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2 We report on the electrochemical behavior and shape evolution of Pd nanocubes (Pd NCs) and Pd 3 nanooctahedrons (Pd NOs) with an average size of 9.8 nm and 6.9 nm, respectively, in aqueous 4 alkaline medium in the potential range of the underpotential deposition of H (UPD H) and H 5 absorption. While the Pd NCs and Pd NOs remain stable in the potential region of the UPD H, H 6 absorption and desorption induce structural changes to the Pd NPs, as indicated by the results of 7 electrochemical measurements and identical-location transmission electron microscopy (IL-TEM) 8 analyses. Because both Pd NCs and Pd NOs are known to be stable in the potential region of H 9 absorption and desorption in acidic medium and maintain their structure, the irreversible structural 10 changes are attributed to their interfacial interaction with the aqueous alkaline medium. In the 11 alkaline medium, the nanoparticle surface/electrolyte interfacial structure plays an essential role 12 in the mechanism of H desorption that is observed at higher potentials than in the acidic medium.

13 Hydrogen desorption is substantially hindered due to the structure of water network adjacent to 14 the Pd nanoparticles or the interaction between hydrated cations and adsorbed OH on the 15 nanoparticle surface, resulting in the trapping of a small amount of H (incomplete H desorption).

16 It is proposed that H trapping and associated structural strain lead to deformation of the Pd 17 nanoparticles and loss of their initial structure.

INTRODUCTION

2 About 150 years ago, palladium (Pd) materials were found to absorb a large amount of H 1 and 3 since then have found various applications, such as hydrogen storage, 2-4 hydrogen detection, 5, [START_REF] Jerkiewicz | was applied for 5 min to form a CO adsorbed layer (CO ads ) on the surface of the Pd NPs. 7 Subsequently, the dissolved CO was removed by purging the electrolyte with N 2 (g) for 30 min 8 with the potential maintained at E = 0.10 V[END_REF] 4 hydrogen purification, 7 as well as electrode materials (electrocatalysts) for electrocatalytic 5 hydrogenation. [8][9][10][11] The H absorption in Pd materials occurs under gas-phase conditions in the 6 presence of H 2 (g) or aqueous electrochemical conditions in the presence of H + and H 2 O (acidic 7 media) or OH -and H 2 O (alkaline media). In both gas-phase and electrochemical conditions, Pd 8 materials develop two different H-containing phases, namely the α and β phases, depending on 9 the amount of the absorbed H (H abs ). The α phase is a solid-state solution of Pd with a small 10 amount of H abs (H abs /Pd ≤ 0.03), while the β phase is a metal-hydride with a large amount of H abs 11 (H abs /Pd ≥ 0.6) having its unique crystallographic structure and lattice parameter that are different 12 from those of Pd.

When analyzing the mechanism of H absorption, one needs to consider the unique environmental 14 difference between the metal/gas and metal/liquid interfaces (Figure 1). 12 At the metal/gas 15 interface, the hydrogen molecule (H 2 ) is dissociated at the surface of the metal and produces 16 adsorbed H (H ads ). 3 where M is the active site of the metal, and H * is the short-lived energetically rich H that eventually 4 forms a chemical bond with a metal atom. Following its formation, the H ads species undergoes 5 transfer to the sub-surface region of the metal and becomes sub-surface H (H ss ), and eventually 6 diffuses from the sub-surface site into the bulk of the metal to become absorbed H (H abs ). [START_REF] Ramos-Castillo | Palladium Clusters 2 Supported on Graphene Monovacancies for Hydrogen Storage[END_REF] In the 7 case of the metal/liquid interface, the H ads species is generated from H + or H 2 O along with the 8 charge-transfer process. 9 M + H + (aq) + e - M-H ads (acidic media) (3) 10 M + H 2 O + e - M-H ads + OH -(aq) (alkaline media) (4) 11 Similarly to the gas phase, the H ads species undergoes transfer beneath the first surface layer and 12 becomes H ss , and subsequently becomes H abs upon its diffusion into the bulk of the metal host. 13 The host metal surface experiences interactions with the components in electrolyte solution (e.g., 14 water molecules, anions, and cations), which can give rise to the formation of new metallic 15 structures (e.g., defects, such as steps, kinks, voids, cracks) and even surface compounds. The H 16 electro-adsorption is known to take place at potentials higher than the onset potential of the 1 hydrogen evolution reaction (HER) and below it; the respective processes are known as the 2 underpotential deposition of H (UPD H) and the overpotential deposition of H (OPD H). [START_REF]desorption. In the present study, the size of the Pd NCs and Pd 15 NOs is determined to be in the 7-13 nm (Pd NCs) and 4-9 nm (Pd NOs) ranges giving an average 16 particle size of 9.8 nm and 6.9 nm (Figure 6a,d), respectively. It is important to mention that the Page 29 of 60 ACS Paragon Plus Environment Langmuir 1 of the UPD H, H absorption and H abs desorption obtained in 0.50 M aqueous H 2 SO 4 , 0.10 M 2 aqueous HClO 4[END_REF] It is 3 important to note that the UPD H is characteristic of only the platinum group metals (PGMs), such 4 as Pt, Ir, Rh, including Pd, while the OPD H takes place on all electrode materials at which the 5 HER occurs. In the case of other transition metals such as for example Ni, the adsorption of H UPD 6 is not observed because the formation of an oxygen-containing surface compound (-Ni(OH) 2 ) is 7 thermodynamically favorable. 12 8 9 Figure 1. Visual representation of the steps involved in H absorption under gas-phase (H 2 (g) at a 10 low pressure) and electrochemical conditions (in aqueous alkaline solution).

