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Although the oxygen reduction reaction (ORR) involves multiple

proton-coupled electron transfer processes, early studies reported the
absence of kineticisotope effects (KIEs) on polycrystalline platinum,
probably due to the use of unpurified D,0. Here we developed a
methodology to prepare ultra-pure D,0, whichis indispensable for reliably
investigating extremely surface-sensitive platinum single crystals. We

find that Pt(111) exhibits much higher ORR activity in D,0O thanin H,0, with
potential-dependent inverse KIEs of ~0.5, whereas Pt(100) and Pt(110)
exhibit potential-independent inverse KIEs of ~0.8. Suchinverse KIEs are
closely correlated to the lower *OD coverage and weakened *OD binding
strength relative to *OH, which, based on theoretical calculations, are
attributed to the differences in their zero-point energies. This study
suggests that the competing adsorption between *OH/*OD and *O, probably
playsanimportant role in the ORR rate-determining steps thatinvolve a
chemical step preceding an electrochemical step (CE mechanism).

One ofthe key energy conversion systemsin nature is photosynthesis,
whichinvolves multi-electron, multi-proton transfer processes. Similar
to biological reactions, multiple proton-coupled electron transfer
(PCET) reactions are critical to many electrochemical reactions for
renewable energy technologies such as solar cells, fuel cells, water
electrolysers, and CO, and N, electroreduction’* As the most ubig-
uitous oxidant in nature, oxygen is central to energy systems from
biological respiration to fuel cells and combustion. Renewable energy
technologies have been unable to match the efficiency of enzymatic
systems, in part because key processes—such asthe oxygenreduction
reaction (ORR) in hydrogen fuel cells—are not yet understood at the
atomiclevel despite decades of investigation. A key tool to probe such
electrochemical mechanisms (among others) is the measurement of
kineticisotope effects (KIEs). The most broadly applicable version—for
aqueous electrocatalytic processes—involves manipulating reaction

kinetics by substituting protons inthe electrolyte with deuterons. This
is actually a measurement of the kinetic solvent isotope effect (KSIE)
because the solvent is labelled, but for simplicity we will refer to it as
the KIE. The H/D KIE value of a reaction is defined as the ratio of the
kinetic current in H,0 to that in D,0. Often the KIE for proton transfer
and PCET reactionsisgreater than1, denoting anormal KIE. Aninverse
KIE (<1) occurs when the activity in D,0 is higher than that in H,0>.
AlthoughKIE studies have been attempted in key electrochemical
reactions such as hydrogen oxidation/evolution reactions (HOR/HER)
and oxygen reduction/evolution reactions (ORR/OER), they remain
poorly understood, primarily due to the lack of access to chemically
ultra-high-purity D,0 and well-defined clean single-crystal electrode
surfaces—bothof which are critical. Addressing these challenges may
provide valuable mechanisticinsights, for instance, into the extensively
studied ORR, which is at the heart of hydrogen fuel cells*. The design
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Fig.1| Cyclic voltammetric profiles of platinum single crystalsin acidic ultra-
high-purity H,0 and D,0. a, Cyclic voltammetric profiles of Pt(111) in argon-
saturated 0.1l M HCIO, in H,0 and D,0 showing the OD adsorption/desorption
peaks at potentials that were 32 mV more positive than the OH peaks. The sharp
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peak (dashed box) observed in the *OH/*OD region corresponds to a rapid decay
inthe coverage. b, OH and OD coverage on Pt(111) extracted from the adsorption
profilesina.c,d, Cyclic voltammetric profiles of Pt(100) (c) and stepped Pt(110)
(d)inargon-saturated 0.1MHCIO, in H,0 and D,0.

and development of effective electrocatalysts to accelerate the slug-
gish ORR have been the main driving force over the past decades to
enable fuel cell technologies at scale. After decades of mechanistic
studies, itis widely recognized that the rate-determining steps (RDSs)
of the ORR involve PCET processes in the formation of key reaction
intermediates (HO,, H,0,, OH and so on)’; KIE studies are therefore
uniquely positioned to provide valuable insights into the PCETs in
complex ORR mechanisms.

Pioneering studies since the late1930s used a variety of polycrys-
talline metal electrodes to study the KIEs on the HER with purified
electrolytes®®. In the 1980s, Yeager et al.’ performed the first KIE
study on the ORR and reported the absence of KIEs for polycrystal-
line platinum (poly-Pt) in phosphoric acid, which is known to poison
platinum surfaces. The majority of later KIE studies on the ORR used
commercial D,0 without further purificationand reported no appre-
ciable KIEs, with values of 1 +£ 0.3 on poly-Pt, palladium or Pt/C in
non-adsorbing acids and bases*'®". Other ORR studies—again using
unpurified D,0—reported primary KIEs of 2 or above on Au(100)",
metal-containing nitrogen-doped carbon'"" and metal oxide nano-
particles™. Gewirth et al.” reported inverse KIEs of ~0.5 on metal
oxyhydroxides for the OER in base using unpurified D,O and ascribed
ittosteric effects hindering the further addition of OH on the crowded
oxide surface. However, it remains intriguing that noticeable KIEs for
the ORR on platinum were absent in those studies, despite the fact
that PCET processes are known to play key rolesin the ORR kinetics®.
As the importance of removing organic impurities from H,0 was
realized early'®", ultra-high-purity H,O has now been readily acces-
sible after decades of development of water-purification systems;

however, it remains unclear to what extent those KIEs previously
reported are complicated by the defects of polycrystalline electrodes
and, more importantly, the unknown contamination from commer-
cial, unpurified D,0 and/or carbon supports for nanoparticle cata-
lysts. Only recently have a few studies attempted to use commercial
water-purification systems to purify D,O to investigate the ORR on
poly-Pt; however, this method remains cost-prohibitive and has not
been widely adopted by the community®.

