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Abstract

Successful development of catalysts for electrochemical formic acid oxidation (FAO) requires

finding an optimal balance between catalytic performance (activity/stability/selectivity) and the

catalyst cost. While platinum is one of the most active catalyst materials for FAO, it suffers from

performance loss at low overpotentials due to poisoning with CO, which is one of the

intermediates formed in the so-called indirect path of FAO. In this work, we explored the

synergistic effects of the supporting material and annealing temperature on the performance of Pt

thin films for FAO in acidic media. Compared to the as-prepared Pt films, the annealed films

show up to 5-fold and 15-fold improvement for FAO on Pt@Ni and Pt@Cr, respectively. While

the most active Pt@Ni thin film shows the lowest stability, the most active Pt@Cr thin film is
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also the most stable, challenging conventional trade-offs in electrocatalysis and providing a

promising candidate for FAO nanocatalyst synthesis.

oNOYTULT D WN =

12 Keywords

16 Pt thin films; Nickel and chromium; Thermal treatment; Formic acid; Electro-oxidation

24 Introduction

The electrocatalytic oxidation of small organic molecules, such as methanol, ethanol and

34 formic acid has been extensively studied due to their properties that make them suitable for use

37 in fuel cells . Particularly, the electrochemical oxidation of formic acid has been

comprehensively examined as the anodic reaction in direct formic acid fuel cell (DFAFC) and as

44 a model reaction important for understanding the electrooxidation of other small organic

47 molecules. On platinum, which is one of the most active metals for formic acid oxidation (FAO),

the reaction is known to proceed through a dual path mechanism. In the direct path, the reaction

54 proceeds directly to CO, through an adsorbed intermediate, formate (HCOO,):
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HCOOH—-CO, +2H™* + 2e~ (1)

while in the indirect path, the poisoning CO,4 species are formed first, before being oxidized to

CO, 6-12;

HCOOH—-COad + H,0—C0, +2H ™" +2e~ ()

The main goal in the development of the catalysts for FAO is to find the optimal balance

between catalytic performance (activity/stability/selectivity) and the catalyst cost, i.e. quantity of

the noble metal used ®'3-15, However, platinum and its alloys, which are among the best catalysts

for FAO, are particularly susceptible to poisoning species which significantly reduces their

catalytic performance at low potentials '® 7. Several strategies are in place to mitigate this issue,

such as tuning the catalyst’s selectivity by surface modification with a second metal, tuning its

activity by changing the electronic properties via alloying with transition metals as well as tuning

the selectivity/activity through catalyst’s surface morphology (facet dependent catalytic

properties).

An additional approach is the tuning of catalysts properties through the introduction of

electrochemically stable support material '8. Interactions between deposited metal and supports

are of crucial importance and can significantly affect the performance of the catalyst. The

electronic, geometric and bifunctional effects originating from strong metal-support interactions

4
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(SMSI) can determine the essential catalyst properties such as activity, selectivity, and stability

1922 In conjunction with thermal annealing, this approach also enables the rearrangement of

surface atoms, and therefore, can significantly alter the structure of Pt surfaces, including the

prospect of alloying with the support 23 24,

Here, we present the thin film approach in the design of an advanced electrocatalyst for formic

acid oxidation through the utilization of nickel and chromium supports and thermal treatment. In

general, among the numerous methods for synthesis, thin film based catalysts obtained by

deposition of a noble metal over geometrically defined non-noble metallic substrate serves as a

link between well-defined extended single crystalline surfaces and high surface area nanoscale

catalysts. Moreover, these systems provide the guideline for real-world catalyst design by

effective utilization and transfer of critical physical properties into the catalyst’s structure 2>-28,

Specifically, for the two different substrates, Ni and Cr, the selective combination of customized

electroanalytical methods, thermal annealing in the controlled environment, atomic force

microscopy (AFM), specific adsorption of Bi, including electrooxidation of adsorbed carbon

monoxide layer were used to reveal the insight into the structure-function relationship for Pt-thin

film catalyst. While annealed Pt@Ni and Pt@Cr show significant improvement, 5-fold and 15-