Page 6 of 60 ACS Paragon Plus Environment Langmuir 1 Among all PGMs, Pd is unique in the sense that in addition to adsorbing H it can also absorb it, 2 and the electrochemical H adsorption and absorption have been examined using a wide range of 3 Pd electrodes (e.g., thin layers on a non-absorbing substrate, 15-19 nanoparticles, 19-23 single-4 crystals 24,25 ). In the case of bulk Pd in aqueous acidic media, it is impossible to study the UPD H 5 using cyclic voltammetry (CV) because the H absorption takes place already in the potential range 6 of the UPD H and the current density due to H absorption is greater than that due to the UPD H;

7 the CV features associated with these two processes overlap. 26 By using very thin Pd layers 8 deposited on polycrystalline or monocrystalline Au substrates, the feature of UPD H can be clearly 9 observed. 15,17,27,28 If the deposited film is thin enough and the Au substrate monocrystalline in 10 nature, then the observed electrochemical features are characteristic of the surface orientation of 11 the Au substrate, and as a result, the CV profiles resemble those typical of Pd single crystals. The 12 use of Pd NPs is also effective in investigating the UPD H and H absorption because the large 13 surface area-to-volume ratio results in a clear separation of the regions ascribed to the UPD H and 14 H absorption in CV profiles. 22,23 Elsewhere, it was demonstrated that Pd NPs can absorbed more 15 H as compared by bulk Pd materials by tuning their shape and thus the surface structure. 23,[START_REF] Bai | Exclusive Formation 3 of Formic Acid from CO 2 Electroreduction by a Tunable Pd-Sn Alloy[END_REF] Page 7 of 60
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The unique structures of the shape-controlled Pd NPs can be created by the use of suitable 2 stabilizers and capping reagents in their synthesis, but it is important to emphasize that the 3 cleanliness of the NPs is critical for their use in electrochemical applications as the stabilizers or 4 capping reagents can remain at the NP surface and reduces the number of active sites. 30 In the 5 case of thoroughly cleaned shape-controlled Pd NPs, the CV profiles in acidic aqueous electrolyte It is important to mention that our previous findings 9 revealed that the same Pd NPs remained stable upon repetitive potential cycling in aqueous acidic 10 media. 23,[START_REF] Bai | Exclusive Formation 3 of Formic Acid from CO 2 Electroreduction by a Tunable Pd-Sn Alloy[END_REF] The CV profiles for the Pd NCs and Pd NOs demonstrate that the current of the 11 cathodic (adsorption of H UPD ) and anodic (desorption of H UPD ) peaks slightly decreases; the 12 decrease is pronounced the most from the 1 st to the 2 nd scan and then progresses in small intervals 13 (because the changes are small, only the 1 st , 5 th , and 10 th transients are presented in Figure 3a,b).

14 Since the shape of the CV profiles does not change and the current remains almost the same over 15 the ten transients, it may be concluded that the shape-controlled Pd NPs maintain their original 16 structure. However, the CV profiles for the H absorption and desorption of H abs (Figure 3c,d 6 to the 2 nd potential cycle, becomes a small overlapping peak in the 2 nd cycles and is not observed 7 anymore in the subsequent cycles. However, there are hardly any changes in the size and shape 6 thus in the potential range of the UPD H and the surface oxide formation and reduction. In the 7 case of the Pd NCs prior to the potential cycling in the region of H absorption and H abs desorption, 8 the CO stripping voltametric transient reveals an anodic pre-peak at E = 0.39 V and a well-defined 9 asymmetric anodic peak at E = 0.74 V (Figure 5a). After potential cycling in the region of H 10 absorption and H abs desorption, the pre-peak remains mainly the same but the current of the main 11 peak decreases and it develops a shoulder at E = 0.76 V (Figure 5b) and becomes broader. The 12 presence of a pre-peak in the CO stripping voltametric transients was reported for Pt NPs in acidic 13 and alkaline aqueous media. 34,35 The pre-peak for the CO stripping on the Pd NCs in 0.10 M 2 In the case of Pt NPs and a compressed CO overlayer having  CO = 0.83 and the process taking 3 place in H 2 SO 4 aqueous solutions, the E-R mechanism was found to be operational in the initial 4 stage of the CO oxidative desorption at lower potentials followed by the L-H mechanism at higher 5 potentials. 34 The E-R mechanism gives rise to the pre-peak, while the L-H mechanism to the main 6 peaks. In alkaline media, the L-H mechanism is operational due to the presence of adsorbed OH, 36 7 although the initial stage of the reaction could still proceed according to the E-R mechanism if the 8 CO overlayer is compressed. In the case of the Pd NPs, the voltametric features associated with 9 the CO oxidative desorption are similar to those observed for the shape-controlled Pt NPs in 10 alkaline media. In both cases, we observe a small pre-peak and two main peaks that are assigned 11 to the process taking place on different terraces and kinks/steps. 35 Interestingly, in the case of 12 shape-controlled Pt NPs and alkaline aqueous media, the shape of the voltametric features was 13 found to be independent of the geometry of surface facets, unlike in the case of acidic aqueous 14 media. 37 The results presented in Figure 5 clearly reveal that the shape of the CO stripping 15 transients in aqueous alkaline media depends on the shape of the Pd NPs, thus is an indication of 16 the surface arrangement of atoms.