Inthis study we developed anew methodology to prepare chemi-
cally ultra-high-purity D,0O suitable for investigating high-quality plati-
numsingle crystals. The use of single-crystal platinum surfaces greatly
simplifies the complexity of structure-activity relationships/correla-
tions, and has profoundly shaped and enhanced our fundamental
understanding of the ORR mechanism". Here we report inverse KIEs
onthe ORRinbothacid and base at platinum single crystals. This dis-
coverywasindependently verified by the Cornell and Alicante groups
following the same measurement protocols. The inverse KIEs correlate
withthe muchlower coverage of *OD relative to *OH at the same applied
potentials (the asterisks represent adsorbed species on platinum sur-
faces). Carbon monoxide stripping measurements provide direct
experimental evidence for the lower *OD coverage and weakened *OD
binding strength relative to *OH, and the origin of these differences is
revealed by periodic density functional theory (DFT) calculations. The
inverse KIEs reported here echo the early hypothesis—proposed by
Markovicand colleagues 25 years ago’*—on the inhibiting effects of *OH
torationalize the ORR activity trends of low-index platinum surfaces.
The enhanced ORR kinetics in D,0, owing to the lowered *OD cover-
age, supports the competing adsorption mechanism of *OH/*OD and
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Fig.2|Oxygenreduction reaction kinetics on platinum single crystals
inacidic ultra-high-purity H,0 and D,0. a, Oxygen reduction reaction
polarization profile for Pt(111). b, Oxygen reduction reaction polarization profile
for Pt(100). ¢, Oxygen reduction reaction polarization profile for Pt(110). All
profilesin O,-saturated 0.1 MHCIO, in H,0 and D,0 at 1,600 r.p.m. The insets
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show the corresponding Tafel plots. d, Corresponding H/D KIEs in acid based

on the measured kinetic current density in the Tafel plots. Oxygen reduction
reaction kinetics studies on these platinum single crystals in acid exhibit
substantially faster ORR kinetics in D,O relative to H,0, and thus inverse H/D KIEs.

*0,,and provides valuable insights for establishing structure-activity
correlations on ORR kinetics.

Results and discussion

Here we emphasize the stringent requirements for ultra-high elec-
trolyte purity and cleanness of the electrochemical cells; D,0 was
purified using a double-distillation method and treated in an alkaline
permanganate solution to remove traces of organic contamination
(see Methods for details); platinum single crystals were prepared fol-
lowing Clavilier and colleagues’ method'’, and measured in a hang-
ing meniscus configuration. The cyclic voltammetric (CV) profile of
Pt(111) in argon-saturated 0.1 M HCIO, in H,0 (acidic H,0) shows the
characteristic Hand OH adsorption/desorption peaks separated by a
double-layer region from 0.4 to 0.6 V versus the reversible hydrogen
electrode (RHE) (Fig. 1a); OH adsorption (*OH) in acidic H,O exhibits
abroad peakat-~0.7 Vand asharpreversible peak at 0.792 V, whichare
associated with the *OH formation from bulk water with repulsive H,0/
OHinteractions, and with the isolated solvation water surrounding ani-
onswithattractiveinteractions, respectively?. The CV profile of Pt(111)
inacidic H,0 shows a*OH peak current density of above 80 pA cm2and
anintegrated charge of 120 uC cm™. These values represent criteria
of high-quality electrochemistry of Pt(111) single crystals tested in
acidicH,0 (refs. *).

The CV profile of Pt(111) in our acidic D,O shows a nearly identical
hydrogenadsorption/desorptionregion,and the OD adsorption (*OD)
region has the same shape asin H,0, indicating a similarly clean Pt(111)
surface in D,0 as in H,0. However, the *OD feature at 0.824 V versus

the RHE is positively shifted by 32 mV relative to *OH in H,0 (0.792 V)
(Fig. 1a). The sharp *OD peak near 0.8 V exhibits a full-width at
half-maximum (FWHM) of ~30 mV, indicating a less attractive inter-
actionamong*OD than thatamong *OH witha FWHM of ~20 mV, given
that the FWHM of a non-interacting Langmuir-type adsorption iso-
thermis 90.6 mV (ref.”). At 0.9 V,*OD shows nearly the same integrated
charge as *OH (115 pC cm2 versus 118 pC cm?, respectively), which
indicates that *OD and *OH achieve nearly the same maximum cover-
age (Fig. 1b); however, at 0.8 V versus the RHE—below the sharp *OD
feature—*OD has an integrated charge of 65 pC cm™, which is much
lower than that of *OH (105 pnC cm™). This indicates amuch lower *OD
coverage (6,p) than*OH coverage (6,,,) on platinum at the same applied
potentials of lessthan 0.9 V,and thus more free platinums sites available
for O,adsorptioninD,O relative to H,0 under ORR-relevant conditions
(0.7-0.9 V) (Fig.1b).

