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Fast MAS 1H NMR Study of Water Adsorption and Dissociation On the (100) Surface of

Ceria Nanocubes: A Fully Hydroxylated, Hydrophobic Ceria Surface

Abstract.

1H nuclear magnetic resonance (NMR) spectroscopy was used to study hydroxylic surface
species on ceria nanocubes, a crystalline, high surface area CeO; that presents mostly (100)
facets. Water adsorption and desorption experiments in combination with fast magic angle
spinning (MAS, 20-40 kHz) 1H NMR provide high resolution 1H spectra that allow the
observation of ten resonance bands (water or hydroxyl) on or under the (100) surface.
Assignments were made using a combination of adsorption and temperature-programmed
desorption, quantitative spin counting, deuterium exchange, spin-lattice (T1) and spin-spin
(T2) relaxation, and DFT calculations. In air the (100) surface exists as a fully hydroxylated
surface. Water adsorption and dissociation on dry ceria surfaces occur first at oxygen
vacancies, but Ce3* centers are not required since water dissociation is barrier-less on the
fully oxidized surface. Surface -OH functionality occurs in two resolved bands representing
isolated -OH (1 ppm) and hydrogen-bonded -OH (9 ppm), the latter being dominant.
Deuterium exchange of surface hydroxyls with D20 does not occur under mild or forcing
conditions. Despite large differences in the T1 of surface hydroxyls and physisorbed water,
surface hydroxyl Ty values are independent of the presence or absence of physisorbed
water, demonstrating that the protons within these two functional group pools are not in
intimate contact. These observations show that, once hydroxylated, the surface -OH
functionality preferentially form hydrogen bonds with surface lattice oxygen, i.e., the
hydroxylated (100) surface of ceria is hydrophobic. Near this surface it is energetically more

favorable for physisorbed water to hydrogen bond to itself rather than to the surface. DFT
2
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calculations support this notion. Impurity Na* remaining in incompletely washed ceria
nanocubes increases the surface hydrophilicity. Sharp, low field resonances observed in

spectra of non-calcined nanocubes arise from kinetically trapped sub-surface -OH.

Introduction

Ceria is an important material in catalysis and has received much study.l-7 Its redox ability
89 and facile oxygen migration 10-16 are two of the properties of this metal oxide that are
important in the mechanistic role of ceria as it is used in CO oxidation,17-20 the water-gas
shift reaction 21-25 and metal support catalysis. 326-29 Recently it has been found that ceria
nanocrystals can be grown in different crystal morphologies with specific crystallographic
planes presented on the crystal faces. Depending on synthesis conditions, particles with
octahedral or cubic morphologies can be obtained, as can other shapes. 11.20.30 Nanoshaped
ceria particles provide a well-positioned bridge that allows researchers to span the
materials and pressure gap between low-surface area, well-defined crystallographic
surface planes used in high vacuum surface techniques and high surface area, amorphous
or ill-defined microcrystalline powders that can be studied under ambient or process
conditions. The combination of high surface area and well-defined crystal planes on the
nanoshaped particles makes them excellent platforms for studies of surface-dependent
reactions by spectroscopic methods that require p-mole or higher concentrations of surface

species for adequate sensitivity.

Water adsorption and the nature of resulting hydroxyl groups on CeO; surfaces has been
the subject of many studies both on single crystal surfaces and on high surface area
materials. Interest is driven in part by the role of surface hydroxyls in promoting reduction