5
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fold, in electrocatalytic activity compared to the as-prepared surfaces the mechanism of

improvement is very different. Moreover, the selectivity and stability of explored surfaces were

found to be critically different, with Pt@Cr annealed surface having the most desirable

enhancement of both, which is opposite to commonly observed activity-stability tradeoffs in

electrocatalysis 2% 30,

Experimental

Electrode preparation

High purity Ni and Cr discs, 6 mm diameter, were used as the substrate for all thin film

electrodepositions. Prior to each experiment, Ni and Cr electrodes were mirror polished using

silicon carbide grinding paper (Buehler, P800 - P4000) and 1-0.05 um alumina (Buehler). The

surface was then rinsed with high purity water and sonicated for 2-3 min. Before each

electrodeposition of platinum, a cyclic voltammogram of pure Ni or Cr electrode was recorded

(potential range 0.05 V to 1.25 V vs RHE, sweep rate 50 mV s!) in 0.1 M HCIO; solution, to

ensure that the surface was clean and electrochemically treated.

6
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Platinum was electrochemically deposited on Ni or Cr substrate under potentiostatic conditions

in deoxygenated 0.1 M HC1O4 + 1 mM H,PtClg solution. The deposition was carried out in three

oNOYTULT D WN =

consecutive steps, from an initial potential hold at 0.05 V vs RHE for 2 s to a final potential of

14 0.07 V vs. RHE during 50 s. The amount of platinum was estimated from integrated charge

measured from the 7-¢ transient response corrected for metal (Ni or Cr, M in further text)

2 substrate charging. This method produces stable Pt thin films with a thickness of around

24 100 atomic monolayers (ML), which is approximately 25 nm. After the deposition, the as-

prepared Pt@M electrode was cycled in the potential between hydrogen and oxygen regions

31 (0.05 V to 1.25 V vs RHE) until reaching a stable voltammogram and then annealed in the

34 reductive atmosphere (95% Ar+5% H,) 3! at selected temperature, either 300 °C or 500 °C for 2

hours.

44 Characterization of the catalysts

51 Surface characterization of the catalysts was performed at room temperature in the air by

54 atomic force microscopy using a NanoScope III D (Veeco, USA) instrument. The AFM
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measurements were carried out in the taping mode using silicon nitride cantilevers with a force

constant of 0.06 N m-!'. Analysis of all surfaces, based on AFM images, was done by selecting 5

different parts of the sample (500x500nm). The measurements of the mean surface island size

and size distribution were acquired from a few randomly chosen areas in the AFM images

containing about 100 individual islands. AFM measurements were made before and after thermal

treatments.

Electrochemical measurements

The rotating disk electrode (RDE) measurements were carried out in 0.1 M HCIOy solution at

the room temperature in a standard three electrodes/three compartment glass cell. The Pt wire

and bridged saturated calomel electrode (SCE) were used as counter and reference electrodes,

respectively. The electrolytes used were prepared with high purity water (“Millipore”, 18.2 MQ

cm resistivity) and p.a. grade chemicals (“Merck™). All solutions were pre-saturated with

nitrogen and kept with the inert atmosphere for the duration of the experiments.

8
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After the deposition of Pt onto the M substrate, the electrodes were thoroughly rinsed with

high purity water and transferred to the cell containing 0.1 M HClO,. The electrochemically

active surface area of Pt@M electrodes used was estimated from the integrated charge in

hydrogen adsorption/desorption region (potential range from 0.05 V to 0.45 V) and CO,

stripping curve with a correction for a double layer charging, from the steady-state cyclic

voltammograms in the supporting electrolyte, assuming a charge of 210 pC/cm? for a monolayer

of adsorbed hydrogen, and 420 pC/cm? for a monolayer of adsorbed CO.

