3399.

13 L. Aldous, J. J. Black, M. C. Elias, B. Gélinas and
D. Rochefort, Phys. Chem. Chem. Phys., 2017, 19, 24255-
24263.

14 K. Laws, M. A. Buckingham, M. Farleigh, M. Ma and
L. Aldous, Chem. Commun., 2023, 59, 2323-2326.

15 H. Im, T. Kim, H. Song, J. Choi, J. S. Park, R. Ovalle-Robles,
H. D. Yang, K. D. Kihm, R. H. Baughman, H. H. Lee,
T. J. Kang and Y. H. Kim, Nat. Commun., 2016, 7, 10600.

16 L. Zhang, T. Kim, N. Li, T. J. Kang, J. Chen, J. M. Pringle,
M. Zhang, A. H. Kazim, S. Fang, C. Haines, D. Al-Masri,
B. A. Cola, J. M. Razal, J. Di, S. Beirne, D. R. MacFarlane,
A. Gonzalez-Martin, S. Mathew, Y. H. Kim, G. Wallace and
R. H. Baughman, Adv. Mater., 2017, 29, 1605652.

17 M. S. Romano, N. Li, D. Antiohos, J. M. Razal, A. Nattestad,
S. Beirne, S. Fang, Y. Chen, R. Jalili G. G. Wallace,
R. Baughman and J. Chen, Adv. Mater., 2013, 25, 6602—-6606.

18 ]J. H. Lee, G. Shin, J. Y. Baek and T. J. Kang, ACS Appl. Mater.
Interfaces, 2021, 13, 21157-21165.

19 N. Kakati, L. Anderson, G. Li, D. M. Sua-an, A. Karmakar,
J. D. Ocon and P.Y. A. Chuang, ACS Appl Mater.
Interfaces, 2023, 15, 55559-55560.

20 G.-F. Li, D. Yang and P.-Y. Abel Chuang, ACS Catal., 2018, 8,
11688-11698.

21 M. Ahmed, G. A. Attard, E. Wright and J. Sharman, Catal.
Today, 2013, 202, 128-134.

6964 | Chem. Sci, 2024, 15, 6958-6964

View Article Online

Edge Article

22 ]J. Chlistunoff and J.-M. Sansifiena, J. Electroanal. Chem.,
2016, 780, 134-146.

23 D. M. Morales, J. Villalobos, M. A. Kazakova, J. Xiao and
M. Risch, ChemElectroChem, 2021, 8, 2979-2983.

24 R. F. Carvalhal, R. Sanches Freire and L. T. Kubota,
Electroanalysis, 2005, 17, 1251-1259.

25 V. M. Mirsky, TrAC, Trends Anal. Chem., 2002, 21, 439-450.

26 T. Komura, T. Yamaguchi, H. Shimatani and R. Okushio,
Electrochim. Acta, 2004, 49, 597-606.

27 K. Takehara, H. Takemura and Y. Ide, Electrochim. Acta,
1994, 39, 817-822.

28 A. C. Aragoneés, N. L. Haworth, N. Darwish, S. Ciampi,
N. J. Bloomfield, G. G. Wallace, 1. Diez-Perez and
M. L. Coote, Nature, 2016, 531, 88-91.

29 C. Saby, B. Ortiz, G. Y. Champagne and D. Bélanger,
Langmuir, 1997, 13, 6805-6813.

30 M. M. Lounasvuori, M. Rosillo-Lopez, C. G. Salzmann,
D. ]J. Caruana and K. B. Holt, Faraday Discuss., 2014, 172,
293-310.

31 B. Liu, A.]. Bard, M. V. Mirkin and S. E. Creager, J. Am. Chem.
Soc., 2004, 126, 1485-1492.

32 L. V. Protsailo and W. R. Fawcett, Electrochim. Acta, 2000, 45,
3497-3505.

33 M. Cohen-Atiya and D. Mandler, Phys. Chem. Chem. Phys.,
2006, 8, 4405.

34 J. B. Shein, L. M. H. Lai, P. K. Eggers, M. N. Paddon-Row and
J. J. Gooding, Langmuir, 2009, 25, 11121-11128.

35 W. Chen, L.-L. Zhang, Z. Wei, M.-K. Zhang, ]J. Cai and
Y.-X. Chen, Phys. Chem. Chem. Phys., 2023, 25, 8317-8330.

36 A. Tricase, A. Stefanachi, R. A. Picca, E. Macchia, A. Favia,
F. Leonetti, G. Scamarcio, D. Blasi, P. Bollella and L. Torsi,
J. Mater. Chem. C, 2021, 9, 10935-10943.

37 M. A. Buckingham, K. Laws, H. Li, Y. Kuang and L. Aldous,
Cell Rep. Phys. Sci., 2021, 2, 100510.

38 J. F. Cassidy, R. C. De Carvalho and A. ]J. Betts, Electrochem,
2023, 4, 313-349.

39 J. Lazar, C. Schnelting, E. Slavcheva and U. Schnakenberg,
Anal. Chem., 2016, 88, 682-687.

40 H. A. H. Alzahrani, M. A. Buckingham, F. Marken and
L. Aldous, Electrochem. Commun., 2019, 102, 41-45.

41 L. Srisombat, A. C. Jamison and T. R. Lee, Colloids Surf., A,
2011, 390, 1-19.

42 F. P. Zamborini and R. M. Crooks, Langmuir, 1997, 13, 122-
126.

43 F. P. Zamborini and R. M. Crooks, Langmuir, 1998, 14, 3279-
3286.

44 S. Moser and G. Jauschnik, Sustainability, 2023, 15, 10559.

45 S. Baranton and D. Bélanger, J. Phys. Chem. B, 2005, 109,
24401-24410.

46 M. A. Buckingham, F. Marken and L. Aldous, Sustainable
Energy Fuels, 2018, 2, 2717-2726.

47 J. H. Kim, J. H. Lee, R. R. Palem, M.-S. Suh, H. H. Lee and
T. J. Kang, Sci. Rep., 2019, 9, 8706.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06766a

	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...

	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...

	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...
	Self-assembled monolayers for electrostatic electrocatalysis and enhanced electrode stability in thermogalvanic cellsElectronic supplementary...