1

The respective main facets of nanocubes and nanooctahedrons of fcc metals have the (100) and 2 (111) surface structure, while their edges contain the (110) structure (the structure of corners is 3 more complex). In the case of the Pd NCs, the pre-peak at E = 0.39 V is attributed to the (100)

4 surface domains (facets) (Figure 5a,b). In the case of the Pd NOs, the CV features between E = 5 0.50 and E = 0.70 V are assigned to the (111) and (110) surface domains (facets) (Figure 5c,d). In 6 the case of the Pd NCs prior to the cycling in the potential region of H absorption and H abs 7 desorption, the small shoulder at E = 0.72 V in the CV profile is assigned to the (110) surface 8 domains (facets) (Figure 5a). In the case of the Pd NCs, the main CV peak associated with the CO 9 oxidative desorption (striping) is observed at a lower potential than in the case of the Pd NOs, thus 10 indicating that the process takes place more readily on the (100) surface domains as compared to 11 the (111) ones (Figure 5a,c). The appearance of the pre-peak at E = 0.40 V observed for the Pd 12 NOs after the potential cycling in the region of H absorption and H abs desorption suggests that the 13 treatment gives rise to the formation of a small fraction of (100) domains; thus, the shape of the 14 Pd NOs is changed. In the case of the Pd NCs after potential cycling in the region of H absorption 2 The trapping of H atoms brings about structural stress that is released by modifying the shape of 3 the Pd NPs. 41 In fact, it was observed that the trapped H even requires an elevated temperature 4 and considerable vacuum condition to be completely desorbed from the Pd NPs. Thus, the 5 increased temperature and higher vacuum (lowered pressure) corroborate the computation study 6 indicating that the trapped H formed a strong bond with the host Pd atoms.

7

Based upon existing literature data and our experimental results, we propose that in the case of 8 H absorption and H abs desorption under electrochemical conditions, the process induces H trapping 9 and structural changes, but this behavior is only observed in alkaline aqueous medium, as no 10 structural changes or H trapping were observed in acidic aqueous medium. The mechanism of the 11 H diffusion inside the Pd NPs does not depend on the composition of the aqueous electrolyte 12 solution because the H abs species being inside the bulk of the metal host does not experience the 13 interface (it does not directly interact with it). However, the source of the electrochemically ). Since the electron transfer is faster than the ion transfer, the 3 processes of the electrochemical H adsorption and H absorption is expected to be influenced by 4 the ion transfer (H 3 O + and OH -in acidic and alkaline aqueous media, respectively) through the Pd 5 electrode/aqueous electrolyte solution interface. A recent study of the kinetics of the UPD H on 6 monocrystalline Pt electrodes indicated that the ion transfer in alkaline aqueous media (the OH - 7 transfer) is slower in alkaline media than that in acidic ones due to the formation of a rigid water 8 network adjacent to the electrode surface. 42,43 As an alternative proposal, it was reported that 9 hydrated cations interact with adsorbed OH on monocrystalline Pt electrodes and influence the 10 kinetics of fuel cell reactions by forming a "quasi-specifically" adsorbed state on the Pt surface. [START_REF] Yamauchi | Nanosize Effects on Hydrogen Storage 5 in Palladium[END_REF] 11 In the light of this knowledge and bearing in mind many similarities in the electrochemical 12 behavior of Pt and Pd materials, we propose that the water network adjacent to the surface of the 13 Pd NPs or the interaction between hydrated cations and adsorbed OH has a significant impact on 14 the desorption of H abs resulting in some of it being trapped along edges of the Pd NPs. .10 M aqueous NaOH solution, the anodic peak appears at a significantly higher potential than in 2 the case of the H 2 SO 4 and HClO 4 solutions (Table 1). This observation suggests that the sub-3 surface H (H ss ; see Figure 1) is bonded stronger in the alkaline medium than in the acidic ones and 