The voltammetric profile of Pt(100) in acidic H,O exhibits multiple
peaksat~0.3V (Fig.1c),amongwhichH and OH adsorption processes
overlap®. Similar to Pt(111), the CV profile of Pt(100) in acidic D,0
exhibitsaverysimilar hydrogenregionto thatin acidic H,0. Pt(110) can
asalsobe characterized as astepped surface, Pt[2(111) x (111)], contain-
ing two-atom-wide (111) terraces separated by monoatomic (111) steps.
In this case, it has the highest step density among all platinum single
crystals and thus is extremely sensitive to traces of contamination
in the electrolyte®. The voltammetric profile of Pt(110) in acidic H,0
shows the characteristic double hydrogen adsorption peaks at 0.15
and 0.25V versus the RHE (Fig. 1d), which are consistent with previ-
ous reports?, The CV profile of Pt(110) in fresh acidic D,0 shows the
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same doublet hydrogen peaks as acidic H,O; however, the same batch
ofacidic D,0—slightly contaminated after air exposure—would fail to
show the second adsorption peak at 0.25 V (Supplementary Fig. 1),
whichwasalso noticed in other studies of Pt(110) using commercial D,O
(ref.?*). In addition to those low-index platinum surfaces, we investi-
gated two stepped platinum single crystals, Pt(322) and Pt(332), with
five-atom-wide (111) terraces separated by monoatomic (100) and (110)
steps, respectively (Supplementary Fig. 2). Similar to Pt(111), Pt(322)
and Pt(332) exhibit nearly the same hydrogenregionsinacidicD,0asin
acidicH,0 butwith positively shifted OD adsorption/desorption peaks
relative to the OH peaksin acidic H,0, which suggest lower 8, relative
to O, on stepped platinum surfaces at the same applied potentials.
After this thoroughinvestigation of blank CV profiles, ORR kinet-
ics were studied using rotating disk electrode (RDE) voltammetry.
Oxygen reduction reaction polarization profiles of platinum single
crystalsinoxygen-saturated acidicH,0 and D,O are presented in Fig.2
after iR correction (Supplementary Fig. 3). Inacidic D,0, Pt(111) shows
considerably enhanced ORR kinetics with a half-wave potential (£,,,)
of 0.890 V versus the RHE, which is 46 mV more positive than that in
acidicH,0 (0.854 V) (Fig.2a). The ORR kinetic current density and KIEs
were calculated following Supplementary equations (1-3). Asshownin
Fig.2d, itis counter-intuitive to observe that Pt(111) in acidic D,0 exhib-
itsKIEs lower than1, whichrepresents the first report of inverse KIEs for
the ORR:The KIEs of Pt(111) in acid show a value of -0.6 at 0.95 V, which
decreasesto-0.4at 0.9 V.It thenapproaches a minimum value of -0.2
at 0.8 Vbefore finally increasing to 0.4 at 0.75 V. The decay of H/D KIE
values from 0.9 to 0.8 V (Fig. 2d) coincides with the same potential
range over which the difference between 8,, and 6, is increasing
(Fig. 1b). As highlighted by the dashed box in Fig. 1a, the sharp peak
observed in the *OH/*OD region corresponds to a rapid decay in the
coverage. Therapid decay of 8, startsat 0.9 Vandis nearly complete at
0.8 V,whichisthen followed by the fast decay of 8., from0.8t0 0.75 V.
The minimal KIE plateau of -0.2 at 0.8 V (Fig. 2d) corresponds to a situ-
ationinwhichthe differencesin the adlayer structure for H,0 and D,0
are most significant. At 0.8 V, for *OD, the species responsible for the
sharp peak have been completely desorbed, whereas this value is the
onset for the desorption of the corresponding *OH species (Fig. 1a).
A Tafel analysis provides some insights into possible correla-
tions between ORR kinetics and *OD and *OH coverages. The Tafel
plot for Pt(111) in acidic H,O shows a transition in the Tafel slope
from 63 mV dec™(0.95-0.90 V) to ~120 mV dec™ as the overpotential
increases and approaches the diffusion-limited region (Supplemen-
tary Fig. 4). Although the origins responsible for this transition are
stillunder debate, one possible mechanismisaRDS thatinvolves a CE
process (achemical step preceding anelectrochemical step; Extended
DataFig.1); the proposition of whichis based onin-depth RDE studies
andkinetic modeling by Feliu and co-workers®?. At low overpotentials
(E>0.9V),theRDSisaproton transfer chemical step thatinvolves the
formation of HO,* (H,0* + 0,* = HO,* + *OH)* when *OH is dominant
and free platinum sites limit the reaction rate. As the overpotential
increases, 6, decreases and more platinum sites are available so that
theRDSisnolonger the chemical step but rather the following electro-
chemical step (*OH + H" + e” = H,0), which can explain the Tafel slope
of ~120 mV dec'—a characteristic value for ale” RDS*. The complete
PCET mechanisms during the ORR can be found in our recent review
(Supplementary Fig. 5)°. In comparison to acidic H,0O, the Tafel plot for
Pt(111) in acidic D,0 shows asimilar slope of 55 mV dec ' and a transition

Fig.3| Carbon monoxide electrooxidation kinetics on platinumsingle
crystals in acidic ultra-high-purity H,0 and D,0. a, Carbon monoxide stripping
profiles of Pt(111). b, CO stripping profiles of Pt(100). ¢, Carbon monoxide
stripping profiles of stepped Pt(110). All profiles are in CO-saturated 0.1 MHCIO,
inH,0 and D,0. A more positive CO stripping peak in D,O relative to H,0 provides
direct experimental evidence of lower OD coverage and weakened OD binding
strength relative to OH at the same applied potentials.

j(mA cm™)

j (mA cm™)

j (mA cm™)

22 mV

0.6 4
—_—— —
Pt (111)
H,O
D,0
0.4 2
0.2 4
Sl ——
-0.2 T T T T T T T T 1
0 0.2 0.4 0.6 0.8 1.0
E (V versus RHE)
76 mV
1.6
Pt (100)
14 4 H,0
12 4 D,0
1.0 4
0.8 4
0.6 4
0.4 4
0.2 4
0 -
-0.2 T T T T T T T T 1
0 0.2 0.4 0.6 0.8 1.0
E (V versus RHE)
10 - 40 mV
Pt (110)
H,0
0.8 4
D,0
0.6 4
0.4 4
0.2 4
0 | &
-0.2 T i T i T i T i 1
o] 0.2 0.4 0.6 0.8 1.0

E (V versus RHE)

