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The hydrogen oxidation reaction (HOR) in alkaline electrolytes exhibits markedly slower
kinetics than that in acidic electrolytes. This poses a critical challenge for alkaline exchange
membrane fuel cells (AEMFCs). The slower kinetics in alkaline electrolytes is often
attributed to the more sluggish Volmer step (hydrogen desorption). It has been shown that
the alkaline HOR activity on the Pt surface can be considerably enhanced by the presence of
oxophilic transition metals (TMs) and surface-adsorbed hydroxyl groups on TMs (TM-
OHad), although the exact role of TM-OHad remains a topic of active debates. Herein, using
single-atom Rh-tailored Pt nanowires as a model system, we demonstrate that hydroxyl
groups adsorbed on the Rh sites (Rh-OHad) can profoundly reorganize the Pt surface water
structure to deliver record-setting alkaline HOR performance. In-situ surface
characterizations, together with theoretical studies, reveal that surface Rh-OHag could
promote oxygen-down H20, configuration that favors more hydrogen bond with Pt surface
adsorbed hydrogen (H20,---Hag-Pt) than that of hydrogen-down configuration (OHz,). The
H20, further serves as the bridge to facilitate the formation of an energetically favorable six-
membered-ring transition state with neighboring Pt-Had and Rh-OHag, thus reducing the

Volmer step activation energy and boosting HOR Kinetics.



Hydrogen fuel cells offer an appealing alternative to internal combustion engines for reducing

greenhouse gas emissions in the transportation industry.! The current commercial proton exchange
membrane fuel cells (PEMFCs) generally require a substantial amount of costly Pt-based catalysts
to facilitate the sluggish oxygen reduction reaction (ORR) in acidic electrolytes, which constitutes
a critical roadblock preventing the widespread adoption of PEMFCs.? On the other hand, the ORR
reaction in alkaline exchange membrane fuel cells (AEMFCs) can be facilitated by cost-effective
nonprecious-metal-based catalysts.>® However, the hydrogen oxidation reaction (HOR) at the
anodes exhibits markedly slower Kkinetics in alkaline media, which is often attributed to a more
sluggish Volmer step (hydrogen desorption).”** Even with the most favorable Pt catalysts, the
HOR in alkaline media is at least two orders of magnitude slower than that in acidic media.'* Thus,
in AEMFCs, the bottleneck shifts from the cathodic ORR step to the anodic HOR.

It has been shown that the alkaline HOR activity on the Pt surface can be considerably
enhanced by the presence of oxophilic transition metals (TMs) and surface-adsorbed hydroxyl
groups on TMs (TM-OHaq),2*2 although the exact role of TM-OHag remains a topic of active
debates. Some studies suggested that the TM-OHag could directly interact with Pt-Hag to reduce
apparent hydrogen binding energy and promote the hydrogen desorption step,?%?42¢ while others
suggested that the major role of surface Pt-OHaq is improving the hydrogen transfer across the

electrical double-layer rather than modulating the energy barrier of the hydrogen desorption.®

Recent theoretical studies suggested that the interfacial water orientation plays a critical role
in modulating the pH-dependent HOR Kkinetics on pure Pt surface.!1?4?"30 There are three general
types of interfacial water configurations, hydrogen-down water (OH>;), oxygen-down (H20,), and
parallel water (H207). The H2O, can increase the hydrogen desorption rate via the hydrogen bond
between the O end of the water molecule and the Pt-Hag (Pt-Had---|OH>), while the OHy, reduces
the hydrogen desorption rate via the repulsion between the H end of the water molecule and Pt-
Haa.2?" Under the alkaline HOR condition, the Pt surface has much less H20, (6.3%) than that
under the acidic condition (13.9%) due to the positive shift of the point of zero free charge (PZFC)
with increasing pH, resulting in lower HOR activity.?’ In this regard, a plausible physical picture
is that TM-OHag could modulate the interfacial water orientation, and in turn, modulate the HOR
kinetics indirectly. However, experimental proof of the surface water structure reorganization has

been elusive.



