Nitrate Anion Reduction in Aqueous Perchloric Acid as an Electrochemical Probe of Pt{110} - (1x1) Terrace Sites
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Abstract
The electrochemical reduction of nitrate anions in aqueous 0.1 M perchloric acid has been studied using Pt(S)-[n{110}x{111}] and Pt(S)-[n{110}x{100}] single crystal electrodes. It is demonstrated that the presence of Pt{110} adsorption sites is associated with a single, broad nitrate reduction peak centred at 0.18 V (RHE). Moreover, depending on the cooling environment used after flame-annealing (CO, H2, Ar, air, nitrogen), the surface concentration of such sites varies which in turn regulates the nitrate reduction current density achievable for  a given stepped Pt{hkl} electrode.  The origin of this phenomenon is the propensity of the clean Pt{110} basal plane (and vicinal surfaces containing this plane) to reconstruct towards a stable (1x2) phase with strong CO chemisorption favouring formation of larger Pt{110}-(1x1) domains. In contrast, argon/air-cooling appears to promote the development of a largely (1x2) reconstructed surface which is much less active for nitrate reduction since the surface density of Pt{110}-(1x1) terrace sites is significantly diminished. Interestingly, hydrogen-cooling affords nitrate reduction activity intermediate between these two extremes. We suggest that under this particular preparation condition, a partially deconstructed (1x1) phase forms containing the “excess” 50% of surface atoms (originating from the (1x2) phase) sitting proud of the surface in the form of small (1x1) islands, together with residual (1x2) missing row regions.  Hence, after hydrogen cooling, the nominal Pt{110} surface plane is speculated to exhibit  a wider distribution of smaller terrace widths than found with CO cooling together with residual areas of (1x2). The weaker chemisorption of hydrogen apparently limits the size of the Pt{110}-(1x1) domains achievable and consequently,  nitrate reduction activity is diminished. Based on these findings, it is proposed that nitrate reduction may be used as a quantitative electrochemical probe of Pt{110}-(1x1) sites at Pt nanoparticles in an analogous fashion to the method of ammonia electrooxidation presently used to quantify the surface abundance of Pt{100} sites. 
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1. Introduction
Nitrate reduction at metal electrode surfaces has been the subject of intensive research over many years [1-18], due in many respects to its relevance to several topical environmental concerns such as groundwater remediation (denitrification) [19-21], nuclear waste management [22] and food safety [23]. The complexity of this electrochemical reaction is broadly acknowledged [13] and may be ascribed, at its most basic level, to the many oxidation states (+5 to -3) available to nitrogen-containing nitrate reduction reaction intermediates (e.g.  NO2, HNO2, NO, N2O, N2, NH2OH, NH3) and their remarkable chemical stability. Hence, in acidic media, many reaction intermediates formed during the reduction pathway from nitrate to ammonium become important as a function of potential, nitrate concentration and pH. Together with numerous linear and branching reaction stages, opportunities for both selectivity and activity variation via the use of electrocatalysts becomes feasible [13]. That the reaction is structure sensitive at platinum electrodes has been long established [10-12]. It is found that in aqueous acidic media free of specifically adsorbing anions, Pt{110} is the most active platinum surface for nitrate reduction [11, 13]. Taguchi and Feliu [11] studied the kinetics of the reaction on Pt{110} and reported a Tafel slope of 66 mV per decade for the reaction, close enough to 59 mV per decade to propose that the rate determining step (rds) was a pure chemical reaction followed by an electron transfer. Reaction orders of 0 and 1 for nitrate and protons respectively supported the view that protons were involved in the rds together with a saturated coverage of nitrate [11]. As with many studies involving Pt{110} single crystals (including reference [11]), preparation of the well-defined surface was achieved using Clavilier’s flame-annealing method [24] with subsequent cooling of the crystal in a hydrogen atmosphere [25]. In two recent publications, it has been shown that such treatment will lead to a Pt{110} surface that is not optimal so far as long range order is concerned [26, 27].  Rather, in order to generate the largest, defect-free Pt{110}-(1x1) planes, it is necessary to cool a flame-annealed Pt{110} electrode in a stream of CO in order to preclude the formation of Pt{110}-(1x2) reconstructed domains which may subsequently result in surface disorder associated with the lifting of the (1x2) phase to the (1x1) phase [26-31]. Because the surface density of platinum atoms in the (1x2) phase is 50% higher than for the (1x1) phase, lifting of the surface reconstruction will result in an excess of Pt{110}-(1x1) islands on-top of the underlying, flat nominal Pt{110}-(1x1) plane [32]. The analogous Pt{100} hex-reconstructed surface, formed when flame-annealed Pt{100} electrodes are cooled in argon or in ultra-high vacuum, gives rise to similar behaviour and deconstructs to leave small, monoatomic high islands of Pt{100}-(1x1) populating the surface [28, 33-35]. In the present study, the issue of the surface structure of Pt{110} and its influence on nitrate reduction in aqueous 0.1 M perchloric acid is addressed. It has already been demonstrated that the oxygen reduction reaction (ORR) is critically dependent on the reconstructive state of Pt{110} [26]. Since nitrate reduction on platinum electrodes has been shown previously to be highly structure sensitive with greatest activity being reported using Pt{110} electrodes [11], it was thought prudent to consider also the impact of the reconstructive state of this surface on nitrate reaction kinetics. Hence, the present investigation constitutes the second in a series of electrocatalytic studies focussed on Pt{110} and its surface reconstruction.
