Electrochemical Atomic Force Microscopy of Electroactive Surfaces

1. Abstract
With the current requirement to reduce carbon dioxide emissions globally there is growing interest in
trying to reduce the molecule to more relevant hydrocarbons, with the use of transition metal electrocatalysts. Direct reduction to usable compounds such as methanol is a possibility but slow reaction
rates need to be improved. The anchoring of transition metal catalysts to light harvesting
semiconducting surfaces offer the ability to increase reaction rates. The orientation of the catalysts
when attached is a key issue as sterically carbon dioxide must be able to attach to the transition metal
centre. It is for this reason that the surface chemistry is of vast importance. EC-AFM is a powerful tool
that can be used for surface imaging as electrochemical reactions are taking place. Standard AFM can
be used to image a layer of TiO2 deposited on elemental titanium. It is possible to get down to 0.5um
before distortion with an unpolished surface. The growth of TiO2 on the surface occurs in dome like
clusters that are not uniform in their positioning.
2. Introduction
Atomic force microscopy, AFM is a microscopic technique, invented in 1986[1] that can be used to
attain excellent resolution of surfaces giving an insight into surface morphology at the atomic scale. It
has been utilised extensively with biological samples such as cells [2] and semiconducting surfaces [3].
The system incorporates a micro tip attached to a cantilever that moves up and down on its z-axis as it
deflects off a samples surface [4]. The micro tip is extremely small and usually extends to a single atom.
In a typical scan the tip is in contact with the surface and raster scanned over the area of interest in the
x and y directions. As the tip moves across the material it can move up and down the z-axis as a function
of the force between tip and sample. For imaging purposes the constant distance from the sample
requires the use of constant force between the material and micro tip. This is achieved by a feedback
loop. The loop consists of a laser, data processing
unit, piezoelectric transducer and cantilever as
shown in Figure 1. Movement of the cantilever
changes the angle of incidence of the laser, which
is recorded via the four quadrant photosensitive
diode and relayed back from it to the data
processing unit. The data processing unit can then
control the sample position relative to the
information processed with changes in voltage
applied to the piezoelectric transducer. This
maintains the constant force required between tip
Figure 1. Schematic of an AFM system and its
and sample in the z direction. There are three
components [27]
modes of use, contact, none contact and
intermittent contact [5]. With contact mode the tip is
in contact with the sample through the entire raster scan with the force kept constant as mentioned
above. Intermittent and none contact are generated by oscillating the cantilever near or slightly above
its resonance frequency [1]. None contact mode makes use of Van der Walls forces between the atoms
of the surface and the micro tip. Contact mode is too harsh for some materials such as certain biological
samples due to substrate deformations [6]. This is a result of too much force between sample and the tip
[7]
. None contact mode is one way around this, however this is at the expense of resolution. Intermittent
or as it is sometimes called intermittent tapping mode is a compromise between these two techniques
as the tip is in contact infrequently, cutting down on the excess force [8].
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AFM is analogous to the standard tunnelling microscope, however it does not require the tunnelling
currents between tip and surface meaning that it can detect none conductive molecules [9]. Moreover it
has now been established that it can be used for electrochemical surface imaging with the realisation of
electrochemical AFM, EC-AFM. Over the last decade this new technique has developed into a powerful
tool in particular in the study of lithium ion batteries
and semiconducting materials. Figure 2 shows a
standard EC-AFM setup with a gold working
electrode. Here the probe works independently
building up a topographical image of the surface as the
electrochemical reaction proceeds. There is also
another method where the tip is configured to act as the
working electrode, ideal for the study of electrode
kinetics [10]. Of particular interest is the
semiconductor titanium dioxide (TiO2). The Figure 2. EC-AFM setup where the working electrode
knowledge of its surface properties are vital as it is contains an anchored molecule [28]
used as an electrochemical catalyst, alloy film and
medical implantation species. In 2001 EC-AFM was used to image the saline based oxide hydration of
TiO2 relevant to its electrochemical behaviour as a bio implant, in its freely corroding and
potentiostatically held state (-1V), thus allowing simultaneous investigation of its surface morphology
and electrochemical characteristics [11]. High resolution images of grain boundaries have be resolved as
seen with titanium based alloys resulting in scan dimensions of 10µm2, where EC-AFM has provided
insight into how the surface of an alloy changes in respect to the corrosion rates of each individual phase
within the alloy [12]. To the knowledge of this paper examples of EC-AFM for analysis of TiO2 are
scarce with more emphasis given to its use in the study of lithium ion electrodes [13].
With the current ambition of CO2 removal from the atmosphere there is much interest in breaking down
the molecule to more favourable C1 compounds [14]. Catalytic transition metal complexes can be used
to reduce CO2. These electro-catalysts rely on electron donation from the catalyst to the molecule. It is
desirable to avoid single electron transfer in order to achieve thermodynamically stable species, via
multi electron and proton reactions, as single electron donation results in CO2.- formation [15]. There are