Herein, using single-atom Rh-tailored Pt nanowires (SARh-PtNWSs) as a model system (Fig.
1a), we systematically investigate the interfacial water structure to unravel the role of Rh-OHag in
reorganizing the Pt surface water structure for enhanced HOR Kinetics. Electrochemical studies
demonstrate that SARh-PtNWs deliver a significantly enhanced alkaline HOR specific activity
(SA) of 10 mA/cm:, 17 times higher than the PtNWs. In-situ X-ray absorption spectroscopy (XAS)
analysis reveals the existence of the surface adsorbed hydroxyl (OHaq) on the single-atom Rh sites
(Rh-OHzgg) and the oxygen down H>O, near the Pt/Rh interface within the HOR potential region.
Molecular dynamics (MD) simulations further reveal that the Rh-OHag moieties can modulate the
surface water structure to promote the H2O, configuration around the Pt atoms adjacent to the Rh-
OHag. Such reoriented H20,, other than the Rh-OHag, serves as the critical Hag acceptor, which
further bridges the Pt-Hag and Rh-OHag to form an energetically favorable six-membered-ring

transition state (Fig. 1b) with a markedly reduced VVolmer step activation barrier.
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Fig. 1|Schematic illustration of single-atom Rh tailored Pt nanowires (SARh-PtNWSs) and the
Rh-OH mediated six-membered-ring transition state of Volmer step.

Results and discussion
Structure characterizations

The SARh-PtNWs were synthesized using a one-pot solvothermal synthesis process
(Methods). The transmission electron microscopy (TEM) studies show an ultrafine one-
dimensional (1D) morphology (Fig. 2a). The high-angle annular dark-field scanning TEM
(HAADF-STEM) studies reveal a crystalline structure with a lattice space of 0.22 nm (Fig. 2b)
and an average diameter of 1.3 nm (Fig. 2c). Energy-dispersive X-ray spectroscopy (EDS) analysis
reveals a uniform distribution of Rh along the PtNWs with an Rh/Pt ratio of 1:20 (Fig. 2d).

The Fourier-transform extended X-ray absorption fine structure (EXAFS) spectroscopy of
the SARh-PtNWs dry electrode shows no noticeable Rh-Rh peak at 2.39 A (all radial distances
reported here without phase correction), but two peaks located at 1.53 A and 2.69 A (Fig. 2e). This



result suggests Fitting of the EXAFS spectra suggest that these two peaks can be assigned to Rh-
O scattering with an Rh-O coordination number (CN) of 3.8+0.5 and Rh-Pt scattering with an Rh-
Pt CN of 3.0£1.0 (Supplementary Fig. 1 and Table 1). The high Rh-Pt CN suggests that the
majority of the Rh atoms are heavily oxidized exposed to air and thus reside on the surface. The
high Rh-Pt CN plus absence of Rh-Rh scattering, which is also seen in-situ shown in the next
section, further suggests that they are atomically dispersed in the single-atom form in the Pt matrix
of SARh-PtNWs. On the other hand, the Pt L3-edge EXAFS spectrum of the SARh-PtNWs closely
resembles that of Pt foil, absence of the Pt-O scattering peak at 1.5 A (Fig. 2f), which indicates the
Pt in the SARh-PtNWs is predominately in the metallic phase.
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Fig. 2|Structural characterizations. (a) Representative TEM images of SARh-PtNWs. (b) HAADF-STEM
image of SARh-PtNWSs. (c) Diameter distribution of SARh-PtNWs. (d) EDS-mapping of SARh-PtNWs. (e)
The Rh K-edge EXAFS spectra of SARh-PtNWs and Rh reference foil. (f) The Pt Lz-edge EXAFS spectra
of SARh-PtNWs and the Pt reference foil.

Electrochemical characterization

We next evaluated the alkaline HOR activity of the SARh-PtNWSs against two reference
samples, PtNWs and RhNWs (Fig. 3a and b). In comparison, the SARh-PtNWs show a
significantly enhanced HOR specific activity (SA, normalized by electrochemically active surface



area) of 10 mA/cm? at 0.05 V vs. reversible hydrogen electrode (Vrre), which is 17-fold and 30-
fold higher than that of pristine PtNWs and RhNWs, respectively (Fig. 3b). The corresponding
mass activity (MA, normalized by overall metal loading) of SARh-PtNWs at 0.05 Vrre (7.5 A/mg)
is also significantly higher than that of the PtNWs (0.38 A/mg) and RhNWs (0.33 A/mg). Both the
SA and MA of SARh-PtNWs also represented the best values achieved among all Pt-based HOR
catalysts reported to date (Supplementary Fig. 2).16:31-40