Nature Chemistry


http://www.nature.com/naturechemistry
Yao Yang


Article

https://doi.org/10.1038/s41557-022-01084-y

a 80 c
— H,0
1 —D,0
40
En ,
€
(8] 0 -
<
= i
~40 |
1 0.1M NaOH
-80 1
0 0 2 0 4 0 6 o 8 1.0
E (V versus RHE/RDeE) d
b .- -11 mV
——H,0
1 —D,0
40 - —
S
o E
£ a
5 i [
< ° <
2 ,
-40 +
-80 1
-0.8 —0 6 -o 4 -0 2 o 1.2

E (V versus SHE)

Fig. 4| Cyclic voltammetric profiles of Pt(111) in alkaline media and
theoretical calculations of OH and OD adsorption. a, Cyclic voltammetric
profiles of Pt(111) in argon-saturated 0.1 M NaOH in H,0 and D,O plotted on the
RHE/RDeE scale. b, Cyclic voltammetric profiles of Pt(111) in argon-saturated
0.1MNaOHinH,0 and D,O plotted on the SHE scale. The RHE and RDeE are
the sameinacid but differ by 51 mVin base at pH =13 (Extended Data Fig. 3).
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Pt(111) surface with the difference in adsorption free energies mainly due to the
differences in the ZPEs of the O-H and O-D stretching modes. d. Comparison

of experimental (red) and theoretical (green) results of relative OH and OD
adsorption peak shifts on Pt(111), based on CV measurements inacid (pH =1) and
base (pH =13) and corresponding DFT calculations. Note that the adsorption
potentials were computed on the SHE (SDE) scale and then converted to the pH
(pD)-dependent RHE (RDeE) scale (see Methods for details).

to a similar Tafel slope of ~-120 mV dec™, which indicates a similar CE
process as the possible RDS in acidic D,0. The competing adsorption
mechanism between *0,and *OH/*OD suggests that *OH/*OD coverage
is one of the key activity descriptors for rationalizing the enhanced
ORRkineticsinacidic D,O. We therefore propose that the inverse H/D
KIE of Pt(111) is correlated with the lower *OD coverage compared with
*OH at the same applied potentials under ORR-relevant conditions.

The ORR profiles for Pt(100) in acidic D,O show an £,,,0f 0.789 V,
which is 20 mV more positive than the E;, in acidic H,0 (0.769 V)
(Fig. 2b). Correspondingly, Pt(100) shows an inverse H/D KIE of
~0.8 and is largely potential-independent. This is different from the
potential-dependent KIE of Pt(111), which may be correlated to the less
pronounced differences in the CV profiles of Pt(100) in D,0 and H,0
(Fig. 1c). With Pt(110), ORR profiles in acidic D,0O exhibited an £, of
0.866 V, which is 12 mV more positive relative to acidic H,0 (0.854 V),
and aninverse H/D KIE of ~0.85, similar to that of Pt(100) (Fig. 2c, 2d).
Pt(100) and Pt(110) show similar potential-dependent transitions in
the Tafel slopes to Pt(111) (Supplementary Table 1). Oxygen reduction
reaction kinetics on the most stepped Pt(110) are extremely sensitive
to traces of contaminationin acidic D,0. As shown in Supplementary
Fig.1, after airexposure forashort time, purified D,O exhibited greatly
deteriorated ORR kinetics and a misleading primary KIE of -6. In sum-
mary, inverse H/D KIEs in acid are observed on all three low-index
platinum single crystals, and the potential-dependent KIE on Pt(111)
was closely correlated to the interplay of the *OD and *OH desorption
processes. Overall, the ORR profiles of those three platinum single
crystalsin acidic solutions showed similar ORR activity trends in H,0
and D,0: Pt(111) = Pt(110) >> Pt(100), consistent with previous reports
inacid (Extended Data Fig. 2 and Supplementary Table 2)*>%,