The electrocatalytic activity of Pt@M electrodes for formic acid oxidation was tested in 0.1 M

HClO, solution containing 0.5 M HCOOH (“Merck™), which was added to the supporting

electrolyte while holding the electrode potential at 0.05 V. The potential was cycled at a sweep

rate of 50 mV s!. The relevant information on (111) ordered domains on Pt@M samples were

obtained from the specific and selective irreversible adsorption of Bi. The detailed procedure was

given elsewhere. 3> 33

In-situ FTIR measurments

9
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All IR measurements were performed in a spectroelectrochemical glass cell designed for an

external reflection mode in a thin layer configuration in 0.1 M HClO, solution containing 0.5 M

HCOOH. The cell is coupled at its bottom with a CaF, prism beveled at 60° from the prism base.

Nicolet Nexus 670 spectrometer, equipped with a liquid-N, cooled MCT detector was used. The

spectra were recorded with a resolution of 8 cm'!. All measurements were performed using p-

polarized light.

Stability measurements

To evaluate the stability of the Pt@M against dissolution and deactivation due to potential

cycling the custom built RDE setup in conjunction with inductively coupled plasma mass

spectrometry (ICP-MS) was used. The in situ ICP-MS experiments were done using the

stationary probe rotating disk electrode (SPRDE) system coupled to an ICP-MS (Perkin Elmer)

as described elsewhere in the literature 3*. These experiments were carried out in a blank 0.1 M

HCIO, electrolyte.
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Results and Discussion

Catalyst surface characterization

oNOYTULT D WN =

14 The AFM images of the Pt thin film deposited over Ni and Cr show the difference in the

17 morphology (Figure 1a and Figure 2a). This implies that the nature of the substrate can dictate

the Pt deposition which results in the different surface morphology. The AFM images of as

24 prepared and annealed Ni and Cr substrates are given in Supplementary Information (SI) (Figure

27 S1).

34 Pt@Ni surface:

59 11
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Figure 1. (a) AFM images (5x5 microns) and corresponding surface islands size distributions for

Pt@Ni catalyst; (b) Voltammograms and positive-going scans after double layer subtraction

(inset) for Pt@Ni catalyst; (c) Voltammetric profile of the Pt@Ni electrode covered with

irreversibly adsorbed bismuth. The dashed line corresponds to the baseline used for the charge

measurement. (d) CO stripping curves of Pt@Ni catalyst (black dotted line - as prepared
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Pt@GCox); Black curves -as prepared, blue curves - annealed to 300 °C, and red curves -

annealed to 500 °C. Test solution 0.1 M HCIOy; sweep rate: 50 mV s1.

Figure 1a shows the surface morphology of differently treated Pt @Ni electrodes revealed by

AFM. As prepared Pt@Ni electrode consists of predominantly spherical particles, with an

average size of 60 nm, fairly uniform distribution and high surface coverage. Upon annealing,

the particle growth is observed first on Pt @Ni at 300 °C, while at 500 °C, the average particle

size becomes approximately 120 nm. In addition, surface roughening can also be observed with

the increase of annealing temperature, and is the most evident at 500 °C. Close inspection of the

cyclic voltammogram for as prepared Pt film on Ni substrate resembles polycrystalline platinum.

Consistent with the observed roughening, the voltammograms in Figure 1b exhibit a change in

shape in the underpotentially deposited hydrogen (Hypp) region, (0.05 V < E < 0.4 V) as well as

in the region of surface oxide formation, (0.45 V<E < 1.25V).

Apart from the observation that the thermal annealing is inducing the change in the ratio of

specific surface structures due to the rearrangement of the surface atoms, it is difficult to discern

from the voltammogram alone, how the annealing is affecting the ratios of individual crystal

planes on the surface. A much better tool to achieve that is the structure sensitive selective
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adsorption of Bi (Figure 1c). This method, which was demonstrated to be a convenient surface

specific method for determining the Pt surface structures 3% 33 35, shows an increase of Pt(111)

terrace site fraction from 8% on as prepared to 48% for the annealed Pt@Ni at 500 °C (Table 1).