To further understand the role of the SARh decorations on the HOR kinetics, we examined
cyclic voltammetry (CV) of these samples in 1 M KOH (Fig. 3c-e and Supplementary Fig. 3),
which showed highly distinct features in the hydrogen desorption region (Fig. 3c-e). The pure
PtNWs exhibit a typical Had desorption profile: with a broad Pt(111) peak below 0.4 Vrxe and two
sharp peaks at 0.26 Vrye and 0.36 Vrre, corresponding to Hag desorption on the Pt (110) facet and
the Pt(100) facet, respectively (Fig. 3c). The SARh-PtNWs show even broader hydrogen
desorption peaks for all three facets with attenuated Pt(110) and Pt(100) peaks (Fig. 3d),
suggesting a stronger repulsive lateral interaction among the Hag.*! Additionally, a new hydrogen
desorption peak is observed in SARh-PtNWs at 0.16 Vrue, Which is tentatively ascribed to
the H desorption at the Pt/Rh interface (Fig. 3d).
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Fig. 3| Electrochemical characterizations. (a) HER/HOR polarization curve for PtNWs, SARh-PtNWs,
and RhNWs (normalized by electrochemically active surface area). (b) Comparison of HOR SA and MA for



PtNWs, SARh-PtNWs and RhNWs. The error bars represent the standard deviation (SD) with n=3. The
hydrogen desorption characteristics of (c) PtNWs, (d) SARh-PtNWs and (e)RhNWSs. The current density is
normalized by electrode geometry surface area. The double layer capacitance has been subtracted from
the CV in Supplementary Fig. 3. (f) The accumulative H desorption characteristics in the anodic scan.

Compared with the PtNWs and the SARh-PtNWs, the pure RhNWs show a distinct sharp
peak of hydrogen desorption at 0.20 Vrre and a shoulder peak at 0.27 Vrre (Fig. 3e), lower than
the peaks of 0.26 Vrre and 0.37 Vrue for Pt NWs. This lower peak potential is usually considered
as the indication of weaker H binding and faster HOR kinetics. However, the RhNWs showed the
lowest H desorption current density in the potential range below 0.1 Vrye among all three samples
(Fig. 3c-e), suggesting that the hydrogen desorption on RhNWs at lower potential is not favorable,
consistent with the literature that Rh has higher HBE than Pt.%?

The integration of the hydrogen desorption peak further reveals that the SARh-PtNWs show
the fastest hydrogen desorption rate below 0.10 Vrre (Fig. 3f), followed by the PtNWs and the
RhNWs. Importantly, since Had at low surface hydrogen coverage are mostly at fcc sites while
the real intermediates are Had on atop sites that exist under high coverage,*** the H
desorption rate at high hydrogen coverage potential regime (close to 0 VrrEe) is more closely
correlated with the overall HOR activity.*® Since the HOR in the alkaline condition is limited
by the hydrogen desorption step, the faster hydrogen desorption rate near 0 Vrue could offer an
important signature indicating relative activity expected among three catalysts (SARh-PtNWs >
PtNWSs > RhNWs), consistent with the measured activity trend (Fig. 3a and b).

In-situ XAS characterization of SARh-PtNW/s.

The alkaline HOR Kkinetics follows the Tafel-Volmer mechanism in which the sluggish
Volmer step is the rate-determining step (rds). It is hypothesized that the modified Pt surface with
higher oxophilicity can effectively reduce the VVolmer step barrier, which has been tentatively
attributed to the surface-absorbed OHaq in the HOR potential range, although it is difficult to
experimentally prove the existence of such early-adsorbed OHag. Thus, we have conducted in-situ
XAS to probe the evolution of the local coordination environment and oxidation states of Rh and

Pt within the HOR potential region and their role in the HOR Kinetics.

Compared with the ex-situ EXAFS of the SARh-PtNWs showing a notable Rh-O peak (black
line in Fig. 4a), the in-situ studies at 0 Vrue (red line in Fig. 4a) reveal that the Rh-O peak decreases

markedly along with a notable increase of the Rh-Pt peak. EAXFS fitting gives an average Rh-O



CN of 0.6 at 0 VrHE, suggesting that only at most one oxygen atom remains at 0 VrHe. Meanwhile,
the Rh-Pt CN increases from 3.0 to 7.8 (Supplementary Fig. 4 and Table 1). Such a high Rh-Pt CN
suggests that most of the single Rh atoms are anchored inside the surface Pt layer, forming Rh-Pt
alloying bonding. Moreover, the Rh-O peak shifts from 1.56 A ex-situ to 1.62 A at 0 Vrue (Fig.
4a, Supplementary Fig. 4) suggesting an elongated Rh-O bond that is quantitatively confirmed by
EXAFS fitting (Supplementary Table 1). This result suggests a weaker Rh-O interaction at 0 VrHe.
Together, these in-situ studies demonstrate the partial removal of O and the reconstruction of Rh
local coordination structure under reducing potential. Meanwhile, the in-situ EXAFS studies at 0
VrHe at the Pt edge reveal that there is no Pt-O coordination (Supplementary Table 2); and the
XANES spectrum nearly overlapping that of a Pt foil indicates the Pt oxidation state of SARh-
PtNWs is essentially the same as that of Pt foil (Supplementary Fig. 5). This result suggests a
metallic Pt surface without appreciable Pt-O interactions (Pt-OHag), and confirming that the