2. Experimental
The working electrodes were prepared using the method developed by Clavilier [6]. Before each measurement the electrodes were flame annealed and cooled under H2+Ar atmosphere or CO atmosphere. Then the electrode was protected with a drop of water saturated with the cooling gas before being transferred to the electrochemical cell. The experiments were carried out in a three electrode configuration, at room temperature. The reference electrode was a hydrogen reference electrode (RHE) connected to the cell through a Luggin capillary, while a large platinum wire was used as counter electrode. The solutions were prepared from HClO4 (Merck Suprapur) KNO3 and ultrapure water (Elga-Vivendi, 18.2 Mcm). The system was kept free from oxygen with argon (5N, Air Liquide). The experiments were performed with an EG&G PARC 175 signal generator, an eDAQ EA161 potentiostat, and an eDAQ e-corder ED401 recording system. All nitrate reduction CVs presented correspond to the negative-going potential sweep of the cycle.
            3. Results and discussion
3.1 Pt{110} reconstructive behaviour as a function of surface preparation
Figure 1 shows the cyclic voltammograms (CVs) of Pt{110} single crystal electrodes in 0.1 M perchloric acid resulting from different cooling regimes after flame-annealing. All of the data are consistent with previous findings [26, 27] and highlight the lability of the Pt{110} surface in relation to the initial preparation conditions. In figure 1 (a), for CO-cooled electrodes, sharp doublet peaks centred at 0.15, 0.20 and 0.27 V demonstrate the sensitivity of the voltammetric response to the crystal preparation procedure (these peaks are largely absent or much attenuated and broadened using other cooling gases). Figure 1 (b) highlights the corresponding changes manifested in the double layer and oxide electrosorption regions of the voltammogram engendered by varying the cooling environment. Here, the most striking aspect of the preparation procedures employed is the one-to-one correspondence between the intensity of the well-defined oxide adsorption peak at 1.01 V and the series of broader oxide electrosorption peaks lying between 0.6 V and 0.9 V. The larger the 1.01 V peak, the smaller are the peaks lying between 0.6 – 0.9 V. This point is also reflected in the magnitudes of the irreversible oxide stripping peaks on the negative potential going sweep. It is noted also that the air-cooled and Ar-cooled samples display almost identical CV responses which indicates closely similar underlying surface structure. The latter CV profiles are closely similar to that of a nitrogen-cooled Pt{110} electrode reported previously in reference [26]. In reference [26], such behaviour was postulated as arising from varying proportions of (1x1) and (1x2) domains being present with peaks between 0.6 and 0.8 V corresponding to electrosorption at less co-ordinated platinum atoms in the reconstructed phase. Based on the intensity of the doublet at 0.27 V ascribable to the presence of good (1x1) long range order [26] together with the magnitude of the 1.01 V terrace oxide peak, the propensity of each gas to propagate long range (1x1) order is found to be:
                                            CO >> H2 > air ~ Ar ~ N2 
That there is still a peak at 1.01 V ascribable to oxide electrosorption at Pt{110}-(1x1) sites, even for the air-cooled electrode, supports the notion of a mixed (1x2)/(1x1) phase being formed as noted in [26], i.e. only a partial lifting of the reconstruction results from hydrogen chemisorption. This is not inconsistent with previous work in UHV [36] which confirmed the stability of the (1x2) reconstruction after hydrogen adsorption by LEED. Indeed, the (1x2) reconstruction was also confirmed by Markovic et al. [29, 37] for hydrogen-cooled Pt{110} electrodes using in situ X-ray diffraction. Hence, both LEED and surface-XRD of a Pt{110} surface prepared with hydrogen should  afford a (1x2) superstructure since only a partial lifting of the (1x2) reconstruction is deduced from consideration of the CV response.

