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ABSTRACT

Mass spectrometric analysis of anionic products that result from interacting Ir~ with H,O shows the efficient generation of [Ir(H,O)]™ com-
plexes and IrO™ molecular anions. Anion photoelectron spectra of [Ir(H,0)]™, formed under various source conditions, exhibit spectral
features that are due to three different forms of the complex: the solvated anion-molecule complex, Ir™ (H,0), as well as the intermediates,
[H-Ir-OH] ™ and [H,-Ir-O] ", where one and two O-H bonds have been broken, respectively. The measured and calculated vertical detach-
ment energy values are in good agreement and, thus, support identification of all three types of isomers. The calculated reaction pathway
shows that the overall reaction Ir~ + H,O — IrO™ + H, is exothermic. Two minimum energy crossing points were found, which shuttle inter-
mediates and products between singlet and triplet potential surfaces. This study presents the first example of water activation and splitting by

single Ir~ anions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0130277

INTRODUCTION

Water splitting plays a crucial role in the production of hydro-
gen (H3), a promising clean and renewable energy source, owing
to its carbon-free emission, earth-elemental abundance, and high
gravimetric energy density (~142 MJ kg™'). Popular strategies
for water splitting include electrolysis,' * photocatalysis,”” artifi-
cial photosynthesis,”” and thermal decomposition.® However, the
industrial application of these methods is impeded by their high
energy penalties. To reduce the reaction energy barriers associated
with these methods, major efforts have been devoted to develop-
ing effective and cost-efficient catalysts.”'' In recent years, single-
atom catalysts (SACs),” especially noble-metal single-atom catalysts
(NMSACs),"” with atomically dispersed metal sites on different
substrates, have attracted significant interest, due to their unique
physicochemical properties and extremely high atom utilization effi-
ciencies. Among NMSACs, Ir SACs are known to possess extraordi-
nary catalytical performance for water splitting.'* ** For instance,

Ir single atoms, anchored on N-doped, porous carbon supports,
dispersed in Co nanoparticles, have displayed an overpotential of
260 mV at 10 mA cm™ for the oxygen evolution reaction (OER),
the half-reaction in electrochemical water splitting. This is signif-
icantly smaller than that of the commercially used IrO, catalyst
(385 mV)."” Additionally, Ir single atoms on CogsFeo2Se;@Ni
foam have been shown to boost the hydrogen evolution reaction
(HER)—the critical half-reaction to produce H,.'°

The complex conditions that exist in realistic reaction environ-
ments prevent detailed insight into the water activation and splitting
process. Well-defined, isolated systems in gas phase environments
have shown themselves to be useful models for gaining a compre-
hensive mechanistic understanding of these reactions. Numerous
gas-phase studies of water reaction by metal atoms and clusters have
provided insights into water splitting at the molecular level.”
Atomic Ni, Pd, and Pt anions have been shown to activate water,
leading to water-activated HMOH™ (M = Ni, Pd, and Pt) and
H,MO™ (M = Pt) intermediates. Notably, single Pt anions both
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activate and split water, forming H, and PtO™ anion products.’®
Inspired by this (our) previous work, we extend the metals to include
Ir, providing insight for the designing of more Ir SACs, which
may serve as alternatives to Pt SACs. Single neutral and cationic Ir
atoms and clusters have been found to react with a variety of small
molecules.”’ ' Reactivity of heavy water (D,0) with single Ir cations
measured at room temperature, however, resulted in exclusively
simple D,0 solvation adducts, i.e., only Ir* (D,0) was observed.”
Nevertheless, studies on reactions between anionic Ir atoms with
water have been unexplored. Herein, we utilize a combination of
mass spectroscopy, anion photoelectron spectroscopy, and quantum
chemistry calculations, to show that atomic Ir anions both activate
and split water.