  Figure2presents CV profiles obtained for the Pd NCs and Pd NOs (freshly prepared, 4 thus being in an initial state) in 0.50 M aqueous H 2 SO 4 (the upper graphs) and 0.10 M aqueous 5 NaOH solution (the lower graphs) at a potential scan rate of s = 5.00 mV s -1 and a temperature of 6 T = 293 K in the 0.10 -0.70 V range. In the acidic medium, the CV profiles reveal the following: 7 (i) a flat, featureless double-layer charging region of very low current (I) for both Pd NCs and Pd 8 NOs (0.35 -0.70 V); (ii) two well-defined cathodic and anodic peaks attributed to the UPD H; the 9 shape of these features depends on the shape of the Pd NPs; and (iii) the current of the peaks at 10 lower potentials is much lower than that of the peaks at higher potentials(Figure2a,b). These CV 11 characteristics are in good agreement with our previously reported results and indicate that the NPs 12 and the experimental set-up are very clean.23,[START_REF] Bai | Exclusive Formation 3 of Formic Acid from CO 2 Electroreduction by a Tunable Pd-Sn Alloy[END_REF] In the alkaline medium, the behaviour is 13 significantly different and the CV profiles reveals the following: (i) a narrow double-layer charging 14 region with a significant current (0.55 -0.70 V for the Pd NCs and 0.45 -0.70 V for the Pd NOs); 15 (ii) in the case of the Pd NCs, two anodic peaks (at E = 0.35 V and E = 0.49 V) and one cathodic 16 peak (E = 0.28 V) attributed to the UPD H; the UPD H occurs in the entire 0.10 -0.55 V range; case of the Pd NOs, broad waves with weakly pronounced peaks also attributed to the UPD 2 H (0.10 -0.50 V); these CV characteristics are related to the shape and size of the Pd NPs; 18,32 and 3 (iii) a small reversible feature in the 0.55 -0.70 V range in the case of the Pd NOs that is assigned 4 to the formation and reduction of a Pd surface oxide (Figure2c,d).26,33 5Any eventual application of the shape-controlled Pd NPs (here, Pd NCs and Pd NOs) depends 6 on their stability. Consequently, we examined their behaviour by conducting CV measurements 7 (repetitive potential cycling experiments) in the potential range of the UPD H (Figure3a,b) and 8 the H absorption and desorption (Figure3c,d).
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  changes even within the initial five potential cycles (Figure3c,d; the first CV 2 transient commences at 0.50 V and covers the potential range of the UPD H and H absorption; the 3 subsequent cycles commence at 0.35 V in the case of the Pd NCs and 0.30 V in the case of the Pd 4 NOs). In the case of both the Pd NCs and Pd NOs, a large cathodic peak at E = 0.00 V associated 5 with H absorption is observed in the first cycle and its current significantly decreases from the 1 st
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 12363161464 of the anodic (desorption of H abs ) peak, which shifts slightly towards more positive potentials (from 9 E = 0.26 V to E = 0.28 V in the case of the Pd NCs and from E = 0.21 V to E = 0.24 V in the case 10 of the Pd NOs) over the five cycles; its current decreases but only slightly. The charge values (Q) 11 corresponding to the amount of H abs were calculated by integrating the anodic peaks on the CV 12 transients for each potential cycle and are presented in Figure3e,f. It is important to emphasize 13 that it is impossible to determine the amount of H abs based on the cathodic transients because they 14 also contain a contribution from the concurrently occurring hydrogen evolution reaction (HER).15 In determining the values of Q, it was assumed that the amount of electrochemically absorbed H 16 in the cathodic transient equals to the amount of the desorbed H abs in the anodic one. In the case Page 16 of 60 ACS Paragon Plus Environment Langmuir 1 of the Pd NCs, the value of Q decreases from 6.44 mC to Q = 4.53 mC, thus ca. 30% over the five 2 potential cycles. In the case of the Pd NOs, the value of Q decreases from 5.03 mC to 4.27 mC, 3 thus ca. 15%. The decrease in the value of Q as the number of potential cycles increases could be 4 attributed to: (i) (electro-)dissolution of the outer layers of the Pd NPs that would decrease their 5 size and, consequently, the amount of H abs that they can host; or/and (ii) structural changes of the 6 Pd NPs. The (electro-)dissolution is unlikely to occur as the applied potentials do not exceed the 7 potential range of the UPD H region and the dissolution of Pd is expected to begin at the potentials 8 higher than E = 0.70 V.26 Thus, the decrease in the value of Q may only be attributed to a shape 9 modification from cubic or octahedral to spherical with a simultaneous decrease in the amount of 10 H abs . Assuming that the number of Pd atoms remains constant in the NPs (we emphasize that there 11 is no Pd loss through (electro-)dissolution), the transition from a cube or an octahedron to a sphere 12 (or a near-sphere) reduces the surface area of the NPs. Because the electrochemical absorption of 13 H proceeds through the surface, the change in the shape of the NPs explains the experimentally 14 observed decrease in the values of Q. Page 17 of 60 ACS Paragon Plus Environment Langmuir Figure Cyclic voltammetry profiles for the Pd nanocubes (Pd NCs) and Pd nanooctahedrons Pd NOs) recorded