 On this basis, the minimal residual electrosorption charge in the range 0.2 to 0.3 V for the argon- and air-cooled samples is ascribed to small Pt{110}-(1x1) islands derived from partial lifting of the clean surface reconstruction since this potential also overlaps precisely with the (1x1) doublet peak observed at 0.27 V. 
In order to verify both the presence and extent of reconstructed (1x2) surface phase, a second set of CV experiments was undertaken involving post-treatment with CO (Figure 2). Hence, any changes caused by dosing CO onto ostensibly reconstructed domains of Pt{110}-(1x2) should result in removal of any features in the voltammogram ascribable to reconstruction. It is noted in this context that Markovic and co-workers using in situ X-ray surface diffraction actually did not observe a lifting of the Pt{110}-(1x2) reconstruction after CO adsorption under electrochemical control [29]. In contrast, Aldaz et al. did note changes to the Pt{110} voltammetric profile after CO adsorption in alkaline aqueous electrolytes [38-40]. Watanabe et al., [31] using in situ STM also recorded that a Pt{110}-(1x1) phase is formed after cooling a flame-annealed Pt{110} electrode in 1% CO / 99% He gas mixture. Hence, in the absence of any electrochemical control, lifting of the Pt{110} – (1x2) by CO in the gas phase is confirmed. In reference [31], subsequent CO adsorption in the electrochemical cell gave rise to the well-known p1g1-(2x1) CO adlayer [41] at full CO coverage in which CO molecules are tilted in opposite directions at alternate Pt atoms along the  direction.  Unfortunately, explicit formation of the Pt{110}-(1x2) clean surface followed by CO adsorption was not reported in reference [31]. We are unclear as to why the (1x2) reconstruction appears quite stable after CO adsorption in reference [29] (at least at room temperature), in contrast to findings reported in the surface science literature [42-44]. It is noted however, that in references [44] and [43], so long as the substrate temperature was kept below 240 K,  the (1x2) phase was indeed stable and subsequent CO formation led to a c(8x4)-CO phase on top of the underlying reconstructed (1x2) Pt surface. Subsequent warming of this layer to room temperature resulted in a transformation of the c(8x4)-CO phase to a (1x1) phase with a high background intensity using LEED [44]. In what follows, we interpret the changes observed in the voltammetry of argon- and air-cooled Pt{110} as arising from lifting of (1x2) reconstructed domains based on changes observed in voltammetric features previously ascribed to (1x1) and (1x2)  surface structures [26].
In figure 2 (a), the formation of electrochemical oxide on a CO-cooled Pt{110} electrode is, as before, signified by a single, intense feature at 1.01 V with an almost negligible oxide adsorption charge contribution at 0.90 V (previously ascribed to low levels of Pt(S)-[n{110}x{111}] surface defects [27]. After electrochemical oxide adsorption, it is observed in Figure 2 (b) that both the so-called hydrogen underpotential deposition (Hupd) peaks and the electrosorbed oxide are irreversibly altered. It is seen that the 0.90 V defect feature is hardly impacted at all after electrosorption of oxide compared to in Figure 2 (a). However, the single oxide peak at 1.01 V now bares a shoulder at more negative potentials clearly associated with surface roughening after oxide adsorption/desorption in the first sweep. Broadening and loss of doublet structure in the Hupd region is also consistent with a disordering of the CO-cooled surface after electrochemical oxide adsorption and desorption [26]. However, the key point is that no oxide peaks are observed between 0.6 and 0.9 V after such treatment and therefore, if such peaks are a manifestation of the (1x2) reconstructed phase, then electrosorption of oxide on Pt{110}-(1x1) electrodes does not appear to lead to their formation. This finding is in agreement with previous work by Markovic and co-workers [29]. In Figure 2 (c), a similar set of experiments are performed for the air-cooled Pt{110} electrode. Here, it is clear that a strong attenuation of the 1.01 V peak has been produced (although it is still present as discussed earlier) with a high intensity of oxide peaks between 0.6 and 0.9 V. The CV in Figure 2 (c) is quite stable within the potential range 0.05 to 0.90 V demonstrating that the (1x2) domains should also be stable in agreement with previous studies [28-30, 45, 46]. This is in contrast to the behaviour of the Pt{100}-hex-R0.7° reconstructed phase which is lifted by hydrogen electrosorption [33-35].  