of the ceria or as a probe of surface reduction and also in part due to interest in ceria
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catalyzed water gas shift reaction. As reviewed by Mullins 7 there is evidence from both
computational studies 31,32 and single crystal experiments 24 33,3435 that water may adsorb
in both molecular and dissociated states on CeO. The extent/reversibility of dissociation
and the relative stability of dissociated vs molecular states depend upon the coverage,
presence of oxygen vacancies and the structure (coordination) of the surface. It has been
proposed that adsorbed water may not fully dissociate but may be stabilized as hydroxyl
pairs. 31 [t seems likely that reversible dissociation/recombination may occur readily on
CeO2 in the unreduced state. In agreement with TPD and XPS experiments, calculations
show that oxygen vacancies strengthen the binding energy of water and act as sites for
water dissociation yet stabilize the dissociated fragments. 3236 Hydrogen bond interactions
between water and CeOz becomes more favorable upon the introduction of oxygen
vacancies on the surface. 3637 Hydroxyls resulting from water adsorption have been
characterized by IR spectroscopy on high surface area CeO2 38 and single, double and triple
coordinative bonding is observed. Coverage dependent studies indicate that interactions
may change as water coverage increases. All of these results relate primarily to interaction
of water with the clean or low coverage hydroxylated surface. Less is understood about the
details of the interactions of water on the fully hydroxylated surface. Work by Herman et.
al. 35 has suggested that the fully hydroxylated CeO2(100) surfaces behaves as though it is
hydrophobic. Comparison of water dissociation and desorption from dry and wet CeO2 has

been examined computationally. 32

In this work 1H Fast MAS NMR spectroscopy is applied to study the surface adsorption and
dissociation of water on dry and hydroxylated cubic nanoshaped ceria. We show that the

proton probe is insensitive to the redox properties of the ceria, providing a unique view of
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the hydroxylated surface, not convoluted strongly by the electron-nuclear dipole-dipole
interaction. The atomic concentration/integral area correspondence in 1H NMR spectra is
preserved. The spin counting experiments that establish this conclusion show that surface
hydroxyls emanate from the full extent of the nanocube surface area. Surface -OH
functionality and stability are defined in a direct way. The assignment and interpretation of
these resonances as a function of temperature and pressure are the focus of this work.
Computational methods were also used to analyze the water/ceria interactions. Since ceria
cubes expose the {100} facet, a semi-infinite slab model of the (100) surface for ceria was
used. While some consideration has been given to water adsorption on the (111) surface
31,3942 Jess work has been done on the (100) surface, 32 reporting lowest energy water
structures on the ceria surface. The focus of the present work is on hydrogen-bond
interactions to lattice oxygen that are relevant to the interpretation of 1H NMR spectra of

nanocube surface species and the energetic requirements of water dissociation.
Experimental

NMR. Solid-state MAS and fast MAS NMR measurements were collected on a Varian DD2
spectrometer using Vnmr]J 3.2A software, a 16.4 T narrow bore magnet operating at a 1H
Larmor frequency of 700 MHz, and a 1.2 mm Chemagnetics-design Varian ultra-fast MAS
probe. Measurements were taken using a standard one-pulse experiment with a typical
/2 pulse width of 3.6 ps, or a widely employed background suppression sequence
(DEPTH, Vnmr] pulse sequence ‘onepuldpth’). The onepuldpth sequence uses a single /2
pulse followed by two consecutive windowless mtlpulses to discriminate against
background signals. Chemical shifts were referenced with respect to external H,0 (6 =0

ppm) using the adamantane resonance peak as a secondary reference standard (6 = 1.78
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ppm). Consistent probe tuning was maintained by measuring the reflected pulse power
using an oscilloscope, and adjusting the impedance match at the resonance frequency for <
1% reflected voltage, i.e., VSWR < 1.02. Except for explicit variable MAS speed studies MAS

rates of 20 and 40 kHz were routinely used.

Spin counting. Quantitative measurements of proton concentration on ceria
nanoshapes were performed using adamantane as a spin-counting standard.
Measurements were conducted using a new design end cap that incorporates a chamber
permanently filled with adamantane. The adamantane-packed cap (adamcap) is used in
place of the standard rotor end cap. A schematic of the rotor assembly is shown in Figure

1. Construction details are given in Figure S1.

T —D

I Torlon Cap & Drive Tip [ | Kel-F Plug
[ ] Adamantane [] sample

Figure 1. Schematic representation of the rotor assembly with the adamantane-packed cap

(adamcap) used in quantitative coverage assessments of ceria nanocubes.