at s = 5.00 mV s -1 and T = 293 K in the 0.10-0.70 V potential range acquired 4 in 0.50 M aqueous H 2 SO 4 solution (the graphs a and b) and 0.10 M aqueous NaOH solution (the 5 graphs c and d). They cover mainly the region of the under-potential deposition of H (UPD H). Cyclic voltammetry profiles (1 st , 5 th , and 10 th ) for the Pd nanocubes (Pd NCs) and Pd 3 nanooctahedrons (Pd NOs) acquired in 0.10 M aqueous NaOH solution at T = 293 K. The 4 graphs a and b cover the potential region of the UPD H (0.10 -0.50 V) and the profiles are 5 acquired at s = 5.00 mV s -1 . The graphs c and d cover the potential range of H absorption and Page 19 of 60 ACS Paragon Plus Environment Langmuir abs desorption and the profiles are acquired at s = 1.0 mV s -1 . The graphs e and f present the 2 evolution of the charge (Q) for the desorption of H abs as a function of the number of the potential 3 transient for the Pd NCs (the graph e) and Pd NOs (the graph f). Each error bar represents the 4 standard deviation of each charge value for three measurements, each employing a freshly 5 prepared working electrode. For comparative analysis, Figure 4 presents CV profiles for the Pd NCs and Pd NOs prior to and 8 after the potential cycling in the region of the electrochemical H absorption and H abs desorption by 9 analyzing changes in the CV profiles associated with the UPD H and the onset of surface oxide 10 formation, thus between E = 0.10 and E = 0.70 V. In the case of the Pd NCs, the cathodic peak 11 initially at E = 0.26 V shifts to E = 0.24 V and its current slightly decreases. The current of the 12 first anodic peak at E = 0.35 V also decreases but its potential remains the same; the second anodic 13 peak shifts from E = 0.49 V to E = 0.50 V and its current slightly decreases. The value of the 14 charge associated with the UPD H decreases from Q = 912 ± 25 μC to Q = 793 ± 63 μC (thus ca. 15 13%) after the potential cycling. The small CV features at the most-positive end of the CV profiles 16 (between E = 0.55 V and E = 0.70 V) are due to the formation (anodic) and reduction (cathodic) 17 of a surface oxide on the Pd NCs. The change in the associated charge is very small, from Q = 18 101 ± 7 μC prior to and Q = 99 ± 7 μC after the potential cycling. The difference between these Page 20 of 60 ACS Paragon Plus Environment Langmuir1 two values is so small that they are practically the same within the experimental uncertainty of the 2 measurements. Thus, it may be concluded that the amount of the Pd surface oxide that is formed 3 and reduced remains unaffected by the potential cycling. In the case of the Pd NOs, changes in 4 the CV profiles prior to and after the potential cycling are more pronounced than in the case of the 5 Pd NCs. A small cathodic peak (it is superimposed on a voltametric wave) initially observed at E 6 = 0.30 V becomes a well-defined, large peak at E = 0.24 V; as the voltametric wave significantly 7 alters its shape upon potential cycling, the peak's current increases. The well-defined anodic peak 8 observed at E = 0.31 V shifts to a higher potential of E = 0.38 V, but its current remains practically 9 the same. The value of the charge associated with the UPD H hardly changes, because it is Q = 10 1290 ± 60 μC prior to and 1300 ± 60 μC after the potential cycling. The initial anodic and cathodic 11 features associated with the formation and reduction of a surface oxide on the Pd NOs are small 12 (as in the case of the Pd NCs) and become well-defined after the potential cycling (unlike in the 13 case of the Pd NCs). The change in the associated charge is significant because it increases from = 162 ± 12 μC to Q = 356 ± 24 μC (thus ca. 120%). Because the UPD H and surface oxide 15 formation take place on the surface of the Pd NPs, the value of Q due to the UPD H or the surface 16 oxide formation and reduction is a measure of the number of Pd surface atoms being in contact Page 21 of 60 ACS Paragon Plus Environment Langmuir 1 with the electrolyte solution on which these processes can take place and the potential of the CV 2 peaks is an indication of the surface arrangement of atoms. Thus, the change of Q is a measure of 3 the number of Pd atoms added to or removed from the surface of the Pd NPs and the appearance 4 or disappearance of peaks is an indication of surface structural changes. 5 Cyclic voltammetry profiles for the Pd nanocubes (Pd NCs, the graph a) and Pd 7 nanooctahedrons (Pd NOs, the graph b) recorded at s = 5.00 mV s -1 and T = 293 K in the 0.10-8 0.70 V potential range and acquired in 0.10 M aqueous NaOH solution. They cover mainly the 9 region of the under-potential deposition of H (UPD H) and present CV profile acquired prior to 10 and after five transients in the potential region of H absorption and H abs desorption. 11 12 Carbon Monoxide Oxidative Desorption. Carbon monoxide (CO) stripping (oxidative 13 desorption) is known to be a measure of the state of the surface of noble metal nanoparticles, 14 because the shape of the respective CO stripping voltametric transient depends on the surface Page 22 of 60 ACS Paragon Plus Environment Langmuir 1 arrangement of atoms. Figure 5 presents CO stripping voltametric transients for the Pd NCs and 2 Pd NOs prior to (Figure 5a,c) and after (Figure 5b,d) potential cycling in the regions of 3 electrochemical H absorption and H abs desorption (the respective insets present the voltametric 4 features associated with the UPD H, the onset of CO stripping, and the pre-peak). They also show 5 CV profiles between E = 0.10 and E = 1.00 V right after the CO stripping (the gray transients),