majority of oxygen species are adsorbed on the Rh sites at 0 VrHE.
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Fig. 4] In-situ XAS characterization of SARh-PtNWSs. (a) The Rh K-edge EXAFS spectra under 0 VrHe
and 0.54 Vrwe; the positive shift of Rh-O peak at 0 Vrre (red dashed line) as compared with 0.54 Vrue (black
dashed line) indicates a slightly elongated Rh-O bonding and therefore a weaker Rh-O interaction. (b) The
difference (AE) in the energy of the edge position of the Rh K-edge XANES spectra of SARh-PtNWs
collected from 0 to 0.54 Vrre and ex-situ, and that of a Rh reference foil (Supplementary Figure 6). The
edge position is commonly defined as the X-ray energy where the normalized absorption of an XANES
spectrum is precisely one-half. The Rh single atom at 0 Vree is slightly oxidized and the oxidation state
does not change until 0.3 Vr1e. The EXAFS spectra of Rh (c) and Pt (d) from 0 to 0.3 Vrue. The intensity



drop of the Rh-Pt peak and the Pt-Pt peak indicates the increased population of H20 ; (at higher potential)
that blocks the metal-metal interaction.

Within the potential region relevant to the HOR kinetics of Pt and Rh (0-0.3 Vrre) in alkaline
media, the possible oxygen species are either OHag or H2O|, or a mixture of both. We have further
collected the in-situ XANES spectra within this potential region to identify the adsorbed oxygen
species. The edge energy of Rh at 0 Vrne is 0.6 eV more positive than that of the Rh foil reference,
indicating that Rh atoms are slightly oxidized at 0 Vrre (Fig. 4b, Supplementary Fig. 6). Since the
H>0, is charge-neutral and should not lead to significant oxidation state change, the oxygen species

that accounts for the higher Rh oxidation state is thus ascribed to the weakly adsorbed OHagd.

Considering the HOR potential region is more than 0.6 V below the PZFC of Pt in the alkaline
media (around 1.0 Vrue), the Pt surface is negatively charged in this potential regime,'® which
repels the O end of water molecules to form a predominantly H-down OHz; configuration. It is
recognized that OHz; configuration has a negligible effect on the Pt-Pt scattering peak intensity
while the H.O, could block the Rh-Pt and Pt-Pt scattering and significantly suppress their peak
intensities.?>* The in-situ EXAFS spectra of Pt/C show little decrease of Pt-Pt EXAFS peak from
0.04 to 0.24 Vrue (Supplementary Fig. 7), consistent with the expectation that the OHa
configuration dominates the pure Pt surface under this potential regime.

In contrast, in-situ EXAFS spectra of SARh-PtNWs reveal a notable attenuation of Rh-Pt and
Pt-Pt peak intensity from 0 Vrue to 0.3 Vrre (Fig. 4b-d) while without apparent oxidation of either
Rh or Pt since the corresponding XANES spectra nearly overlap (Figure 4b; Supplementary Fig.
5-6). These results suggest the increased surface population of H>O, that blocks the Rh-Pt and Pt-

Pt signals. We hypothesize that such distinct behavior between the pure Pt surface and the Rh-
tailored Pt surface can be attributed to the surface Rh-OHaq that reorganizes the surface water

structure and stabilizes the H2O, via hydrogen bonding, which is verified by density functional

theory (DFT) calculations as shown next.
Theoretical study

We further applied DFT calculations to resolve the role of the Rh-OHaq in the enhanced HOR
kinetics from the energetics point of view. Our calculation shows that the adsorption energy of OH
is-2.82 eV on Pt(111) and -3.11 eV on the Rh site on Pt(111), indicating a preferential adsorption



of OHag on Rh sites. With OHag, Rh shows a more positive Bader charge (+0.47 |e|) than Pt (+0.27
le]) (Supplementary Fig. 8), suggesting stronger binding with negatively charged O in OHag.