EXPERIMENTAL METHODS

Experimental studies of [Ir(H>O)]~ were conducted using an
anion photoelectron spectrometer. That apparatus is comprised of
several available ion sources, a linear time-of-flight mass spectrom-
eter, a mass gate, a momentum decelerator, a neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser for photodetachment,
and a magnetic bottle electron energy analyzer having a resolution
of 50 meV at EKE = 1 eV.”> Photoelectron spectra were cali-
brated against the well-known photoelectron spectrum of Cu™.’
The anions in this study were generated using a laser vaporization
source, which ablated a rotating, translating iridium metal rod with
a pulsed Nd:YAG laser beam operating at a wavelength of 532 nm
(2.33 eV). Almost simultaneously, a plume of water vapor-seeded
helium gas from a pulsed gas valve (backing pressure of 100 psi) was
injected directly over the rod and allowed to flow along a 3 cm tube,
where reactions and cooling occurred before products exited into
the high vacuum. The resulting anionic clusters were mass-analyzed
by the time-of-flight mass spectrometer. After the anions of interest
were mass-gated, their photoelectron spectra were measured using
the fourth harmonic (4.66 eV photons) of a Nd:YAG laser.

54

COMPUTATION METHODS

The lowest energy structures of (Ir-H,O)™® systems were
obtained by density functional theory (DFT)-based electronic struc-
ture calculations, with the hybrid functional wB97x-d.””® The
wB97x-d functional has been tested and has performed well for
the I'NOH system.”” The aug-cc-pvtz basis sets for H and O
and the aug-cc-pvtz-pp basis set for Ir were used to optimize all
structures.” ” All calculations were carried out using the Gaussian
09 software package.”’ The vertical detachment energy (VDE) was
obtained by subtracting the electronic energy of the neutral from the
anion at its anionic optimized geometry. The electronically excited
states of neutral Ir(H,O) were calculated using the Time-dependent
(TD)-DFT method, using the same functional and basis sets. Intrin-
sic reaction coordinate calculations were employed to check that
each transition state (TS) connects two appropriate local minima.
Vibrational frequency calculations were performed to check that the
intermediates and transition states have zero and only one imaginary
frequency, respectively. Natural population analysis (NPA) was con-
ducted to examine the charge distribution at the wB97x-d level, using
natural bond orbital (NBO) 3.1, implemented in Gaussian 09.° NPA
has been found to be satisfactory in predicting charge distributions

ARTICLE scitation.org/journalljcp

within metal-containing clusters.””"" The minimum-energy cross-
ing points (MECPs) for the intersection of the electronic states of
different spin multiplicities were searched for and located, using
the method developed by Harvey et al.** The electron localization
functions (ELF) were analyzed and plotted, employing the Multiwfn

65,66

program.

RESULTS AND DISCUSSION
Experimental

Mass spectra at different iridium rod laser ablation powers are
shown in Fig. 1. At low ablation laser power, only Ir™, IrOH™ and
[Ir(H,O)]™ appear in the mass spectrum. After slightly increasing
the laser power, an IrO™ peak also appeared, likely resulting from
the decomposition of [Ir(H,0)] . The combination of photoelec-
tron spectra and calculations indicated that [Ir(H,O)] ™ in these mass
spectra could exist in three forms: (i) an Ir~ anion solvated by a
water molecule, i.e., Ir” (H,O); (ii) a structure in which only one
O-H bond is broken i.e., [H-Ir-OH]"; or (iii) a structure in which
two O-H bonds have been broken, i.e., [Hy-Ir-O] . In the first
(i) physisorbed structure, hydrogen atoms in the water molecule
only weakly interact with the Ir~ anions. Forms (ii) and (iii) are
water-activated products, resulting from one or both O-H bonds
being inserted by iridium. All three types of products may possibly
co-exist in the ion beam.

(a)Ir +H,0 [Ir(H,O)
Cond. 1: low ablation
laser power
IrOH’
Ir
2
‘@
c
9
£
c [BIFr+H0
2 |cond. 2: high ablation [Ir(H,0)]
laser power

Iro’