The small oxide peak at 0.99 V is at the same potential as the shoulder peak in Figure 2 (b) formed after adsorption and desorption of an electrochemical oxide layer on the pristine (1x1) surface. The Hupd region is especially transformed relative to a CO-cooled surface with two peaks at 0.16 and 0.2 V that overlap with a broad feature extending from 0.2 to 0.35 V, the origins of which have been discussed previously as arising from residual islands of Pt{110}-(1x1). 
When the electrode prepared via air-cooling in Figure 2 (c) is treated by 10 potential cycles between 0.06 and 0.80 V in an electrolyte saturated with CO, the CV profile in Figure 2 (d) results. Changes facilitated by this treatment in both the Hupd and oxide potential regions are remarkable. For example, the Hupd region now resembles strongly that obtained via hydrogen cooling (see Figure 1) with much more charge density observed between 0.2 and 0.3 V and a loss in intensity of the peaks at 0.2 V. Moreover, the oxide peaks at 0.77 V and 0.82 V are completely attenuated with a corresponding increase in the intensity of the 1.01 V oxide terrace peak. This behaviour is entirely consistent with a model in which lifting of pre-existing (1x2) surface domains to a (1x1) phase by CO chemisorption is afforded but with Pt{110}-(1x1) terraces separated by defects, consistent with small (1x1) islands sitting atop the Pt{110} plane as discussed earlier. The defect sites formed after CO adsorption/desorption give rise to peaks at 0.86 and 0.91 V.  If this is indeed the case, such an interpretation positively identifies peaks at 0.78 and 0.82 V as arising from oxide adsorption on sites present within the Pt{110}-(1x2) reconstruction as speculated previously in [26]. In Table S1, we list the positions of terrace and step oxide peak potentials for Pt{hkl}. It is evident from Table S1 that a simple relationship pertains, i.e. the potential at which oxide formation occurs reflects the atomic coordination of atoms within the surface site. Those sites associated with highly coordinated terrace sites are oxidised at potentials more positive than the less coordinated step sites. It is noted however that the peaks at 0.82 and 0.78 V are at more negative potentials than oxide adsorption peaks arising even from linear steps. This low oxidation potential we associate with a high degree of oxyphilicity caused by highly unsaturated atoms in the (1x2) “rails” of Pt atoms along the  direction [26]. Atoms at the ends of these chains should provide an even more oxyphilic environment because they afford an even lower degree of surface coordination. Hence, we ascribe the peaks at 0.82 V and 0.78 V to oxide adsorption at sites in the “rails” of the Pt(110)-(1x2) surface reconstruction and defects (such as generated by vacancies) within these rails respectively. It is predicted that isolated atoms not belonging to “rail” structures should exhibit the lowest oxide potentials of all. In order to identify the origin of the 0.2 V peak observed for air-cooled Pt{110}, comparison is made with the CV of Pt{331} which displays the narrowest average {110} terrace width (n = 2) and also gives rise to a peak close to 0.2 V (figure SI 1). Although not an exact match of potentials, it is reported that this peak shifts to slightly more positive potentials for n > 2 [10, 47]. In reference [47], the 0.2 V peak was ascribed to variations in the magnitude of two dimensional Pt{110} long range order. We agree with this interpretation and ascribe the 0.2 V peak to electrosorption on very narrow Pt{110} terraces or as a corollary, a highly disordered Pt{110}-(1x1) phase. It is interesting in this context that recent work from the Koper group [48] has identified the so-called “third peak” observed in the Hupd region of Pt as arising from single atoms adding to/moving away from sites at the end of such Pt{110}-type “rails”. The potential of the “third peak” is precisely at 0.2 V but is only generated after excursions into the hydrogen evolution reaction potential range. In figure 3, we show the result of this treatment on Pt{110} prepared using different cooling ambients. The results for figure 3 (b) has already been reported [49] whereby hydrogen cooled Pt{110} generates a “third peak” feature of significant intensity. It is evident that air-cooled Pt{110} also gives rise to this feature to a similar degree. Astonishingly, for a CO-cooled Pt{110} electrode, the magnitude of the “third peak” is negligible in comparison (figure 3 (c)). We conclude from this measurement that a combination of Pt{110} symmetry and significant