To study the distribution of interfacial water structure at the solid/liquid interface under HOR
potential range, we further carry out fixed-potential ab initio molecular dynamics (FPMD)
simulations with a hybrid implicit/explicit hybrid solvation scheme (Supplementary Fig. 9) at 0
VrHe and pH=14. The representative snapshot of water structure on Pt(111) surface shows that
interfacial water on the Pt surface is dominated by OH», configuration (Fig. 5a). In contrast, H.O,
can favorably adsorb on the Pt site adjacent to the Rh site in Rh-OH/Pt(111) (Fig. 5b), which is
stabilized by the hydrogen bond with the OHaq 0N the adjacent Rh and stays adsorbed throughout
the FPMD simulation. The spatial distribution of interfacial water at equilibrium, from statistics
of the height of water molecules relative to the surface (Fig. 5c), shows two major peaks for O (in
H0): the first peak at about 2.3 A corresponds to the water with O bound to the surface Pt atoms

(H20)), and the second peak at about 3.1 A corresponds to the first layer of free unbound water
(OHz)). In comparison, the first peak for the Rh-OH/Pt(111) surface exhibits a substantially
larger intensity than that for pure Pt(111) (Fig. 5c), indicating a much higher H20,

population in the presence of Rh-OH species. The increased population of H2O; on Rh-OHag/Pt
surface persists at higher coverages of Haq (0.5 ML) (Supplementary Fig. 10).

Atomic insights into the role of the Rh-OHag and the H20, in HOR Kinetics are further
investigated by calculating the free energy profile of the Volmer step (Had transfer to OHag oOr
interfacial H>O) at a relevant Hag coverage of 0.5 monolayer, using constrained FPMD sampling
and thermodynamic integration. The initial state (I1S) of Pt(111) shows a surface water structure

that is dominated by OH>, configuration (Fig. 5d), which needs to reorient to a flat configuration

in the transition state (TS) to interact with the Hag (Fig. 5d), showing a larger barrier of 0.65 eV
(Fig. 5f).

In contrast, the IS of Rh-OH/Pt(111) shows a water structure with an H.O, molecule on the

Pt atom adjacent to the Rh-OHag (Fig. 5€). The H20, bridges between Pt-Hag and Rh-OHag, serving
as an H relay and forming an energetically favorable six-member ring TS (Fig. 5e) that
substantially reduces the VVolmer step barrier to 0.48 eV (Fig. 5f). The energetic and geometric
evidence clearly confirms that the surface Rh-OHad could help reorganize near-surface water



structure and stabilize H20, configuration, which in turn facilitates the formation of an

energetically favorable six-membered-ring transition state with Pt-Had, thus reducing the
Volmer step activation energy and boosting HOR kinetics.

It should be noted that the proposed reaction pathways here are distinct from the
previously suggested bifunctional mechanism, in which the Pt-Haq is generally perceived to
directly react with the OHag on the metal surface or OH" in the electrolyte to form H,0.2446 Our
calculation reveals that the direct reaction between Pt-Hag and adjacent Rh-OHaqg exhibits a higher

Volmer step barrier (0.53 eV) due to its highly-strained four-member-ring transition state
(Supplementary Fig. 11) and is thus kinetically less favorable.
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Fig. 5| Water distribution and free energetics from fixed-potential molecular dynamics simulations.
(a) The snapshot of water structure on the pure Pt(111) surface. (b) The snapshot of water structure on the
Rh-OH/Pt(111) surface at zero Had coverage, where the oxygen-down H20, is stabilized on the Pt site
adjacent to Rh-OHagd. (c) The distribution function of oxygen (from water) as a function of distance from the
top surface of pure Pt(111) and Rh-OH/Pt(111) at zero Had coverage. (d) The representative snapshots of
the IS and TS of the primary Volmer step pathway on Pt(111) surface using free OHz;as the Had acceptor
at 0.5 monolayer Had coverage. (e) The representative snapshots of the IS and TS of the primary Volmer
step reaction pathway on RhOH/Pt(111) surface using H20, as the bridge to form a six-member-ring
transition state (marked by black dotted circle in TS) at 0.5 monolayer Had coverage. (f) Free energy barriers

from thermodynamic integration for Volmer step reaction pathways on Pt(111) with OH2,as the Had acceptor
and RhOH/Pt(111) with H20, as the Had acceptor at 0.5 monolayer Had coverage.