T T ey
180 185 190 195 200 205 210 215 220
m/z

FIG. 1. Mass spectra of an iridium rod being laser ablated in the presence of
water vapor. Mass spectrum (a) was recorded under low ablation laser power and
(b) under high ablation laser power.
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To distinguish between isomers, anion photoelectron spectra
were taken under each condition. The middle and bottom panels
of Fig. 2 present the anion photoelectron spectra of [Ir(H,O)]™ at
low and high ablation laser power, while the spectrum of the Ir~
atomic anion is displayed in the top panel for comparison. Typ-
ically, when an atomic metal anion interacts weakly with another
molecule, i.e., when it is physisorbed or solvated, the photoelectron
spectral pattern of the resulting anionic complex resembles that of
the anion alone, except for being shifted to higher electron bind-
ing energy (EBE), with its features slightly broadened. Comparison
of the photoelectron spectrum of Ir~ [Fig. 2(a)] and [Ir(H,O)]™
[Fig. 2(b)] reveal that both spectra exhibit a similar five-peak pro-
file, with all peaks of the [Ir(H,O)]~ spectrum being broadened and
shifted to higher EBE with respect to the Ir™ spectrum. This strong
similarity between the two spectra implies that the solvation com-
plex Ir™ (H,O) is the major product at low laser power conditions
(Cond. 1). The maximum intensity of the lowest EBE peak occurs at
2.11 eV; this is designated as the vertical detachment energy (VDE)
value of [Ir-H,O]". The VDE is the transition energy at which the
Franck-Condon overlap is at its maximum between the anion’s wave
function in its ground electronic state and that of its corresponding

""I""I""l\"\ ""\""l'\"l""l"fj\:‘
(b) [Ir(H,0)] \
Cond.1

Photoelectron Intensity

(©) [IN(H,0)
Cond.2

AR AU AR AR R AR
00 05 10 15 20 25 30 35 40 45

Electron Binding Energy (eV)

FIG. 2. Photoelectron spectra of the atomic metal anions, Ir~, (in the top panel),
and [Ir(H,0O)]~ anions (in the two lower panels). All of these anion photoelectron
spectra were measured using the fourth harmonic (4.66 eV/photon) of an Nd:YAG
laser. Blue arrows link Ir~ peaks in (a) to their corresponding blue-shifted peaks
in Ir~(H,0) anion-molecule complexes in (b). Red stars in (c) mark new structural
isomers formed under Cond. 2 source conditions.
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neutral at the geometry of the anion, i.e., these are vertical photode-
tachment transitions. The spectrum in the bottom panel [Fig. 1(c)],
on the other hand, has two new peaks, which are denoted as red
stars. These two high EBE features at 3.25 and 3.85 eV strongly sug-
gest the presence of activated isomers of [Ir(H,O)]™, these having
been formed at higher laser ablation power conditions (Cond. 2).
Therefore, the spectrum displayed in Fig. 2(c) shows features from
both physisorbed and chemisorbed products. However, since the full
range spectra of activated [Ir(H,O)]™ species may be buried in the
broad physisorbed peaks between 2.0 and 3.0 eV, the VDE values
of the activated [Ir(H,O)]™ species were indeterminate from these
spectra.

Computational

DFT calculations were carried out to locate intermediates
formed via the reaction of Ir™ anions and water molecules. The
optimized isomers in different spin multiplicities for these reac-
tion intermediates are presented in Fig. 3, along with their relative
energies. We categorized all isomers into the three types previously
mentioned. Structures A and B are type (i) isomers, and can be con-
sidered to be an Ir™ anion, solvated by (physisorbed with) a water
molecule. The ground state of the iridium anion is a triplet, with
[Xe]4f'*5d%6s® electronic configuration, which makes the ground
state of Ir” (H,O) a triplet as well. The singlet solvation structure,
A, is 1.53 eV higher in energy than the triplet isomer B. Both, isomer
A and isomer B, exhibit planar structures. In isomer B, the lengths of
the O-H bonds in the water moiety are 0.96 and 0.98 A, both close to
that of an isolated H,O molecule (0.96 A). Thus, the water moiety in
isomer B remains essentially intact, with the exception that one O-H
bond is slightly elongated, due to its attraction with the Ir™ anion. In
type (ii) isomers, C and D, the iridium atom is inserted into an O-H
bond of water, forming an H-Ir-OH™ structure. This activates the
water molecule and is the first step in water splitting. Triplet isomer
D is lower in energy by 0.34 eV than the singlet isomer C. Turning
to type (iii) isomers, the global minimum of [Ir(H,O)]~, E, features
two H atoms attached to the Ir atom, yielding a H,-Ir-O~ struc-
ture. Isomer E has an O-Ir-H, dihedral angle of 53.2°, while isomer
F has a planar structure with C,, symmetry. Interestingly, in type
(iii) isomers, the singlet is lower in energy than the triplet by 0.22 eV,
suggesting that a spin-crossover may take place when intermediates
transform from type (ii) to type (iii).