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 1453 NaOH solution appears at approximately the same potential as in the case of Pt NPs in 15 alkaline media. Once CO has been stripped, the CV profiles for the Pd NCs show the usual features 16 due to the UPD H in the potential range between E = 0.10 V and E = 0.55 V (they appear both Page 23 of 60 ACS Paragon Plus Environment Langmuir 1 treatment of the Pd NCs and NOs that involves H absorption and H abs desorption, and CO 2 chemisorption and stripping does not affect their ability to electrochemically adsorb H (UPD) and 3 to form a surface oxide. Again, the CO stripping transients allow us to determine the value of  CO , 4 which is found to be  CO = 0.82 prior to the potential cycling in the region of H absorption and 5 H abs desorption, and  CO = 0.78 afterwards. In both cases of the Pd NCs and Pd NOs, the changes 6 in the CO surface coverage are attributed to modification of the three-dimensional structure of the 7 Pd NPs that bring about a change to the number of Pd surface atoms at which the CO chemisorption 8 can take place. CO stripping voltametric transients for the Pd nanocubes (Pd NCs; the upper graphs) Pd nanooctahedrons (Pd NOs; the lower graphs) recorded at s = 5.00 mV s -1 and T = 293 K 4 in the 0.10-1.00 V potential range and acquired in 0.10 M aqueous NaOH solution. The 5 transients were acquired prior to (the graphs a and c) and after (the graphs b and d) cycling in the 6 potential region of H absorption and H abs desorption. 7 In the case of Pd NPs, the electrochemical oxidation of chemisorbed CO (CO stripping) is 9 expected to follow the Langmuir-Hinshelwood (L-H) mechanism or initially the Eley-Rideal (E-10 R) mechanism followed by the L-H one. 34 Which mechanism is operational depends on the vakue Page 26 of 60 ACS Paragon Plus Environment Langmuir 1 of  CO and the presence of adsorbed oxygen-containing species on the surface of the nanomaterials.
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 86 15 and H abs desorption, the current of the main CV peak associated with the CO oxidative desorption 16 decreases and a shoulder at E = 0.76 V develops. This shoulder appears at the same potential as Page 28 of 60 ACS Paragon Plus Environment Langmuir 1 size of the Pd NCs and Pd NOs employed in this research is practically the same as in the case of 2 the Pd NPs used in the previous work (acidic aqueous media).23,[START_REF] Bai | Exclusive Formation 3 of Formic Acid from CO 2 Electroreduction by a Tunable Pd-Sn Alloy[END_REF] The Pd NPs employed in this 3 research were also examined by acquiring CV profiles in acidic aqueous media and the results 4 were found to be in excellent agreement with our previous results. Thus, it may be concluded that 5 within the experimental uncertainty, the Pd NPs employed in the current and past research projects 6 are practically the same, thus possess the same shape and size. 7 Size distributions (the graphs a and e) and TEM images (the graphs b and f) of 9 freshly-prepared Pd NPs. IL-TEM images prior to (the graphs c and g) and after (the graphs d 10 and h) potential cycling in the potential region of H absorption and H abs desorption. The upper Page 30 of 60 ACS Paragon Plus Environment Langmuir 1 graphs refer to the Pd nanocubes (Pd NCs) and the lower graphs to the Pd nanooctahedrons (TEM analysis was conducted to verify the shape of the Pd NPs after their preparation and 5 to examine any changes in their shape after repetitive H absorption and H abs desorption. The IL-6 TEM images revealed that the Pd NCs had an initial cubic shape and that their edges became 7 rounded after the potential cycling (Figure 6b-d) and the Pd NOs had an initial octahedral shape 8 and that their edges also became rounded after the potential cycling (Figure 6e-g). The loss of 9 edges by the Pd NCs and Pd NOs not only alters their shape but also modifies the fraction of the 10 initially oriented surfaces, the (100) facets in the case of the Pd NCs and the (111) facets in the 11 case of the Pd NOs. These structural changes give rise to different CV profiles than those acquired 12 prior to their electrochemical treatment involving H absorption and H abs desorption. Figure 3e,f 13 indicated that the amount of desorbed H abs decreases as the number of H absorption and H abs 14 desorption cycles increases. We attribute the decrease in the amount of desorbed H abs and the 15 structural changes to H trapping inside of the Pd NCs and Pd NOs. Such a behavior was also 16 observed for Pd NPs with average sizes of less than 6 nm upon H absorption and H abs desorption 17 in the gas phase. 38-40 A computational study indicated that the trapped H was stabilized in Page 31 of 60 ACS Paragon Plus Environment Langmuir 1 subsurface octahedral sites and that the trapped H atoms formed a strong bond with Pd host atoms.