many transition metal complexes that can catalyse CO2 reduction. Re and Ru based carbonyl complexes
that contain bi-pyridine ligands have seen much attention due to high efficiencies [16]. These types of
rare metals are too expensive for large scale use. The reduction of CO2 needs to be more cost effective
before scale up is achievable. Recently there has been research into using a Mn complexes for CO2
reduction. fac-Mn(bpy)(CO)3Br has been shown to reduce the molecule however with relatively small
turnover number of 13[17]. Using this same complex in a photocatalytic system utilising [Ru(dmb)3]2+
as a photosensitizer in DMF and TEOA a turnover number, TON of 149 was achieved for the reduction
of CO2 to formic acid[16]. The reduction rates of these complex catalysts do require selectivity towards
CO2 and one proposed way of increasing the reaction rate is to anchor the transition metal complex to
a semiconductor such as TiO2, that once exited with UV radiation has the ability to transfer electrons
from its conduction band to the catalyst via an anchoring group such as a carboxylate or phosphonate.
There are not many examples of electro catalysts being anchored for the above purpose, all but a few.
Anchoring with carboxylate and phosphonate functional groups has been successfully demonstrated in
the direct covalent bonding of a ruthenium sensitizer complex to a TiO2 surface albeit the transfer of
electrons was from the dye to the semiconductor [18]. The rates of reaction regarding CO2 reduction have
been compared between activity of a complex catalyst when anchored and unanchored to a
semiconductor, where for the first time a nickel cylam catalyst was successfully anchored to a TiO2
surface with the conclusion that the rate was improved upon attachment [19]. Rhenium complexes
containing different ligands have been studied quite extensively through the years in order to achieve a
catalyst that can selectively reduce CO2, one example being Re(dcbpy)(CO)3Cl (dcbpy = 4,4’dicarboxy-2,2’-bipyridine) that was shown to have higher reduction capability when anchored to
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TiO2[20]. Reduction with cobalt complex catalysts are another area of research. It was reported that
[Co(cyclam)Cl2]Cl attained a TON of 54 for CO after the reduction of CO2 for one hour using pterphenyl as a photosensitiser [21]. In 2014 this TON was increased to 55 and 64 when the catalyst was
deposited, possibly uniformly on a TiO2 surface made up of 80% anatase and 20% rutile [22]. The TiO2
in this study was used as the photosensitizer donating electrons to the deposited catalyst upon photoexcitation. It is vital that the binding modes of these catalysts when anchored to semiconducting surfaces
and their orientation when in place are fully understood to allow the fine tuning of their catalytic
properties. The transition metal centres must be orientated at an ideal position to allow CO 2
coordination. In 2012 using phase-sensitive vibrational sum frequency generation spectroscopy the tilt
angle of a rhenium bipyridyl CO2 reduction catalyst on a single crystal of rutile TiO2 was investigated
when it contained different numbers of spacer methylene groups between the carboxyl anchor and the
bipyridyl ligand [20]. The molecular tilt on the surface was shown to be a function of the number of
methylene spacer groups, indicating a possible method of tailoring surface orientation.
Mentioned above, EC-AFM with its enhanced resolution and ability to image surfaces as
electrochemical reactions proceed would allow a better understanding of how these catalysts pack onto
the semiconducting surfaces, their orientation, key differences relating to synthetic routes and how
surface morphology affects the rates of CO2 reduction. In this paper a standard AFM experiment is set
up and used to investigate the surface morphology of TiO2 grown on elemental titanium metal and a
complex catalyst, Re(dcbpy)(CO)3Cl is synthesised for future use with EC-AFM when anchored to
anatase TiO2.
3. Method
Re(dcbpy)(CO)3Cl was prepared by adding 0.5 mol of Re(CO5)Cl and 0.5 mol of 4,4’-dicarboxy-2,2’bipyridine to a beaker, then 20ml of toluene. This mixture was refluxed for three hours at 116C which
gave a yellow liquid. It was then cooled to room temperature. 10 ml of hexane was added to the mixture
once cooled to allow precipitation. The product was then washed with 3 ml toluene and dried in vacuo.
The compound was then scanned using NMR (400MHz). Mass spec was also taken of the sample using
time of flight.
TiO2 was synthesised through heating a 4cm2 piece of pure titanium metal of approximately 1.5 mm
thickness at 450C for 1 hour to attain a layer of anatase over the surface.
EC-AFM measurements were carried out on a Bruker Icon AFM machine using the scan assist mode.
X-Y Scan range 90µm x 90µm x 10µm, Vertical noise floor <30 pm RMS, motorised position stage of
X-Y axis 180 -150mm and a 210mm vacuum chuck.
4. Results and Discussion
The mass spectrum did show a main peak at 594.2m/z, corresponding to the molecular weight of
Re(dcbpy)(CO)3Cl, however other masses where abundant as the spectrum showed, Please see attached
spectrum. From NMR analysis it was quite apparent that the desired molecule was not detected,
observed in Figure 3. The main peak at 2.5ppm was a quintet. This was from the DMSO as the
commercially available forms are not 100% pure [23]. Four other peaks were observed implying the
facial structure due to molecular symmetry [24], however this was not the case as there would have been
four separate proton environments. Integral ratios also discounted this as they should have been equal.
The carboxylate functional groups should have appeared around 10-11ppm so this was another indicator
of the signals not arising from the Re(dcbpy)(CO)3Cl species. It was possible there was not enough of
the compound dissolved into the DMSO and with the impure nature already mentioned no viable signal
could be obtained.
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Figure 3. 1H NMR signals of sample dissolved in DMSO