To explore the presence or absence of these structures, calcu-
lated VDE values from each anionic isomer to both the doublet
and quartet states of its corresponding neutral were compared
with the experimental values (see Table I). Note that all calculated
VDE values are lower than the photodetachment photon energy
(4.66 eV) used in this work. VDE values for isomers A (0.64 eV) and
C (1.67 eV) are significantly lower than the observed experimen-
tal value (2.11 £ 0.05 eV), suggesting the absence of isomers A
and C in the ion beam. However, even with calculated VDE values,
the complex [Ir(H,0)]™ photoelectron spectra cannot be explained
fully due to photodetachment transitions to the excited electronic
states of each isomer. Thus, to gain additional insight, we conducted
TD-DFT excited-state calculations on all neutral forms of the iso-
mers at their anionic geometries. The complete list of excitation
energies is provided in Table S1 in the supplementary material. To
further investigate how each isomer contributed to the experimental
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FIG. 3. Optimized structures of [Ir(H,0)]~ categorized as three types. (i) Ir~ anion is solvated by a water molecule; (ii) only one O-H bond is broken; (iii) two O-H bonds
are broken. The relative energies of [Ir(H,0)]~ are listed below each structure. Bond lengths are also shown in each structure.

spectra, we plotted the simulated density of states (DOS) spectra for
isomers B, D, E, and F in Fig. 4, in order to compare them with
the experimental spectra. In the DOS spectra, the first stick on the
left, i.e., the one at low electron binding energy, corresponds to the
ground state of the neutral, while other sticks at higher EBE repre-
sent the electronically excited states of the neutral. The simulated
spectrum of isomer B displays two discernible bands ranging from
2.0 to 2.5 and 2.5 to 3.0 eV, followed by three lower intensity peaks
at higher EBE. In the top panel of Fig. 4, the experimental spec-
trum collected under condition 1 is well reflected by the simulated
spectrum of isomer B. This implies that the anionic isomer in which
the Ir™ anion is solvated by a water molecule dominates the pho-
toelectron spectrum of [Ir(H>O)]™ under low ablation laser power
conditions. However, at higher laser ablation power, two new spec-
tral features appeared, i.e., at EBE = 3.25 eV and EBE = 3.85 eV
[see Fig. 2(c)], strongly implying contributions from additional iso-
mers. The highest intensity EBE features in the simulated spectra of
isomers: D, F, and E occurred at 3.4, 3.0, and 4.1 eV, respectively.

While not completely clear, the new features under condition 2 may
well be attributed to a mixture of electronic states arising from the
photodetachment of isomers: D, E, and F. In any case, the spectral
profile of isomer B most closely resembles the experimental spec-
tra, indicating that isomer B is the dominant species formed under
both laser power conditions, even as condition 2 generates water
activated isomers. Also, given that isomer B is 1.35 eV higher in
energy than the global minimum isomer, E, yet more abundantly
formed, this may imply a kinetically favorable formation pathway for
isomer B.

The pathway of the Ir™ + H,O reaction through both its sin-
glet and triplet multiplicities was explored, to better identify its
reaction intermediates and to investigate the mechanism of water
splitting (see Fig. 5). Reaction intermediates are labeled IN. Recall
that IN1® (isomer A) and IN2°® (isomer C) are not observed in the
spectra due to their low VDE values. Thus, the reaction pathway
being considered here starts with reactants on the triplet potential
energy curve (the blue line). The reaction between the Ir™ anion and

TABLE I. Computed and experimental VDE values (in eV) for each structure in Fig. 3.