surface disorder is required to generate the so-called “third peak”. If the origin of this feature is as described recently by Koper et al [48], to movement of Pt atoms at the ends of 110 chains, it means that such sites are largely absent in CO-cooled Pt{110} electrodes attesting once again to the high degree of long range surface order. Returning to Figure 1 (b), for the hydrogen cooled electrode, it is clear that the oxide region consists of peaks at 0.81, 0.91, 0.99 and 1.01 V. The peak at 0.81 V provides implicit indications for some residual (1x2) being present even for hydrogen-cooled Pt{110} electrodes although the latter three peaks are consistent with a wider distribution of smaller terrace widths than found with CO cooling (also consistent with generation of “third peak” features), which also manifests itself as a rather broad Hupd region centred at 0.23 V. It is proposed that the weaker chemisorption of hydrogen compared to CO apparently limits the size of the Pt{110}-(1x1) domains obtainable. It is also interesting to consider the fact that oxygen exhibits a greater magnitude of enthalpy of adsorption than CO on Pt [50]. Hence, one would predict that cooling in air might lead to complete lifting of the (1x2) reconstruction if chemisorption strength was the sole arbiter of (1x2) stability. However, one must also remember that the sticking probability of oxygen on the Pt{110}-(1x2) surface is very low, much lower than for CO and this fact can lead to interesting spatio-temporal oscillations in CO surface oxidation kinetics at Pt{110} [51-53]. Therefore, we assert that because of the low sticking for dissociative adsorption of oxygen on Pt{110}-(1x2) in air compared to CO, it fails to lift the surface reconstruction fully (unlike CO which exhibits a high sticking probability to Pt{110}-(1x2) and a reasonably high adsorption enthalpy, sufficient to de-stabilise (1x2) relative to (1x1)). The residual (1x1) domains left after Ar- and air-cooling are probably the result of a small amount of residual oxygen dissociative chemisorption so their elimination should afford a “perfect” Pt{110}-(1x2).  Figure SI 2 shows a compilation of data from figure 2 in a single figure emphasising the obvious changes occurring upon CO adsorption/electrochemical oxidation.
Inspection of Table S1 shows also that the oxide peaks at 0.84, 0.91 and 0.99 V are consistent with the presence of Pt(S)-[n{100}x{110}], Pt(S)-[n{110}x{111}] and Pt(S)-[n{111}x{111}] linear step sites respectively and all of these sites should be present in the step edges of small monoatomic and multilayer islands of Pt{110}-(1x1) sitting proud of the Pt{110} plane. In figure SI 3, hard sphere models of these structures are shown and the various step sites highlighted.
Finally, in this section we report CO-charge displacement measurements of potential of zero total charge (PZTC) [27, 47, 49] for CO-, hydrogen- and air cooled Pt{110} (Figure 4).

The shift of PZTC from 0.245 V (CO-cooled) to 0.210 V (air-cooled) is consistent with a gradual diminution in the mainly “anionic” charge associated with the electrosorption peak centred at 0.27 V corresponding to “OH” adsorption on long range ordered Pt{110}-(1x1) domains [27]. The total integrated charge measured from 0.05 to 0.4 V is closely similar for all surfaces studied although the individual “cationic” and “anionic” charge contributions do vary, again ascribable largely to changes in the magnitude of the voltammetric peak at 0.27 V. As mentioned in previous studies [29, 30, 38 - 40, 42, 43], it is curious that given the profound changes in surface structure taking place with different cooling methods that the so-called “hydrogen underpotential deposition charge” (H upd) remains relatively constant. Previous interpretations of this phenomenon have speculated upon the number of hydrogen atoms adsorbed per surface unit cell for the (1x1) and (1x2) surfaces [28, 29]. The only comment we wish to make in this context is that at least for the CO-cooled surface, a complex co-adsorption of cationic and anionic species pertains over this potential range [27] and that ascribing even the majority of “Hupd charge” solely to “hydrogen” is probably not correct. Rather, it is more likely that differing amounts and ratios of anionic to cationic species adsorb/desorb as a function of potential depending on the overall surface structure govern the Hupd charge one obtains. Hence, a strict one-to-one correspondence between the surface density of Pt atoms and the number of electrons transferred per Pt atom is probably an approximation. 