To provide additional insights into *OD and *OH interactions on
platinum single crystals, CO stripping was employed as a molecu-
lar probe because CO electrooxidation needs to be triggered by an
adsorbed reactive hydroxyl species®. Electrooxidation ofamonolayer
of CO on Pt(111) in acidic H,O exhibits a sharp CO stripping peak cen-
tered at 0.799 V versus the RHE (Fig. 3a). In comparison, the CO strip-
ping peak potential of Pt(111) in acidic D,O is located at 0.821 V, which
is22 mV more positive than thatinacidic H,0. This serves as direct evi-
dence that*OD has alower binding strength on Pt(111) relative to *OH,
rendering the initial adsorption of OD more difficult, and requiring
higher overpotentials to complete the electrooxidation of COinacidic
D,0 (ref.*°). The weakened *OD binding strength on Pt(111) is consistent
with the lower *OD coverages at the same potentials observed in the
voltammetric profilein Fig. 1a. Carbon monoxide stripping on Pt(100)
inacidic D,0 also takes place at the much more positive potential of
0.815V, which is 76 mV higher than in acidic H,0 (0.739 V) (Fig. 3b).
Similarly, the CO oxidation peak potential on Pt(110) islocated at 0.676 V,
with a 40 mV positive shift relative to acidic H,0 (0.636 V) (Fig. 3c).
Carbon monoxide stripping measurements of all three low-index plati-
num surfaces in acidic D,0 show nearly the same FWHM and CO inte-
grated charge asinacidicH,O (Supplementary Tables 3-5), suggesting
similarly attractive interactions and maximum CO coverages®. The CO
stripping results on Pt(100) and Pt(110) provide valuable complemen-
tary indications of the weakened *OD binding strength, which were
not readily evident in the CV measurements on those two platinum
surfaces (Fig. 1c,d). In summary, CV and CO stripping measurements
provide direct experimental evidence that the lower *OD coverage
and weakened *OD binding strength are the key activity descriptors
for rationalizing the inverse KIEs for the ORR in acid.
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Although the ORR mechanismis not as wellunderstood in alkaline
mediaasitisinacid, asimilar ORR reaction pathway hasbeen proposed
(SupplementaryFig. 5). Given the formidable challenges of maintain-
ing ultra-high-purity alkaline D,0, particularly for stepped Pt(110), we
only present what we consider to be reliable electrochemical studies
of Pt(111) in alkaline media. As shown in Fig. 4a, the voltammetric
profile of Pt(111) in 0.1 M NaOH/H,O0 (alkaline H,0) shows a revers-
ible *OH adsorption peak centred at 0.777 V versus the RHE, which
is consistent with early reports®. The CV profile of Pt(111) in alkaline
D,0 shows amuch more positive *OD peak potential at 0.817 V versus
the reversible deuterium electrode (RDeE). This is a 40 mV positive
shift relative to alkaline H,0, which is similar to the positive shift of
Pt(111) in acid (Fig. 1a). Furthermore, the CV profile in alkaline D,O
exhibitsaFWHM of 110 mV, whichis nearly identical to thatinalkaline
H,0 (109 mV), indicating that both *OD and *OH on Pt(111) in alkaline
media experience small repulsive interactions. Although the potential
values of RHE and RDeE are the same in acid, they differ by 51 mV at
pH =13 given that the pK, of H,0 is 14 at 25 °C whereas the pK, of D,0
is 14.87, and thus the pH of 0.1 M NaOH/H,O is 13 whereas the pD of
0.1 M NaOH/D,0 is 13.87 (Extended Data Fig. 3)'. After replotting
the CV profiles on the absolute standard hydrogen electrode (SHE)
scale, the CV profile of Pt(111) in alkaline D,0O shows that the *OD peak
is shifted by -11 mV relative to alkaline H,O (Fig. 4b). The standard
deuterium electrode (SDE) is assumed to be equivalent to the SHE in
the analysis of both the experimental and computational data (see
equations (10) and (11) in the Methods). Oxygen reduction reaction
profiles for Pt(111) in alkaline D,O indicate an E;,, of 0.928 V versus
the RDeE, which is 47 mV more positive thanin alkaline H,0 (0.881V
versus the RHE) (Supplementary Fig. 6). The KIEs of Pt(111) in alkaline
mediashow aninverse KIE value of 0.4 on the RHE/RDeE scale, which
is close to the inverse KIE value of Pt(111) in acidic media (Extended
DataFig. 4a). The inverse KIEs of Pt(111) in alkaline media can also be
rationalized by the substantially lower *OD coverage relative to *OH
in alkaline media at the same applied potentials under ORR-relevant
conditions (Extended Data Fig. 4b).

Theoretical calculations offer possible explanations for the posi-
tive shift of the *OD peaks relative to the *OH peaks in both acid and
base. Asdiscussed already, this shiftisinterpreted to be responsible for
theinverse KIEs for the ORR on platinum single crystals. Periodic DFT
calculations were used to calculate the relative equilibrium potentials
for adsorbing OH™ or OD™ on the Pt(111) surface to produce *OH or
*0D, respectively (Fig. 4¢)***** These relative equilibrium potentials
were determined according to equation (9) (see Methods; computa-
tional details can be found in the Supplementary Information). The
major contribution to this relative equilibrium potential is the differ-
ence in the zero-point energies (ZPEs) associated with the O-H and
O-D stretching modes of the molecular and adsorbed species. These
calculations predict that the *OD peak would be shifted by -9.6 mV
relative to the *OH peak (Fig. 4d) after taking into account the offset
of eFyper — eEgye (Extended Data Fig. 3). This shift is consistent with the
-11 mV shift observed in the CV profiles of Pt(111) measured in 0.1M
NaOH (Fig. 4b). These calculations also predict that the *OD peak would
be shifted by 41.4 mV relative to the *OH peak in acid (Fig. 4d), which
is in reasonable agreement with the experimentally measured peak
shift of 32 mVinthe CV profilesin 0.1 MHCIO, (Fig. 1a). Similar results
were obtained for two different functionals and two different surface
coverages (Supplementary Table11). Density functional theory calcu-
lations therefore suggest that the experimentally observed weakened
*ODbindingstrength, relative to *OH correlates to the differencein the
ZPEs of the adsorbed and molecular species.

In conclusion we present the observation of substantially higher
ORR activity in D,0 relative to H,0, corresponding to inverse H/D
KIEs at well-defined platinum single-crystal surfaces. These results
were enabled by the use of ultra-high-purity D,0 and well-defined
single-crystal platinum surfaces. Potential-dependent KIEs of Pt(111)

were closely correlated to the interplay of *OD and *OH desorption
processes with much lower *OD coverage and weakened *OD binding
strength relative to *OH at the same applied potentials. We propose
an activity-structure correlation in which inverse KIEs arise from
fundamental differences in the ZPEs with the main contributions
arising from the O-D and O-H stretching modes. Further operando/
in situ experimental and computational efforts could advance our
understanding of the interplay between OD/OH and interfacial water
structure, and theirimpact on ORR kinetics (see the Supplementary
Notes foradiscussion onthe possible role of hydrogenbonding); *OH
and *OD are expected to play an important role in the KIE effects of
HOR/HER kinetics, as suggested by the presence of *OH adsorption
in the hydrogen regions of platinum® ¢, The strategy of studying
platinum single crystalsin ultra-high-purity D,O electrolyte provides
previouslyinaccessible insights into the kinetics of ORR, specifically
the origin of the unusual inverse KIE, and is broadly applicable to a
wide range of other electrochemical reactions involving multiple
PCET processes.
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Methods

Materials

Ultra-pure water (Milli-Q water system); deuterium water (D,0,
Sigma-Aldrich 99.9 at% Deuterium); HCIO, (70%, Suprapur); NaOH-H,O
(99.99% Suprapur); KOH (Sigma-Aldrich, semiconductor grade);
KMnO, (Sigma-Aldrich, ACS reagent, >99%, low in mercury); and plati-
num wire (Goodfellow, Diameter =5 mm, 99.995%) were used, as well
asargon, O, and CO gases (ultra-high-purity, Airgas).