15

  Comparative Analysis of the H Absorption and H abs Desorption in Acidic and Alkaline Aqueous 16 Media. Figure7shows CV profiles for freshly prepared Pd NCs and Pd NOs in the potential range
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 76 this behavior is attributed to the water network formed and being adjacent to the surface of the Pd 5 NPs or the interaction of hydrated cations with the adsorbed OH on the NP surface in the aqueous 6 alkaline medium, which possibly impacts the last step of H desorption. It is important to add that 7 the cathodic peak associated with H absorption is observed at the same potential in the three 8 aqueous electrolyte solutions, while the anodic peak in the case of the 0.10 M aqueous NaOH 9 solution appears at a much higher potential (ca. at 0.165 V and 0.120 V higher in the case of the 10 Pd NCs and Pd NOs, respectively). CV profiles for freshly prepared Pd nanocubes (Pd NCs, the graphs a, c, and e) and 3 Pd nanooctahedrons (Pd NOs, the graphs b, d, and f) in the potential range of the UPD H, H 4 absorption, and H abs desorption obtained in 0.50 M aqueous H 2 SO 4 , 0.10 M aqueous HClO 4 , and 5 0.10 M aqueous NaOH solutions and acquired at s = 1.00 mV s -1 and T = 293 K.
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 4348 Figure 3 presented the evolution (decrease) of the Q values upon repetitive cycling of Pd NCs
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  and 6.9 nm, respectively, and is in agreement with the size of the shape-controlled Pd NPs 2 employed in our previous research focused on their behaviour in aqueous acidic media.23,[START_REF] Bai | Exclusive Formation 3 of Formic Acid from CO 2 Electroreduction by a Tunable Pd-Sn Alloy[END_REF] The 3 stability of the shape-controlled Pd NPs was investigated by carefully executed CV and identical-4 location transmission electron microscopy (IL-TEM) measurements. The changes in the surface 5 properties of the Pd NCs and Pd NOs were also assessed prior to and after the stability tests by
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	1 NCs, a Pd precursor solution was prepared by dissolving 0.062 g of K 2 PdCl 4 (99.99%, Alfa Aesar), 2 0.300 g of KBr (99.95%, Sigma-Aldrich), and 0.100 g of PVP (MW ≈ 55000, Sigma-Aldrich) in 4 heated up to 80 °C in a heating water bath and maintained at this temperature for 30 minutes. 0.060 5 g of ascorbic acid (Reagent Grade, Sigma-Aldrich) was dissolved in 4.00 mL of UHP water, and 6 the reducing solution was mixed with the Pd NCs precursor solution (after 30 minutes of heating 7 at 80 °C). The mixture was allowed to rest for 3 hours at 80 °C yielding the desired Pd NCs. The 8 synthesis of Pd NOs follows the same procedure by using different Pd precursor and reducing 9 solutions. The precursor solution was prepared by dissolving 0.062 g of K 2 PdCl 4 and 0.100 g of 1 unique to the shape of the Pd NPs and cleanliness of the system; the expected CV features are not 2 observed if there are impurities either in the electrolyte solution or on the surface of the NPs). 4 The electrochemical measurements were conducted using a three-electrode electrochemical cell 5 at room temperature (T = 293 ± 1 K). The working electrode (WE) was comprised of the shape-6 controlled Pd NPs deposited on a gold disc (99.95%, Alfa Aesar) with a diameter of 3.00 mm that 7 acted as a substrate. The surface of the gold disc was polished to a mirror-like finish before each 8 experiment and 3.00 μL of a Pd aqueous suspension was dropcast on it. The total amount of the 9 shape-controlled Pd NPs was ca. 14 μg after drying with N 2 (g) (99.999%, Praxair). A glassy 1 RESULTS AND DISCUSSION 2 Electrochemical Behavior of the Pd Nanoparticles during the UPD and H Absorption and 1 9.8 nm 9 controlled Pd NPs was not observed in the case of aqueous acidic medium, 23,29 and therefore this 3 7.00 mL of ultra-high purity (UHP) water (MilliQ, Millipore, 18.2 MΩ cm). The mixture was 3 Electrochemical Measurements 3 Desorption.	
	10 unique behaviour is attributed to the structure of the NP surface-electrolyte interface, which 10 PVP in 8.00 mL of water-ethanol mixture (3:1 v/v). To prepare the reducing solution, 0.180 g of 10 carbon plate and a reversible hydrogen electrode (RHE) were used as counter and reference	
	11 impacts the H absorption and adsorption. 11 citric acid (reagent grade, Sigma-Aldrich) was dissolved in 3.00 mL of a water-ethanol mixture 11 electrodes (CE, RE), respectively. To examine the shape-controlled Pd NPs in an acidic or alkaline	
	12 12 (2:1 v/v). The synthesized Pd NCs and Pd NOs were cleaned to achieve complete removal of PVP 12 aqueous medium, CV measurements were performed in 0.50 M aqueous H 2 SO 4 , 0.10 M aqueous	
	13 13 and each capping reagent by repetitive soaking first with NaOH (Reagent Grade, Sigma-Aldrich) EXPERIMENTAL 13 HClO 4 (OmniTrace, Merck), and 0.10 M aqueous NaOH solutions. The alkaline medium was	
	14 14 aqueous solution at least three times and then with UHP water also at least three times. The Synthesis of Shape-controlled Pd NPs 14 prepared from sodium hydroxide monohydrate (NaOH  H 2 O, 99.996%, Alfa Aesar). The	
	15 15 cleanliness of the Pd NCs and Pd NOs was verified by conducting CV measurements in 0.50 M Pd NCs and Pd NOs were synthesized by a chemical reduction method using an aqueous solution 15 electrolyte was degassed by bubbling N 2 (g) for 1 hour prior to each experiment and N 2 (g) was	
	16 with polyvinylpyrrolidone (PVP) and different capping reagents. 29,31 For the preparation of the Pd 16 aqueous H 2 SO 4 (Suprapur, Merck) solution (the characteristics of the CV profiles are known to be 16 passed above the electrolyte solution during the measurements. All the electrochemical	
		ACS Paragon Plus Environment ACS Paragon Plus Environment ACS Paragon Plus Environment ACS Paragon Plus Environment ACS Paragon Plus Environment	