Type (i) Type (ii) Type (iii)
Isomers A (singlet) B (triplet) C(singlet) D (triplet) E (singlet) F (triplet)
Expt. VDE 2.11 + 0.05 N/A N/A
Calc. VDE (doublet) 1.19 2.72 1.67 3.01 2.31 2.54
Calc. VDE (quartet) 0.64 2.16 2.23 2.45 3.20 2.95
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FIG. 4. Comparison between the experimental photoelectron spectra under two
laser power conditions and the simulated DOS (density of states) spectra of the
low-lying isomers of the [Ir(H20)] ™ clusters. The simulated spectra were obtained
by fitting the distribution of the transition lines with unit-area Gaussian functions
having 0.2 eV full width at half maximum (FWHM). The vertical lines (sticks) are
the transitions obtained, based on the theoretically calculated VDE values and
excitation energies.

a water molecule is initiated via the formation of an entrance chan-
nel ion-molecule complex, i.e., Ir"(H,O). This barrierless process
forms the triplet IN1": the physisorbed adduct with a relatively long
Ir-H distance (2.54 A). In order for IN1' to insert the Ir~ anion
into the O-H bond, the Ir atom needs to move beyond the H,O
plane to approach the O atom. Meanwhile, the distance of Ir-H
and Ir-0 is shortened to 1.59 and 2.35 A, respectively, forming the
Ir-H-O triangle in the first transition state TS1'. TS1' is located
1.18 eV above the IN1" and 0.69 eV above the entrance channel of
the entire reaction. After overcoming TS1", the rupture of the first
O-H bond begins to take place, forming IN2' exothermally relative
to IN1* by 1.05 eV. The second transition state, TS2Y, is character-
ized by another hydrogen transfer from O onto Ir and is 1.25 eV
above IN2'. As the H atom gets closer to Ir, breakage of the second
O-H bond leads to IN3*"". This second O-H bond insertion pro-
cess from IN2" to IN3® is also exothermic by 0.30 eV. Interestingly,
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IN3® is lower than IN3', while all other singlet INs and TSs are
higher than triplets in energy. This energy inversion necessitates
triplet-singlet spin crossing around IN3¥", We searched and found
two Minimum Energy Crossing Points (MECPs), where a singlet
and a triplet are isoenergetic. The first MECP1, found between TS2
and IN3, has a H-H bond distance of 2.34 A, which is shorter than
IN3' (2.44 A), but longer than IN3° (2.10 A). The dihedral angle of
O-Ir-H, in MECP1 is 25.7°, between the angles seen in IN3' (0°)
and IN3® (53.2°). Spin crossing can make both TS2' to IN3" and
TS2' to IN3°® pathways accessible. After passing through the IN3°,
the activation intermediates encounter the second MECP2, where
the H-H distance is significantly shortened to 1.71 A, showing an
evident tendency toward H, + IrO™ products. Compared to the reac-
tion from M~ + H,O to H, + MO~ (where M = Pt, Pd, and Ni),
which is endothermic according to our previous study,” H; + IrO~
lies 0.03 eV below the entrance channel, making the entire reaction
slightly exothermic.

Overall, Ir™ anion reaction with a water molecule sequentially
goes through IN1Y, TS1%, IN2%, TS2!, and IN3* to form H, and
triplet IrO™. By combining information gleaned from our photo-
electron spectrum and our above reaction mechanism study, we can
confirm that [Ir(H,O)]™ isomers B, D, E, and F all—exist in the ion
beam. Additionally, only TS1" is higher than the entrance channel
in energy along the entire pathway, which impedes the transfor-
mation from IN1' (isomer B) to latter intermediates. The trapped
IN1' explains the domination of physisorbed adduct (isomer B) in
the photoelectron spectrum under the low ablation power condition
[Fig. 2(b)]. When excess energy was provided into the reaction under
the high ablation laser power circumstance, one sees the formation
of other chemically activated complexes (isomer D, E, and F) in the
photoelectron spectrum [Fig. 2(c)], as well as the final product, IrO~,
in the mass spectrum [Fig. 1(b)].