3.2 The reconstructive state of Pt(S)-[n{110}x{111}] and Pt(S)-[n{110}x{100}] electrodes and electrocatalytic activity towards nitrate reduction
In figure 5 is shown the data obtained for nitrate reduction in 0.1 M aqueous perchloric acid using Pt(S)-[n{110}x{111}] and Pt(S)-[n{110}x{100}] electrodes. 
It is noted that a single reduction peak centred at 0.18 V results for all systems studied, irrespective of cooling conditions after flame-annealing. We also include in Figure SI 4 nitrate reduction CVs for hydrogen-cooled Pt{111}, Pt{100}, Pt{311}, Pt{331}, Pt{210} and Pt{110}  demonstrating negligible nitrate reduction activity at 0.18 V for platinum electrodes not containing {110} sites. 
It is observed that for a given stepped Pt{110} electrode, the nitrate reduction current obtained is greatest for CO-cooled surfaces, lowest for air-cooled surfaces and intermediate for hydrogen cooled electrodes. This trend is precisely that observed for Pt{110} electrodes if it is assumed that varying degrees of long range Pt{110}-(1x1) order are regulating the magnitude of the nitrate reduction current. Furthermore, since the introduction of more and more linear steps into the surface of Pt{110}, by definition, should lead to a decrease in the population of Pt{110}-(1x1) sites available, nitrate reduction activity should decrease. This is evidently the case since, irrespective of cooling conditions, a surface containing more steps exhibits a lower activity than a less stepped surface. A plot of nitrate reduction current density versus step density is given in figure 6 in order to assess if there is a direct relationship between these two parameters. It clear from Figure 6 that for Pt(S)-[n{110}x{111}] electrodes cooled in CO, there is a linear relationship and therefore it is asserted that the site of greatest activity for nitrate reduction is Pt{110}-(1x1). The corresponding hydrogen-cooled electrodes also give rise to a linear dependency of nitrate reduction current density versus step density but with a shallower gradient than for the CO data. We interpret this finding as a consequence of the intrinsically more disordered nature of the hydrogen-cooled surfaces compared to the CO-cooled electrodes and this impact on the quality of the Pt{110}-(1x1) terraces scales linearly with step density since this in turn determines how many Pt{110}-(1x1) sites are present. Pt{331} is the turning point of the zone and may be written Pt(S)-2{110}x{111} and the intrinsic nitrate activity of this highly stepped surface is asserted to arise from the Pt{110} part of the step. It is predicted therefore, that defects introduced into such a step (such as kinks) should lead to a further decrease in nitrate reduction current density because they decrease {110} symmetric sites. In order to explain the results for Pt(S)-[n{110}x{111}] surfaces cooled in air, which all exhibit nitrate reduction current density values smaller than Pt{331}, one has to assert that the availability of Pt{110}-(1x1) sites must be still more limited. In fact, this would be completely consistent with an interpretation in which all air-cooled Pt(S)-[n{110}x{111}] electrodes are reconstructed such that the majority of Pt{110}-(1x1) sites (steps and terraces) are removed. The obvious mechanism for interpreting this is a switch from (1x1)- to (1x2)-dominated, reconstructed domains for the Pt{110} parts of the terrace. It is difficult to expand further on the fate of the linear steps (whether they are incorporated into the surface reconstruction itself or remain unperturbed) but there is no doubt that removal of Pt{110}-(1x1) sites diminishes nitrate reduction activity at platinum. For air-cooled Pt{331}, since only a very small nitrate reduction current density is observed compared to CO-cooled analogues, it is evident that even the Pt{110} part of the step is utterly disrupted such that little linear Pt{110}x{111} step character remains.