Purification of deuterium oxide

The purity of chemicals and cleanness of experimental apparatus are
critical for therigorous electrochemical measurements of platinum sin-
gle crystals. Here we describe anew methodology for the preparation
ofbatch-scale deuteriumoxide suitable for voltametric investigations
of these surfaces in both acidic and alkaline electrolytes.

Commercial Milli-Q water systems such as the one used in this
study are commonly employed to purify H,O using an ion-exchange
resinand activated carbon columns before applying a ultraviolet light
treatmentand 0.22 um filter to remove bacteria. The resulting H,0 has a
resistivity of >18 MQ cmand <5 ppb total organic carbon®**°, Our prepa-
ration of deuterium oxide takes inspiration from this methodology, as
wellasamethod for producing conductivity-grade water by distilling
itbeforeadding sodium hydroxide and potassium permanganate, and
thendistillingagain*. Thelogic behind this procedure is to remove ions
viadistillation and to oxidize trace organics to non-volatile species so
that they too can be removed via distillation.

Commercial D,0 was passed through a home-built glass
ion-exchange resin column. The glass column contained a low total
organic carbon mixed cation and anion-exchange resin (UCW3700,
Polysciences), which exchanges ionic impurities for H" or OH". To
improve product isotopic purity, 200 g of D,O was run through the col-
umn before use and the columnwas kept sealed when notin use. After
filtering the D,0 through the ion-exchange resin column, 0.35 wt% KOH
and 0.05 wt% KMnO, were added. The resulting mixture was distilled
using ashort-path distillation head with 14/20 joints. Distillations were
performedusing2 x 100 g bottles of D,0O starting material witha300 ml
round-bottom distillation flask and a 250 ml receiving flask under N,
flow to prevent CO, contamination. The yield for this procedure was
~180 g of purified D,0, or ~90%. The remaining 20 ml was lost due to
N, flow or left in the distillation flask to prevent KMnO, from coming
overintheset-up.Inourexperience, the flaskistoo hot and may bump
KMnO, residue across the distillation head when the KMnO, residuein
theround-bottom flask turns from deep purple to turquoise. If this col-
our changeisseen, the heat must be lowered or the distillation should
be stopped to prevent contamination of the product by KMnO,. Final
products were stored in flame-sealed 50 ml glass ampoules.

This procedure is successful when several experimental precau-
tions are taken. To avoid contamination or sticking between ground
glass joints, all joints that might reasonably come into contact with
D,0 were sealed with PTFE sleeves. All glassware used (and the PTFE
sleeves) were cleaned following a previously reported method*. Briefly,
the glassware were soaked overnight in a solution containing1g I
KMnO, and 0.5 M H,SO,, before decanting and dissolving remaining
MnO, in dilute piranha etch solution. Dilute piranha etch solutions
were prepared by adding H,SO,, (Sigma-Alridch, 95-98%, ACS reagent)
and H,0, (Fisher, 30 wt%, Certified ACS) slowly to water, as opposed to
diluting the concentrated mixture which can present a considerable
safety hazard. Glassware was then boiled three times in ultra-pure
water from a Synergy-R Millipore system and flame-dried before use.
Theisotopic purity of the D,0O product was measured to be 95at% D by
mass spectrometry. See ref. * for the full details.

Electrochemical measurements of platinum single crystals
Pt(111), (100), (110), (332) and (322) were fabricated from platinum wires
by the Clavilier method**. Before each experiment, the electrode was

annealedinapropane flame for15s. The hot electrode was then cooled
down in a 30% hydrogen balance argon gas atmosphere, quenched
in H,-saturated ultra-pure water and immediately transferred to the
electrochemical cell, whichis protected by an ultra-pure water droplet
on top of the electrode surface; 30% H,/Ar was selected here for all
platinum single crystals to ensure the same reducing cooling envi-
ronments. The effects of the cooling environments—particularly for
Pt(110)—can be found in our early reports*. The electrochemical cell
and all of the other glassware used in the experiment were soaked in
KMnO,/H,S0O, solution overnight and cleaned right before electro-
chemical measurements. The remaining KMnO,/H,SO, solution on
the glassware was removed by reacting with H,0, (-1 wt%) before the
experiment. The glassware were then rinsed with ultra-pure water,
followed by boiling in ultra-pure water three times. Cyclic voltam-
metric profiles of platinum single crystals were performed at 25 °C
usinga Pine potentiostatinathree-electrode electrochemical cell with
glass frits (mesh 0.5 um) serving as a salt bridge between the working
electrode with thereference electrode to minimize potential chloride
contamination. A carbonrod (D =1.0 cm, L =5 cm) was used as the
counter electrode, and Ag/AgClin1 MKCI(0.235 V versus the SHE) was
used as the reference electrode. The platinum single-crystal working
electrode wasin contact with the electrolyte in the hanging meniscus
configuration for both CV measurements of stationary electrodes
and RDE measurements under a constant rotation rate of 1,600 r.p.m.
Carbonmonoxide stripping measurements were performed by flowing
CO gas at a CO dosing potential of 0.1V versus the RHE for 5 min fol-
lowed by an argon purge for 20 min. All electrochemical measurements
were reproduced at least three times. The findings in this work were
independently verified by the Cornell and Alicante groups following
the same measurement protocols.

It should be noted that the amount of proton in HCIO, added in
D,0isnegligible given that the chemically purified D,0 has anisotopic
purity of 95 at% D and HCIO, is diluted in D,O by a factor of ~500. The
use of HCIO, bothin H,0 and D,0 ensures the same low levels of impu-
rities given that DCIO, may introduce more undesirable impurities in
deuterated electrolytes.