6 solution reveal distinct features associated with the UPD H, H absorption/desorption, and HER.

23 

7 In the case of the octahedral Pd NPs, the amount of H abs was significantly larger (ca. 50% larger) 8 than in the case of bulk Pd materials; thus, the octahedral Pd NPs are considered to be a promising 9 anode nanomaterial for miniaturized nickel-metal hydride (Ni-MH) batteries.

[START_REF] Bai | Exclusive Formation 3 of Formic Acid from CO 2 Electroreduction by a Tunable Pd-Sn Alloy[END_REF] 

Because Ni-MH 10 batteries are alkaline batteries typically employing a highly concentrated aqueous solution of 11 KOH, it is important to investigate the electrochemical behavior of shaped-controlled Pd NPs in 12 this electrolyte solution but to the best of our understanding this knowledge does not exist at the 13 present time. 14 In this study, we report on the electrochemical behaviour of the shape-controlled Pd NPs, namely 15 Pd nanocubes (Pd NCs) and Pd nanooctahedrons (Pd NOs), in aqueous alkaline medium in the 16 potential regions of H adsorption and H absorption. The average size of the Pd NCs and NOs is 6 conducting CO stripping experiments. The results reveal modification of the shape of both the Pd 7 NCs and Pd NOs in response to the electrochemical H adsorption and absorption, as well as 8 desorption in the aqueous alkaline medium. Such surface structure modification of the shape-

  14 adsorbed H (H UPD ) and of the electrochemically absorbed H (H abs ) is different in alkaline and acidic 15 aqueous media. In both cases, an electron transfer and an ion transfer take place, and H 3 O + is the 16 source of H abs and H 2 O is the product of the process in acidic aqueous media (H 3 O + + e - H abs + O), and H 2 O is the source of H abs and OH -is the product of the process in alkaline aqueous 2 media (H 2 O + e - H abs + OH -
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	1 H 2	
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1 2 Table 1 .

 21 Values of the cathodic and anodic peak potentials (E p,cath and E p,an ) and their 3 difference E p (E p = E p,an -E p,cath )

		E p,cath	E p,an	∆E p
	Pd nanocubes			
	0.50 M H 2 SO 4	0.031 V	0.103 V	0.072 V
	0.10 M HClO 4	0.007 V	0.110 V	0.103 V
	0.10 M NaOH	-0.014 V	0.276 V	0.290 V
	Pd nanooctahedrons			
	0.50 M H 2 SO 4	0.049 V	0.085 V	0.036 V
	0.10 M HClO 4	0.034 V	0.087 V	0.053 V
	0.10 M NaOH	0.012 V	0.207 V	0.195 V

  3 surface impacts (hinders) the energetics of H abs desorption in alkaline aqueous medium. We also 4 performed a comparative analysis of the behavior of the Pd NPs by conducting experiments in 5 acidic and alkaline aqueous media (H 2 SO 4 , HClO 4 , and NaOH aqueous solutions), which revealed 6 that the CV feature (peak) due to H absorption was at the same potential but the CV feature (peak) 7 due to H abs desorption was at a significantly higher potential in alkaline aqueous medium. A 8 comparison of the cathodic (absorption) and anodic (desorption) charge values pointed to some 9 H abs remaining inside of the Pd NPs (being trapped). These results support the initial proposal that 10 the network of water molecules or the interaction between hydrated cations and adsorbed OH 11 hinders H desorption and results in some of it being trapped. This study is a continuation of 12 previous research on H absorption in Pd NPs and provided new knowledge and reports on a unique 13 behavior of shape-controlled Pd NPs in aqueous alkaline medium in the potential range of 14 electrochemical H absorption and H abs desorption. Since Pd is known to be an excellent H host 15 and serves as a model hydrogen-absorbing material, we hope that the outcome of this study will 16 benefit electrochemical nanomaterials science and the field of energy storage materials.
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