Hence, if the magnitude of the nitrate reduction current is a manifestion of the surface density of Pt{110}-(1x1) sites then one may use Figure 6 to estimate what this percentage might be assuming that a CO-cooled Pt{110} electrode is comprised of 100% of such sites (ignoring the very small number of defects associated with oxide adsorption at 0.91 V in figure 1).  Based on this hypothesis, we assert that to a first approximation, the surface percentage of Pt{110}-(1x1) sites present (including steps and terraces) is given by:
Nitrate peak reduction current density / Nitrate peak reduction current density for CO-cooled Pt{110}…. (1)
Hence, for the hydrogen-cooled Pt{110} electrode, a value of approximately 55% is obtained using equation 1 with the residual 45% of surface sites corresponding to all other possible sites. Since other Pt{hkl} sites also give rise to some residual nitrate reduction current density at 0.18 V (see Figure SI 4) of at most 35 µA per cm2, a small uncertainty needs to be placed on this evaluation of at most 3%. It is interesting that good agreement of this determination and a value of 50% Pt{110}-(1x1) sites estimated for a hydrogen-cooled Pt{110} surface in reference [47] using a different method to that used here is achieved.
Nonetheless, the linear dependence of nitrate reduction current density on step density for CO-cooled (and hence, unreconstructed Pt(S)-[n{110}x{111}] surfaces [26, 27] affords a direct interpretation and quantification of Pt{110}-(1x1) sites present. 
When extended to air-cooled samples, the prediction of 4 -18% Pt{110}-(1x1) sites depending on Pt{hkl} gives the order of magnitude change in surface order facilitated by such treatment. The method proposed here to quantify the surface concentration of Pt{110}-(1x1) sites should also be applicable to any platinum surface (including Pt nanoparticles) in a similar fashion to the method of ammonia oxidation, presently used to quantify the surface concentration of Pt{100} sites [54-56]. 
We now examine the raw data for nitrate reduction using Pt(S)-[n{110}x{100}] electrodes in figure 4 as a function of cooling gas after flame-annealing and replot the peak reduction current density as a function of step density (Figure 7). 
It was noted already in reference [27] that the introduction of “{100}” steps into the Pt{110} plane created an unstable situation whereby the step sites reconstructed to give rise to a facetted, stepped Pt{110} surface with significantly reduced Pt{110}-(1x1) long range order, even for CO-cooled samples. This was especially true for n ≥ 4 as reflected in the magnitude of the 1.01 V oxide peak and a general diminution and broadening of all Pt{110}-(1x1) electrosorption sites compared with when “{111}” steps were incorporated into the basal Pt{110} plane at a similar surface density. Hence, it is not surprising to see this phenomenon reflected in the nitrate reduction current density data reported in figure 7. For example, although the hydrogen-cooled Pt(S)-[n{110}x{100}] electrodes give rise to a linear decrease in nitrate activity as a function of step density (as also seen in Figure 6), it is evident that a non-linear monotonic decrease is observed for the CO-cooled surfaces. In fact, both hydrogen- and CO-cooled curves overlap for narrow terraces (n ≤ 4). Clearly within the model expounded in the present study, overlap of nitrate reduction data points, irrespective of hydrogen- or CO-cooling suggests similar surface densities of Pt{110}-(1x1) sites. In fact, in Figure SI 5 is shown the CV data for CO- and hydrogen-cooled Pt{430} and Pt{210} displaying very similar CV profiles in comparison to the less stepped Pt{20, 19, 0} and Pt{10, 9, 0} surfaces. 
For wider terraces (n > 4), CO-cooled samples evidently support a greater degree of Pt{110}-(1x1) order relative to their hydrogen-cooled analogues. That there is not a smooth, linear relationship going from CO-cooled Pt{110} to CO-cooled Pt{210} would be consistent with surface faceting leading to a reduced value of terrace width compared to that predicted by a simple hard sphere model of a stepped (1x1) surface. Therefore, we assert that, based on nitrate reduction current density measurements as a function of step density, for Pt(S)-[n{110}x{100}] stepped surfaces, the very open step structure reconstructs such that the nominal, average Pt{110} terrace width is diminished. This effect is so strong that for terraces in which n ≤ 4, even CO-cooling cannot overcome the tendency to facet. Moreover, because there is hardly any difference in CO- and hydrogen- cooled CV behaviour for these narrow terraces, it may even be that they do not exhibit a defect-free (1x1) at all and both correspond to surfaces containing negligible Pt{110}-(1x1) terrace and step sites.