DFT calculations of relative equilibrium potentials

We used periodic DFT to calculate the relative equilibrium potentials
foradsorbing OH or OD on the Pt(111) surface®***¢.In this process, OL
(L=HorD)adsorbsonabaresurfacesite (*) to form *OL and transfers
anelectron to the external circuit. The reaction of interest is

OL™ + * = *OL+e™ )]

The adsorption free energy of this reaction is

AGygs = Geop + fle- — (G, + GoL-) @)
= G.o_ — €E - (G, + GoL-)

Here fi.- = —eE is the electrochemical potential of the electron,
whereeisthe elementary charge and Eis the electrode potential relative
tovacuum. The adsorption equilibrium potential (£,,,) can be obtained
under equilibrium conditions (where AG,4 = 0) from the following
expression:

eEaas = GeoL — (Gi + Gor)
Our goal is to calculate the relative equilibrium potential (AE,q)
forDand H:
eAE,4s = (G.op — G-on) — (Gop~ — Gon-) 4)

The free energy of a species can be calculated as the sum
of the DFT electronic energy (Uper) and the ZPE and thermal entropy
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(TS) contributions:

G= UDFT +ZPE-TS ©)]

The ZPE and vibrational entropy contributions are obtained from
vibrational normal mode analysis. For strongly chemisorbed species,
the translational and rotational contributions to the entropy are neg-
ligible and therefore are not included in these calculations, although
these contributions are included for the solvated molecular species.

Asthe DFT electronic energies are the same for isotopologues, E,
canbe expressed in terms of changes in the ZPE and TS contributions:

eAE,qs = (AZPE, 45 — TAS,4s) — (AZPE o1 (OL™) — TAS 01 (OL7)) (6)

Here the terms are grouped into adsorbed species and solution
phase molecular species, where AZPE,y = ZPE.op — ZPE.o and
AZPE,, (OL™) = ZPEgp- — ZPEgy-. The entropic terms TAS,qsand TAS
are defined analogously. Here the subscript ‘mol’ refers to solvated
molecular species, whereas the OL in parentheses refers to the specific
speciesOD and OH".

To avoid complications associated with applications of periodic
DFT to charged systems, the free energy of OH™ (or OD") can be com-
puted in terms of the free energies of H,0 and H, (or D,0 and D,). The
RHE reaction in alkaline conditions can be written as*

H,0 4+ e — %Hz +OH™ @)

At equilibrium, the free energy of OH™ on the RHE scale may be
expressed as

1
Gor = Guyo - <§GHZ + eERHE> ®)

Thefreeenergy of OD” onthe RDeE scale can be expressed analo-
gously. Here, Eg, and Eyp¢ are the equilibrium potentials for the RHE
and the RDeE, respectively. Substituting these expressionsinto equa-
tion (6) allows us to write the final equation for the difference in equi-
librium potentials for OD"and OH™ adsorption as

€AE, 45 = (AZPEygs — TASy4s)
— (AZPE g1 (L30) = TASol (1,0) = 3AZPE gy (Ly) + 5 TASmr (L)) (9)

+ (eErpet — €EruE)

The offset between the RHE and RDeE scales can be determined
by the following expressions®>*;

eErue = eEsye — kg TIn (10) pH (10)

eEpper = eEspe — kg TIn (10) pD (1)

Here, g, and E;, are the equilibrium potentials for the SHE and
SDE reactions, which are assumed to be equivalent in the analysis
of both the experimental and computational data for consistency,
although they differ slightly in the range of 5.8 to 13 mV (refs. %),
Including this effect will not alter the qualitative conclusions of this
work. For pH =pD =1, the offset eEyp; — €Exye is O meV, whereas for
pH =13 and pD =13.87, this offset is -51 meV (refs. ***),

Computational details

All periodic DFT calculations were performed using the Quantum
ESPRESSO package®**'. The main calculations used the revPBE func-
tional with dispersion corrections (revPBE-D3)°>*, Further calculations
were performed with the Perdew-Burke-Ernzerhof (PBE) functional

with dispersion corrections (PBE-D3)**** to test the functional depend-
ency, and theresults did not change considerably. Theionic cores were
described with projector augmented wave pseudopotentials®, and the
wavefunction kinetic energy cutoff was set to 80 Ry to ensure high
accuracy for molecular species. The energies were converged to10™ eV
and the forces were converged to less than 0.02 eV A™. The electronic
states were treated with Gaussian smearing of 0.007 Ry width. Further
calculations were conducted with Methfessel-Paxton smearing* to
confirm that the results did not change substantially. All calculations
were performedin the gas phase under the assumptions that the solva-
tion free energies are the same for the isotopologues and therefore
cancel in the calculation of AE,4, and that the effects of solvation on
the geometries and normal modes are negligible.

The Pt(111) surface was modeled as a 4 x 4 x 4 slab, where the top
two layers were allowed to relax from their optimized bulk positions
following adsorption of OHor OD.AS5 x 5 x 1 k-point mesh was used, and
periodic images were separated by 37 A of vacuum in the surface nor-
mal direction. The adsorbed OH or OD was modelled at low (1/16 ML)
and high (1/3 ML) coverages adsorbed on a top site, consistent with
the minimum energy site observed in previous calculations” *°. The
vibrational normal modes for the *OL systems were calculated with the
PHonon module of Quantum ESPRESSO***' including only the atoms of
theadsorbate. The ZPE and vibrational entropy contributions at 298 K
were calculated for the adsorbed species from the modes correspond-
ing to quasi-molecular vibrations (Supplementary Tables 6 and 7). For
*OL, these modes corresponded to the O-L stretching mode, the O-L
bending mode and the Pt-O stretching mode. The vibrational modes of
the platinum slab were assumed to be the same for the isotopologues
and were not calculated. The translational and rotational entropy
contributions for the adsorbed species were assumed to be negligible.