Electrons play an important role in the reduction of H,O into
H,. Herein, we examine the net charge on every atom in criti-
cal intermediates and transition states and plot the corresponding
2D ELF contours in Fig. 6, to study the electron flow between
atoms during the water splitting reaction. Ir stays negatively charged
(~0.949 e), almost the same as a free Ir anion (~1 ¢), in IN1*. The ELF
contour in the lower panel of Fig. 6(a) illustrates that Ir™ and H,O
are clearly separated, revealing that the electrons are localized in
these fragments. The dark color (low ELF value) means no covalent
bond is formed between Ir and H1 atom, proving that electrostatic
forces govern the interaction between Ir~ anion and H,O molecule.
When Ir approaches the H,O in TS1', both Ir and H experience sig-
nificant changes in charge. Due to the identical electronegativity of
Ir and H (2.2), the excess negative charge on Ir flows into the H1
atom. The moderate negative charge accumulation on O (-0.986 to
~1.081 e) from IN1" to TS1"' is driven by the notable electronega-
tivity difference between O (3.4) and Ir/H (2.2). From TS1" to IN2",
NBO analysis also shows that the net charge of the O atom is nearly
unperturbed (—1.081 to —1.089 e), while the net charge on Ir esca-
lates from —0.573 to +0.034 e along the first activation step. Thus,
Ir serves as an essential electron donor when the first hydrogen
transfer occurs. Unlike IN1', the ELF contours are greatly delocal-
ized over the whole molecule in the TS1' and IN2" [Fi gs. 6(a) and
6(b)], manifesting the formation of the Ir-H1 covalent bond. In
Fig. 6(c), the Ir-O bond displays a patent ionic bond feature, because
of the low ELF values (dark color) in the middle of the Ir-O axis. To
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FIG. 5. Calculated reaction pathways for H,O + Ir~ anion. Energies are given in eV. The total energy of isolated Ir~ (triplet) and H,O is set at 0 eV. Structures labeled IN
are reaction intermediates, TS are transition states. Superscripts t and s indicate triplet and singlet states, respectively. The Minimum Energy Crossing Points (MECPs), are
schematically indicated with bicolor at the crossings of the two potential energy surfaces.

further trigger the breakage of the second O-H bond, O starts to
be a successor of Ir to provide electrons. From IN2® to TS2', 0.18 ¢
of negative charge transfers from O to the H2 atom, elongating and
weakening the O-H bond. Meanwhile, the green color between Ir
and H2 atoms and the dark blue color between O and H2 atoms in
the ELF contour [Fig. 6(d)] reveal the formation of the Ir-H2 bond
and the cleavage of the O-H2 bond. After overcoming TS2', the net
charge is evenly shared in both H atoms (—0.083 e) in IN3°, close
to 0 e in the neutral H, molecule. In Fig. 6(¢), the 2D contour is
displayed on the H1-Ir-O plane, so that the H2 atom is out of plane.

IN1t TS1t

IN2t

Although the ELF around the H2 atom is not fully shown on this
selected plane, one can still see vaguely blue electron distributions
between H1 and H2, which builds the foundation for forming an
H-H bond in the H, molecule later.

CONCLUSIONS

To summarize, we have demonstrated that a single atomic
iridium anion can both activate and split a single water molecule.
Both activation intermediates, [Ir(H,O)] ", and one of the reaction

TS2t IN3®

+0.451

@ o

-0.949 +0.484 "0-986

+0.431

; I-1.081
-0.573

+0.223

+0.427

WZ‘LOBS

-0.371 +0.034

-0.379 +0.024 0-809

FIG. 6. NBO net charges of all atoms in lowest intermediates and transition states in energy along the reaction pathway (upper panels). Two-dimensional electron localization
functions (ELF) for the species above (lower panels). IN1! in (a), TS1tin (b), IN2! in (c), TS2' in (d), and IN3® in (). Atoms are labeled and numbered in the ELF contour.
The ELF distributions are shown on the Ir-H-O plane and are described chromatically. A large ELF value means that electrons are greatly localized.
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products, IrO™, were observed in the mass spectrum. Identification
of multiple isomers for [Ir(H,O)]™ was accomplished by a combi-
nation of anion photoelectron spectroscopy and DFT calculations.
Mechanistic analysis shows that the spin crossover between singlet
and triplet surfaces provides access to two reaction channels. The
exothermic energetics of the overall reaction was compared with
the reaction of water with single Pt/Pd/Ni anions. The NBO partial
charge and ELF contour analysis reveals that Ir serves as an electron
donor to activate water. This work provides insight into the nature of
water activation and splitting with a single Ir atom at the molecular
level, shedding light on the design of new Ir SACs in the condensed
phase.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of additional theo-
retical results, including excitation energies of neutral Ir(H,0O), and
Cartesian coordinates of optimized structures are presented therein.
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