Conclusion
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By using SARh-PtNWs as a model system, we determined the role of Rh-OHaq in boosting
the alkaline HOR of Pt via reorganizing the Pt surface water structure. The single-atom Rh
decoration presents as surface Rh-OHaq in the HOR potential range, which promotes the H2O,
configuration on Pt atoms adjacent to Rh-OHa and forms an energetically favorable six-
membered-ring transition state, resulting in a remarkably lower VVolmer step activation barrier.
The electrochemical studies demonstrate greatly enhanced HOR Kkinetics in the SARh-PtNWs,
delivering the highest specific activity and mass activity of 10 mA/cmz and 7.5 A/mge: at 0.05
Vrre in 1 M KOH. The demonstrated role of interfacial water structure in determining the alkaline
HOR Kkinetics provides critical insights into establishing a detailed molecular-level understanding
of HOR Kinetics at the Pt/water interface for the rational design of next-generation fuel cell

technologies.
Methods
Chemicals

Platinum(Il) acetylacetonate [Pt(acac)2, Pt 48.0%], hexachloroplatinic acid [H2PtCls], Rh(IlI)
acetylacetonate [Rh(acac)s, 95%], Glucose, Tungsten(0) hexacarbonyl (W(CQO)es, 97%), (+)-
Sodium  l-ascorbate  (98%), Oleylamine (>98%), 1-Octadecene (ODE, >90%),
Polyvinylpyrrolidone (M.W. 40000), N,N-dimethylmethanamide (DMF) and Nafion® 117
solution (~ 5%) were purchased from Sigma Aldrich. Commercial Pt/C catalyst (10 wt% Pt, and
particle size ~ 2 nm) was purchased from Alfa Aesar. Carbon supported platinum nanoparticles
(Pt/C, 47.2 wt%) purchased from Tanaka Kikinzoku Kogyo were used for XAS. Ethanol (200
proof) was obtained from Decon Labs, Inc. Potassium hydroxide (KOH) was purchased from
Fisher Chemical. All the above reagents were used as received without further purification. Carbon
black (Vulcan XC-72) was received from Cabot Corporation and was annealed for 2 hours under
Ar gas environment at 400 °C before being used. The deionized water (18 M/cm) was obtained
from an ultra-pure purification system (Milli-Q advantage A10). The Naftion™ 117 (PEM) and
the Fumasep Fas-50 (AEM) were purchased from the Fuel cell Store.

Synthesis of SARh-PtNWs

In a 30 mL glass vial, 20 mg Pt(acac)., 5mg Rh(acac)s, 1.6 mg W(CO)s, 135 mg glucose, and 60
mg PVP were dissolved in a mixture of 3 mL oleylamine and 2 mL octadecene. The mixture was

sonicated for 1 hour and purged Ar for 5 min. The resulting homogenous solution was kept at 140
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°C for 8 hours. After the reaction, the precipitate was centrifuged at 12100 r.p.m. and washed with
ethanol/hexane (25 mL/5 mL) for three times. The final product was suspended in 10 mL
cyclohexane. In a 30 mL glass vial, 15 mg carbon black (the carbon black was annealed under Ar
at 200 °C for 1 hour before use) was sonicated in 15 mL ethanol for 1 hour. 10 mL SARh-PtNWSs
hexane solution was then added into the carbon black/ethanol solution and the mixture was
sonicated for another 1 hour. The catalysts were centrifuged at 12100 r.p.m. and washed with

cyclohexane/ethanol solution three times, followed by being dried in the vacuum oven for 1 hour.
Synthesis of PtNWs

100 mg H2PtCle solution (8 wt %) and 500 mg KOH were added to a mixed solution containing 4
mL of ethylene glycol (EG) and 6 mL of N,N-dimethylmethanamide (DMF). After sonicating for
1 h, the resultant homogeneous solution was transferred into a 25 mL Teflon-lined autoclave and
heated at 170 °C for 8 h. The black products were collected and washed with ethanol and DI water

three times and dispersed in the ethanol.
Synthesis of RNNWs

10 mg of NasRhCls, 40 mg sodium ascorbate, 160 mg PVVP, and 85 mg Kl were dissolved in 1 mL
DI water after ultra-sonication. Then 5 mL EG was added and mixed as a homogenous mixture.
Then the vial was heated at 170 °C for 2 h. After cooling to room temperature, the products were
collected via centrifugation after the addition of acetone. The products were then washed via ultra-
sonication/centrifugation in the solvent combination of ethanol/acetone for 1 time and
ethanol/hexane for 2 times. The final products were dispersed in ethanol for further study after

ultra-sonication.
Characterizations

Transmission electron microscopy (TEM) images were taken on an FEI T12 operated at 120 kV.
Atomic resolution high angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images and X-ray energy dispersive spectroscopy (EDS) mapping were taken
on FEI Titan Cubed Themis G2 300 at 200 kV and JEOL Grand ARM 300CF TEM/STEM with
double spherical aberration-correctors operated at 300 kV. Samples for TEM measurements were
prepared by dropping 10-20 uL nanoparticles dispersion in hexane on a carbon-coated copper grid

(Ladd Research, Williston, VT). The composition of catalysts was determined by inductively
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coupled plasma atomic emission spectroscopy (ICP- AES, Shimadzu ICPE-9000) as well as SEM-
EDS (JEOL JSM-6700F FE-SEM).