[bookmark: _Hlk16860041][bookmark: _GoBack]We suggest that the products formed from nitrate reduction are essentially the same as those previously reported [5, 8, 10, 12] including NO(ad) and ammonium cations. It should be noted that in the present study, the whole of the reduction current has been assigned to nitrate reduction rather than NO(ad) which is also redox active in this potential range [57]. Although we have not explicitly investigated the mechanism of nitrate reduction in this study, two issues indicate to us that nitrate reduction belongs to a class of redox reaction which also includes nitrous oxide reduction, persulphate reduction and nitrite reduction, that reflect i) a weakly adsorbed reactant relative to other double layer species (hydrogen underpotential deposition (Hupd) species / anion adsorption / water dipoles) and ii) also give rise to a peak maxima close to the local pzc of the electrode surface [57-62]. In this way, the decomposition mechanism of nitrate is assumed to follow closely that which was outlined previously by Attard and co-workers in the case of nitrous oxide reduction [63] and indeed Koper et al. for nitrate reduction [12]. The sequential loss of each oxygen atom via N-O bond dissociation until NO(ad) remains [8] is predicated on the initial adsorption of nitrate at “free” metal sites. Hence, the reduction current observed is essentially a reflection of the free metal sites available to the nitrate anion as a function of potential, not the amount of pre-existing NO(ad) which also is redox active in this potential range. NO(ad) would act as a blocking agent if formed (and would also lift the (1x2) reconstruction at sufficiently high coverages [64]) and so one might expect some hysteresis in the nitrate reduction current on forward and reverse potential sweeps since NO(ad) is removed at negative potentials [12, 57]. This would only be a minor contribution based on the magnitude of NO(ad) stripping currents observed at high NO(ad) coverage [12, 57] and at highly defective Pt{hkl} surfaces which exhibit the same “bell-shaped” reduction curve as well-ordered Pt{110}-(1x1) electrodes rather than discrete and narrow stripping peaks when present at saturation coverage [12, 57]. Hence, NO(ad) may indeed be being formed as a reaction intermediate during this process. However, the magnitude and peak width of the nitrate reduction peak is not consistent with NO reduction alone [12, 57]. Rather, the major factor determining the magnitude of the nitrate reduction current is fast decomposition of electrosorbed nitrate. Within this model, it may not necessarily be the local atomic structure of Pt{hkl} either that determines nitrate reduction activity but rather the extent of “blocking” by double layer components such as monopoles and dipoles as a function of potential. The high electrocatalytic activity of terrace sites is not unprecedented. There are already a number of examples reported in the literature of the high electrocatalytic activity exhibited by terraces including for ammonia oxidation at Pt{100} [54 - 55], nitrite reduction [61] and oxygen reduction in alkali at Pt{111} [65]. We speculate that the reason for the high activity of Pt{110}-(1x1) towards nitrate reduction stems from the inherently weak adsorption of nitrate at Pt{hkl} coupled with the competitive adsorption of dipoles and monopoles as a function of potential. The relative inactivity of defect sites would then correspond to even weaker competitive adsorption due to site blocking by these same double layer components that are presumably more strongly bound to defect sites than terraces, especially around the local pzc.

4. Conclusion
[bookmark: _Hlk1121413]An extensive investigation of different flame-annealing and cooling protocols has been undertaken using Pt(S)-[nPt{110}x{111}] and Pt(S)-[nPt{110}x{100}] stepped single crystal electrodes in order to elucidate the role of surface reconstruction in influencing the surface sensitive nitrate reduction reaction. Based on considerations of voltammetric features associated with Hupd and oxide formation both before and after CO dosing and stripping, it is concluded that nitrate reduction current density is highly sensitive to the degree of Pt{110}-(1x1) long range order. Moreover, based on quantitative relationships between the nitrate reduction current density and step density, it is proposed that nitrate reduction may be used as a probe of Pt{110}-(1x1) sites in an analogous fashion to the method of ammonia oxidation presently utilised in Pt{100} site determination [54-56].  In addition, it is asserted that in contrast to CO-cooled Pt{110} electrodes which give rise to an exclusively  (1x1) surface (after CO is removed), hydrogen- and air-cooled surfaces give rise to only a partial lifting of the clean surface (1x2) reconstructed phase. The ratio of (1x1) to (1x2) domains is greatest for hydrogen-cooled samples and this mixture of reconstructed and deconstructed regions is proposed to account for the rather broad Hupd feature of the voltammogram centred at 0.25 V seen with hydrogen – cooled Pt{110} substrates.
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