Finally, we note that annealing seems to cause the migration of some of the Ni from the

underlying substrate to the surface. This can be concluded from the CO stripping experiments in

Figure 1d, where an additional peak can be seen appearing at 0.4 V with the annealing. This peak

is usually associated with the oxidation of CO on Ni sites 3% 37 and is absent on the as prepared

Pt @Ni surface, which looks very similar to the response obtained on Pt deposited on glassy

carbon (Pt @GC) or Cr substrate (Pt @Cr), figure 1(d). Due to the partial removal of adsorbed

CO,q on surface Ni from the annealed Pt@Ni catalyst, the CO stripping peak on Pt is shifted to

more negative potentials, in contrast with the expected positive shift due to the increasing

fraction of Pt(111) domains in the film.

Pt@Cr surface:

14
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39 Figure 2. (a) AFM images (5x5 microns) and corresponding surface islands size distributions for

Pt@Cr catalyst; (b) Voltammograms and positive-going scans after double layer subtraction

46 (inset) for Pt@Cr catalyst; (c) Voltammetric profile of the Pt@Cr electrode covered with

49 irreversibly adsorbed bismuth. The dashed line corresponds to the baseline used for the charge

measurement. (d) CO stripping curves of Pt@Cr catalyst (black dotted line - as prepared

59 15
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Pt@GC); Black curves -as prepared, blue curves - annealed to 300 °C and red curves - annealed

to 500 °C. Test solution 0.1 M HCIOy; sweep rate: 50 mV s-!.

In contrast to the Pt@Ni surface, the as prepared Pt@Cr electrode (Figure 2a) has

predominantly large, spherically shaped Pt islands, with wider size distribution and much lower

surface coverage compared to the Pt@Ni. With annealing, the islands increase in diameter from

an average of 0.45 um for the as prepared surface to 1 um for the annealed surface at 500 °C.

Most notably, the islands also change their morphology at higher annealing temperatures (500

°C), becoming more flat and faceted. In the voltammograms (Figure 2b), that is manifested in the

Hypp region with an increase of the peak current at 0.3 V, usually associated with (111)x(100)

surface sites 38, At 500 °C, the Hypp area becomes completely flat, resembling the Pt(111)

voltammogram. Both Bi adsorption as well as CO stripping results are also well aligned with this

conclusion. The fraction of (111) domains increases from 9% for the as prepared compared to

81% for the 500 °C annealed surface (Figure 2c and Table 1).

The CO stripping peak in Figure 2d shifts towards more positive potentials with the increase in

annealing temperature, which is indicative of restructuring towards (111) surface, consistent with

the trend for CO stripping peak potential on platinum single: Pt(110) < Pt(100) < Pt(111) 3% 49,

16

ACS Paragon Plus Environment

Page 16 of 38



Page 17 of 38

oNOYTULT D WN =

ACS Catalysis

Table 1. Fraction of the (111) ordered domains determined for as-prepared and annealed Pt@Ni

and Pt@Cr electrodes.
Sample Pt @Ni Pt @Cr
as-prepared 8.0% 8.6%
annealed 300 °C 24% 40%
annealed 500 °C 48% 81%

After electrochemical and AFM surface structure evaluations, the activity of these catalysts for

formic acid oxidation reaction as well as their stability and selectivity were determined.

Formic acid oxidation

17
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The performance of the Pt low-index single crystals was evaluated first in order to establish the

basis for the understanding of the role of the surface structure on the FOA activity, selectivity

and stability of different surface structures during formic acid oxidation. The characteristic

signatures observed for each crystalline structure are given in Figure 3. The dual path mechanism

of the FAO, the direct - ¢ and indirect, both produce CO, as the final reaction product,

nevertheless, they proceed at very different potentials. At low potentials from 0.35 to 0.75 V,

which is relevant for formic acid fuel cell operation, the FOA specific activity exhibits the

following trend: Pt(111)>Pt(100)>Pt(110), as shown in Figure 3. As abundantly explained in the

literature °, this trend is based on the selectivity towards the direct reaction pathway, which

avoids the formation of poisoning CO,4 species. In fact, the simultaneous formation of CO at low

potentials on steps and defects is the main cause of the lower activity of Pt(110) and Pt(100)

compared to Pt(111). After the removal of CO,q through electrooxidation, which is facilitated by

adsorbed oxygenated species at higher potentials (0.75-1.15V), the reverse trend of activity

occurs Pt(110)>Pt(100)>Pt(111) %> %3, The height of the oxidation peak in the positive potential

region is an indication of the degree of Pt poisoning at lower potentials “3. Overall, Pt single

crystalline surfaces reveal the cause of structure sensitivity for the catalytic activity of the FAO,

18
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which is related to preventing the formation of CO or its removal from the surface, either

through the direct reaction pathway or the formation of oxygenated surface species, respectively.