For the molecular species, the geometries were optimized in
vacuum with a15A x15A x 15 A cubic unit cell and a1 x 1 x 1 k-point
mesh. The ZPE and vibrational entropy contributions at 298 K were
calculated with the PHonon module for the molecular vibrational
modes after removing the translational and rotational modes (Sup-
plementary Table 8). The translational and rotational entropy contribu-
tions for the molecular species were obtained from DFT calculations
with the PBE-D3 functional and the 6-31+G(d) basis set® **at 298 K and
1atm pressure using the Gaussianlé package® without periodicity
(Supplementary Table 8). These rotational and translational entropic
contributions were calculated bothin the gas phase and in solvent; in
both casestheir effects on AE,q,were negligible. However, a polarizable
continuumsolvent slightly impacts the ZPE and entropic contributions
for H,0 and D,0 due to small changes in the vibrational frequencies. A
comparison between the ZPE and entropic contributions in the gas
phase, and using the polarizable continuum model® treatment of
aqueous solvent computed with the Gaussian16 package for the PBE-D3
functional,isgivenin Supplementary Table 9. The gas-phase ZPE values
listed in Supplementary Tables 7 and 9 differ slightly due to the use of
aplane wave basis setin Quantum ESPRESSO for the values in Supple-
mentary Table 7, and a Gaussian basis set in Gaussian16 for Supplemen-
tary Table 9. Using the ZPE and vibrational entropy contributions from
the gas-phase Gaussianl6 calculations for H,0 and D,0 shifts AE,4by
only -0.1mV, and using the ZPE and vibrational entropy contributions
fromthe polarizable continuum model solvent Gaussian16 calculations
for H,0 and D,0 shifts AE,4 by only -0.6 mV. These entropies were
obtained at1atm; using the vapour pressures of H,0 and D,0 at 300 K—
asused previously for H,O (ref.**)—would shift the AF,4 by ~3 mV, but
this strategy could potentially be considered inconsistent with
gas-phase calculations. Moreover, the effects of hydrogen bonding on
thevibrational frequencies are expected to be similar for H,0 and D,0,
and therefore are assumed to approximately cancel in the calculation
of AE,4. The ZPE and vibrational entropy for *OH and *OD could only
be calculated in vacuum using Quantum ESPRESSO. For consistency
betweenthe adsorbed and molecular species, the periodic DFT values
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for the ZPE and vibrational entropy contributions computed with
Quantum ESPRESSO were used for H,0 and D,O inthe reported values
of AE,4 (Supplementary Table 7).

The Pt(111) lattice constant was calculated to be 3.98 Aand 3.97 A
using the revPBE-D3 and PBE-D3 functionals, respectively. These values
are in good agreement with the experimental value of 3.92 A (ref. ¥).
The calculated frequencies and total entropies of the gas-phase molec-
ular species are in good agreement with experimental values (Sup-
plementary Tables 6 and 7). The major contributions to the ZPE for
the surface adsorbates arise from the O-L stretching mode. Supple-
mentary Table 10 provides the contributions of adsorbed species and
molecular species to the calculated AE,4.

The relative equilibrium potentials for adsorbing OH or OD are
determined accordingtoequation (9) and are givenin Supplementary
Table11. Using the revPBE-D3 functional, we predict that the *OD peak
would be shifted by -9.6 mV relative to the *OH peak at both 1/16 ML
and 1/3 ML coverages. This shift is consistent with the -11 mV shift
observed in experiments for 0.1 M NaOH conditions. Using the offset
eErper — eExye mentioned earlier, we predict that the *OD peak would be
41.4 mV positive relative to the *OH peak in acidic conditions. This
predictionisin reasonable agreement with the experimentally meas-
ured shift of AE,4,=32 mV in acidic conditions. Performing the same
calculations with the PBE-D3 functional results in changes of AE,4,0n
the order of 0.8 mV. Theresults are thusindependent of surface cover-
age and functional for the cases studied.

Data availability

Source Data are provided with this paper.
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Extended Data Fig. 1| A simplified mechanisms proposed for the oxygen
reduction reaction (ORR) in acid. Reaction pathways have been established
based on extensive studies on Pt surfaces and may be applicable to other types
of catalysts. A superscript * by anintermediate indicates a reaction intermediate
adsorbed on the electrocatalytic surface. The CE mechanismin acid, marked

*OH + 0"

e

20H*

HZOZ* /

ingreen, represents a fast surface chemical reaction preceding anirreversible
oneelectron transfer process. PCET stands for proton-coupled electron transfer
process. H,0 serves as the proton donor in alkaline media. Solution species were
notincluded for simplicity. Complete ORR mechanismsinacid and base can be
found in Supplementary Fig. 5.
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Extended Data Fig. 2| Comparisons of ORR polarization profiles of three low-index Pt single crystals in acidic H,0 and D,0. Comparisons of ORR polarization
profiles of three low-index Pt single crystals in O,-saturated 0.1l M HCIO, in H,O (A) and D,O (B).
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Extended Data Fig. 3| Potential axis. Potential axis showing that the RDeE is equal to the RHE in acid (for example 0.1 M HCIO,, pH =1) but is more negative than the
RHE by 51 mV in base (for example 0.1 M NaOH, pH =13) due to due to the difference in pK,in H,O (14) and D,0 (14.87).
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Extended Data Fig. 4 | Tafel plots of Pt(111) and *OD/*OH adsorption coverage in base. (A) Tafel plots of Pt(111) in O,-sat. 0.1 M NaOH in H,0 and D,0 at 1600 rpm
based ORR polarization profiles in Supplementary Fig. 6. (B) *OD and *OH adsorption coverage on Pt(111) in alkaline D,0 and H,O as a function of potentials extracted

fromFig. 4A.
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