X-ray absorption spectroscopy collection and analysis

The ink for the XAS electrodes was composed of ethanol, 5 wt% Nafion solution (Aldrich), and
catalyst powders. The ink was sprayed onto carbon paper on a glass slide heated under 40 °C. The
Rh loading is around 0.25 mg/cm?. The XAS experiments were conducted at room temperature in
a previously described in situ spectro—electrochemical half—cell*’ in which continuously H.
purged 1.0 M KOH aqueous solution was circulated. Before being transferred into the cell, the
electrodes were conditioned in 0.1 M HCIO4 under vacuum for 40 minutes to remove surface
oxides and contaminants. Full-range Pt Ls-edge and Rh K-edge spectra were taken at various static
potentials along the anodic sweep of the cyclic voltammetry (CV). Data were collected on the
same electrode in transmission mode at the Pt Lz-edge and fluorescence mode at the Rh K-edge,
with a Pt/Rh reference foil positioned between 12 and I3 as a reference. The voltage cycling limits
were 0.05 to 0.5 Vrre. Data collection was performed at the chosen potentials held during anodic
sweeps. The electrode was fully cycled following each potential hold in order to clean the electrode
surfaces after each potential hold. The data at the beamlines 7-BM (QAS) and 8-ID (ISS) in
National Synchrotron Light Source 11 (NSLS-11) (Brookhaven National Laboratory, NY). Typical
experimental procedures were utilized with details provided in our previous work.*® The data were
processed and fitted using the Ifeffit-based Athena®® and Artemis®® programs. Scans were
calibrated, aligned and normalized with background removed using the IFEFFIT suite.’ The y(R)

were modeled using single scattering paths calculated by FEFF6.%2
Electrochemical Measurements

To obtain a homogeneous catalyst ink, 1 mg of dried catalysts was mixed with 1 mL ethanol and
sonicated for 5 minutes. Then, 10 pL (20 uL for stability test) of Nafion (5 wt%) was added to the
solution. After sonication, 20 pL of the homogeneous ink was dropped onto a 5 mm diameter
glassy carbon electrode (0.196 cm?, Pine Research Instrumentation). The ink was dried under

ambient air before electrochemical testing.

All electrochemical tests were carried out in a three-electrode cell from Pine Research
Instrumentation. The working electrode was a glassy carbon rotating disk electrode (RDE) coated

with corresponding catalysts. The reference electrode was an Hg/HgO electrode from CH
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Instrument and was calibrated in 1.0 M KOH with saturated H». A graphite rod was used as the
counter electrode. Cyclic voltammetry was conducted in 1.0 M KOH between 0.05 to 1.1 VrHe at
a sweep rate of 100 mV/s. The polarization curves were tested between --0.2-0.5 VrHe at a sweep
rate of 5 mV/s in 1.0 M. The solution resistances were measured via an impedance test. ECSA was

measured through the hydrogen desorption region in Nz-saturated 1.0 M KOH.
Computational Methods:
Model Set-up

In the static calculations, all surfaces are modeled based on an orthogonalized 4-layer 4x4 supercell
of Pt(111) termination. The bottom two layers of the Pt slab are constrained as bulk regions, and
everything else is allowed to relax as the interface region. A vacuum slab of 15 A thickness is

added in Z direction to avoid spurious interactions between periodic images.

In the molecular dynamics simulations, 36 explicit water molecules (water slab is c.a. 10 A thick)
are placed above the surface for more realistic description of the interfacial solvation structures.

The water configurations are pre-equilibrated using the TIP4P force field.>

Surface Rh sites are introduced by substituting a Rh atom for a surface Pt atom. H2Oaq and OHag
are tested to be the most stable on atop sites. The 0.5 ML Haqg configurations are pre-equilibrated

using FPMD simulation, starting from a uniformly distributed configuration.
Electronic structure methods

The periodic electronic structure calculations are performed with density functional theory, using
PBE functional® and PAW pseudopotentials®® implemented in the VASP program (version
5.4.1).%%9 D3 correction is used to account for the dispersion interactions.®® Gaussian smearing
with 0.1 eV width is used. The convergence criterion for SCF electronic minimization is set to 10
% eV. Due to the relatively large system and sampling size, only the I' k-point is sampled in the
reciprocal space of the Brillouin zone throughout, and the cutoff energy for the kinetic energy of

the plane-waves is 400 eV.