Finally, we note that these Pt single crystalline surfaces display negligible dissolution at

potentials below 0.5 V 44,

a
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Figure 3. Voltammograms for electrooxidation of 0.5 M HCOOH in 0.1 M HCIO4 on (a) Pt(111),

(b) Pt(110) and (c) Pt(100) surfaces; positive scan direction - red solid line and negative scan

direction - gray dotted line.

Next, we have analyzed the electrochemical behavior of Pt@Ni and Pt@Cr thin film catalysts.

The polarization curves and corresponding activities at 0.35V for HCOOH oxidation on

differently treated Pt@Ni and Pt@Cer electrodes are summarized in Figure 4.
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Figure 4. Polarization curves in anodic sweep and corresponding activity obtained at 0.35 V for

electrooxidation of 0.5 M HCOOH in 0.1 M HCIO, on (a) Pt@Ni and (b) Pt@Cr surfaces and in

situ ICP-MS dissolution of Pt@Ni (c¢) and Pt@Cr (d) surfaces: As prepared-solid line and
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Note that all voltammograms for oxidation of formic acid were found to be insensitive to the

rotation of the electrode, indicating that the reaction is still under kinetic control within the entire

potential region. Anodic and cathodic scans are given in (SI) (Figure S2).

The voltammogram of the as-prepared Pt@Ni electrode (Figure 4a) shows distinct similarities

with Pt (110) surface, typical for polycrystalline samples, with two broad peaks/plateaus centered

between 0.25-0.85 V and 0.85-1.15 V. Upon annealing, both peaks show a substantial increase in

current density as well as a shift towards negative potential, reaching the maximum activity at

500 °C. Compared to the as-prepared surface, or Pt (110), the activation at 0.35 V is roughly 5-

fold. However, the effect seems to be much more pronounced on the more positive peak, which

dominates the overall electrochemical response. The observed activation for the FAO, based on

the CO stripping experiments, is attributed to the effect of Ni present on the surface. With the

improved ability of the surface to remove the adsorbed CO, formed during FAO, the Pt@Ni

surface is becoming more active for the indirect reaction path. It should be mentioned that the

increased presence of (111) sites, determined by Biypp method, can also contribute to the activity

increase via direct path. Nevertheless, the relative fraction of 48% is not enough to sustain the

activity at low potentials without the assistance of CO-removal by oxygenated species.

21

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Catalysis

Similar to the Pt@Ni surface, the voltammogram of the as-prepared Pt@Cr electrode (Figure

4b-black curve) resembles that of Pt (110), with the reaction proceeding through both paths

presented by two anodic peaks of almost equal activity. However, the changes after annealing the

Pt@Cr electrode to 300 and 500 °C are quite different than in the case of Pt @Ni. In contrast to

the Pt@Ni electrode, the first process, associated with the direct path, is prevalent, resulting in a

bell-shaped curve, which is typical for Pt (111) single crystal electrode (Figure 3a). The specific

activity increase is almost 15-fold compared to the as-prepared surface and 2-fold compared to Pt

(111). We attribute such activity boost to the thermal treatment-induced surface reconstruction in

favor of (111) orientation and full segregation of Pt over Cr. This is in good agreement with the

observations obtained by AFM, voltammetry and Biypp, which confirmed a dramatic increase in

the fraction of Pt (111) facets. Nevertheless, it was important to confirm that the FAO was

indeed proceeding through the direct oxidation of HCOOH to CO,, without significant formation

of CO,q poisoning species. In situ FTIR analysis has revealed that Pt@Cr surface annealed at 500

°C (Supplementary Information Figure S3 (3d)) does not have CO,q4 peak at any potential during

the electrooxidation of formic acid, which implies that the reaction proceeds without the

formation of CO,, i.e., the same way as on Pt(111), (Supplementary Information: Figure S3
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(3b)). These results confirm a significant activity increase on both substrates upon annealing, as

well as the selectivity increase towards the direct FOA mechanism on Pt@Cer.