Imaging of the TiO2 covered surface was achieved. Starting at 30 µm2 and working down it was possible
to get to 0.5 µm2 with good resolution but going beyond this point to 0.4 µm2 there was slight

(a)

(b)

(c)

disturbance in the imaging as seen above with images (a), (b),
and (c). Because of this no further images where taken as any
closer recordings may have damaged the silicon stylus. The
micro-tips used are so small with AFM the surface has to be
very smooth as not to damage the tip as they are very sensitive.
It has been mentioned elsewhere that TiO2 is known to cover
the surface in dome like clusters [25]. This was in keeping with
the dome like structures imaged here in (b) and (c). Taking (b)
and looking at the image in 3D (Fig. 4) the height of the Figure 4. 3D image of (b)
highest point was 138nm and it was evident that the domes are
not uniform on this surface as clusters occur at different heights and orientation. In (a) the black mark
visible in the upper left quadrant was down to surface abnormalities believed to be caused by the
preparation process of the TiO2 layer. The surface was not polished and as such the zoom attainable
was not as good as it perhaps could have been. It has been possible to attain much closer imaging with
uniform surfaces. The lattice surface arrangement of mica substrates have been imaged at 0.036µm2 [26].
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Electro-polishing of the elemental titanium before the oxide layer was applied has been done before in
AFM experiments [11]. This may have allowed a more even coverage of TiO2 thus much closer imaging
at clear resolution.
From the results, taking the synthesis and AFM imaging into account, it was quite evident that precise
characterisation is required at each step from the synthesis of transition metal catalysts to the surfaces
that they are to be attached. Each step is crucial before an EC-AFM experiment can be successfully run.
Future work should include the setup of AFM in its EC-AFM mode and synthesis of molecules to be
anchored. Infra-red spectroscopy will also be utilised to detect the stretch frequencies of the carbonyl
groups of the complex catalyst. Adsorption spectroscopy could also be used. This will give another
element to the successful characterisation of the materials. Standard AFM could still be used on the
surface as was done in this study to investigate the oxide layer before attachment of the catalytic species.
This can then be used to check the difference in catalytic orientation as a function of surface preparation.
There are many considerations that have to be considered in the setup of an EC-AFM experiment such
as how the cell is going to be constructed. One possible way would to be to bubble a certain
concentration of CO2 across the surface in a cell with a proton donor electrolyte, over a time frame and
monitor the CO concentration at a specific reduction potential. This could be achieved using titanium
as the working electrode, as the TiO2 is already grown on it. Platinum would be used as a counter
electrode with a standard AgCl reference electrode. With this in mind the system would have to be
closed globally such as in a fume cupboard allowing inlet and outlet of the CO2 through the
electrochemical cell.

5. Conclusion
The compound Re(dcbpy)(CO)3Cl was created as shown in the mass spectrum but was not pure enough
for use and as such never gave any clear proton NMR signals. It was possible to attain AFM images of
TiO2 grown on elemental titanium but the nature of the unpolished surface only allowed a zoom of
0.5um2 before the resolution started to degrade. The TiO2 on the surface exists in dome like clusters, in
agreement with other studies. The use of EC-AFM will be used in the future to characterise the surface
of anchored electro-catalysts on semiconducting surfaces. Before this is done the electro catalysts and
surfaces must be characterised efficiently.
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