The solvation effect and electrolyte distribution beyond the slab regions are described implicitly
by a polarizable continuum with linearized Poisson-Boltzmann model as implemented in the
VASPsol code.®! The dielectric constant is taken as 78.4 (water), and the Debye length is taken as
3A.
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All periodic electronic structure analyses are performed based on converged charge density or

wavefunction. The Bader charges are calculated using Bader Charge Analysis program.®
Fixed-potential Treatment

Under a constant electrode potential, the electrode surface is effectively a grand canonical
ensemble of electrons where the system can exchange electrons with the electrode (electron
reservoir) until the work function of the system aligns with the electrode potential. This treatment
has been demonstrated to be necessary in investigating the potential-dependent geometric changes

and energetics at an electrochemical interface.534

Here we use the fixed-potential method as implemented in the EChO Python package

(https://github.com/zishengz/echo). To be specific, the number of electrons is being optimized in

an outer iteration after SCF convergence of each ionic step (geometry optimization step or MD
step) to adjust the work function of the system to align with the given electrode potential. This
treatment does not depend on the constant capacity approximation or interpolation and hence can
exactly capture the potential dependent geometric changes and the resulting shift in potential of

zero charge and effective capacity.

Due to the difficulty in continuously adjusting the number of hydroxide ions in the explicit
solvation model within the pH range of interest, the pH effect at a constant potential in RHE scale

is modeled by shifting the potential in SHE according to the Nernst equation:
URHE = USHE + In 10 kBT pH
Fixed-potential ab initio Molecular Dynamics Simulations

The ab initio molecular dynamics simulations are performed on the pre-equilibrated structures and
with the same DFT settings as in the geometry optimization. The nuclear motions are treated under
the Born-Oppenheimer approximation, with a time step of 0.5 fs. The simulation is performed
within the NVT ensemble at 300 K using the Langevin thermostat (with a friction coefficient of
0.1) which has been demonstrated to cause the least inconsistency of local temperature in
solid/liquid interfacial models.®® To study the interfacial dynamics at different pH, we perform a
series of simulations at different potentials in the SHE scale (corresponding to the pH values via
the Nernst equation), without explicitly introducing hydronium or hydroxide ions which is not

compatible with the hybrid solvation scheme. The potential is controlled at a constant value during
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the simulation by adjusting the number of electrons in the system according to a linear
potentiostating step (factor of 0.5 e/V) after each nuclear motion. Each simulation is run for about
10 ps in total, and only the last 5 ps of the trajectory (the more equilibrated portion, as shown in
Supplementary Figure 9) are used for statistical analysis.

Fixed-potential Free Energy Calculations

The free energy profiles are obtained by constrained FPMD sampling and thermodynamic
integration. Here we adopt the slow-growth approach® where the reaction coordinate ¢ (defined
as the distance between the transferred Haq and the acceptor O atom) is constrained and varied by
0.005 A per fs during the FPMD simulation. The duration of each sampling is about 5 to 10 ps
(varies for different collective variables). The change in ¢ is sufficiently slow, so that the system
can be viewed as ever-equilibrated during the sampling. The resulted trajectory constitutes a blue-
moon ensemble, and the free energy gradient can be calculated by tracking the generalized force
along the constraint. Integrating the free energy gradient with respect to ¢ yields the free energy

profile.

It should be noted that, due to the artifact of the explicit/implicit solvation scheme, charged species
would exhibit unphysical electronic structure and dynamics. Specifically, the counter-charge
density generated by the implicit solvation model would compete with explicit solvents in
solvating the charged species, creating a “cavity shell” that cannot properly describe hydration
behaviors. As a result, the AG of the Volmer step from FPMD-TI method would be unreliable, due
to the generation of the hydroxide anion in the final state. The IS-TS section of the free energy
profile involves no charged species and can yield reliable barrier. Therefore, we only discuss the

barriers and the structural evolutions in the IS-TS section of the reaction profiles.
Data availability

All data are available in the manuscript or the Supplementary Information. Source data are
provided with this paper. The scripts for performing fixed-potential molecular dynamics
simulations are open-sourced at the public repository https://github.com/zishengz/echo and can be

accessed free of charge.
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