To complete the performance characterization of our supported thin films, we performed

stability testing of annealed and as-prepared surfaces during FAO by SPRDE-ICP-MS. The Pt-

like stability of as-prepared Pt@Ni surface, with essentially no dissolution of Pt or Ni at

potentials below 0.75 V vs. RHE (Figure 4c), suggests that the deposited Pt film on Ni is dense,

non-porous. Upon annealing, which significantly increases the activity of the surface, a massive

dissolution of both Pt and Ni was detected already at potentials around -0.35 V. Again, the

explanation for the observed effect is indicated by the CO stripping experiments (Figure 1d),

which show that a substantial amount of Ni seems to migrate to the surface upon annealing,

causing an extensive dissolution of Ni in the acidic environment as well as making the adjacent

Pt more prone to degradation. This is in line with the so-called inverse activity-stability

relationship, which postulates that there is a tradeoff between the activity and stability of

electrocatalytic materials. In rare examples, though, an inverse of this relationship is observed.

We find that our annealed Pt @Cr system falls into that category. The as-prepared Pt @Cr catalyst

shows signs of significant dissolution of Cr substrate, while Pt film is stable at potentials below
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0.75 V vs. RHE, which is a direct consequence of the island-like film morphology, leaving

substantial portions of the Cr exposed. Interestingly, the annealing of the Pt @Cr sample caused,

in addition to the 15-fold activation at 0.15 V RHE, also two orders of magnitude lower

dissolution of Cr at the same potential, as well as additional stabilization of Pt film. We attribute

the stabilization of Pt to a higher fraction of the inherently more stable (111) facets in the

annealed sample, while the origin of the Cr stability seems to be some sort of passivation during

annealing, most likely by trace oxygen in the annealing gas (SI) (Figure S4). Nonetheless, the

500 °C annealed Pt @Cr catalyst was found to be the most active, the most selective and the most

stable catalyst in our study. A catalyst with the best marks for all three characteristics is a very

rare find in electrocatalysis in general.

Conclusion

In the work presented herein, we explored the synergistic effects of the supporting material and

annealing temperature on the performance of Pt thin film catalysts for formic acid

electrooxidation in acidic media. Our results show that compared to the as-prepared Pt films, the
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annealed (500 °C) Pt@Ni and Pt@Cr films show exceptional activity for FAO reaction, with 5-

fold and 15-fold improvement, respectively.

On annealed Pt@Ni, the activation is a consequence of the bifunctional effect, i.e. formic acid

is oxidized predominantly on platinum through the indirect pathway forming CO in the process,

while the poisoning CO,q is oxidized on adjacent Ni, that has migrated to the surface during

annealing, resulting in improved activity. However, the increase in activity leads to enhanced

instability of the thin-film catalyst, and a significant dissolution of both Pt and Ni is observed in

the relevant potential window, in line with the often-observed activity-stability relationship.

In contrast, the improved activity on annealed Pt@Cr system is a consequence of the surface

reconstruction of Pt film with predominant (111) orientation. Compared to other facets, the (111)

facet selectively favors direct HCOOH oxidation, avoiding CO,g poisoning and thus higher

activity at low potentials. Moreover, the Pt (111) facets offer improved stability of the catalyst

compared to the as-prepared polycrystalline film. Finally, the Cr substrate also experiences

improved stability after annealing, presumably due to the formation of a protective oxide layer.

Thus, with the successful choice of the supporting material and annealing temperature, we were
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able to create a thin film catalyst with improved activity, selectivity and stability, which is quite

rare in electrocatalysis.
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