The adamcap design addresses several experimental challenges: (1) the low proton
density of surface species on these ceria samples (as low as 107 moles in this work) make it
difficult to weigh the microgram amounts of adamantane needed to achieve peak
intensities comparable to surface species; (2) correct relative signal intensity between the
standard and sample is dependent on uniform distribution in the rotor, a condition difficult

to achieve on small scale experiments where the sample is limiting; (3) the design provides

6
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an efficient way to maintain a spin-counting standard from sample to sample; (4) Using
standard glove box techniques for the removal and insertion of the rotor end cap and drive
tip in an inert atmosphere provides the ability to perform physical and chemical
manipulations on the sample in the packed rotor on the vacuum line. This procedure
worked well on the ceria samples since once packed in the rotor and spun, the sample
remained in the open-ended rotor sleeve under evacuation, heating and transfer
conditions; (5) the separation of the sample and reference avoids chemical interaction with

the sample and permits significant latitude in the choice of intensity standard.

The adamcap design maintains a fixed concentration and position of adamantane , hence,
1H signal intensity, but since the sample and reference do not exist uniformly in the same
volume element of the rotor, the ‘effective’ adamantane concentration must be calibrated in
separate experiments. A weighed amount of benzoic acid-ds, typically 1.4 mg, 11 pmol,
packed in the rotor served as the proton concentration standard for the adamantane
calibration, typically yielding an effective concentration of 22 nmol adamantane = 352
nmol H. The calibration experiments were performed using a single 90° pulse, preceded by
two dummy pulses, and a 480 s recycle delay. The long delay is necessitated by the spin
lattice relaxation time, T4, of the acid proton of benzoic acid-ds (110 s). Spin counting
experiments on the cerias used a constant recycle delay (40 s) since this choice allowed one
background spectrum to be defined and used for the removal of the probe background

signal from all ceria samples in the spin counting experiments.

Functional group concentrations on ceria were assessed from area ratios with respect to
the effective H concentration of the adamantane reference. Peak areas were determined

from one pulse or onepuldepth experiments. Both experiments give comparable
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concentrations and validate the effectiveness of the background subtractions used
throughout this work. Background signals were subtracted from all ceria spectra prior to
spectral deconvolution to identify surface contributions from H20 and -OH functionality
(see Table 4). Proton concentrations on the ceria cube surfaces were measured on non-
calcined and calcined cubes. Each of these cube samples underwent serial spin counting
assessment in their ‘as-received’ state and twice more: after being heated in high vacuum
for 2 h at 100 °C and then after being heated in high vacuum for 2 h at 400 °C. ‘High
vacuum'’ in this work refers to pressures less than 7.5 x 10-> torr. One sample was
examined at two additional temperatures, 160 and 200 °C (see Results). Proton
concentrations are expressed as fractional surface area coverages, i.e., % monolayer
(%ML), using the following specific areas for H20 and -OH: 8.59 H20 molecule/nm?, the
cross sectional area calculated from the spherical volume element of a water molecule;
2.99X10-23 cm3/molecule); 13.6 OH/nm?, derived from the fully hydroxylated ceria (100)
surface. 24 A Brunauer-Emmett-Teller (BET) surface area of 17 m2/g was used in the

calculations for all ceria nanocube samples (see below).

Spin-lattice relaxation (T1). T1 measurements were performed using the inversion
recovery experiment modified to include a DEPTH filter (Figure 2). Using background
suppression in the T1 data collection eliminates the dominant background for these low
proton density cerias making the data analysis straightforward. For the inversion recovery
pulse sequence, the /2 and m pulses were 3.6 and 7.3 s, respectively. A typical data set is

shown in Figure S2.
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Figure 2. Inversion-recovery pulse sequence with DEPTH filter used to measure T1 and

efficiently suppress probe background signals.

Spin-spin relaxation (Tz). = T2 experiments were performed using a spin echo sequence:
(mt/2-t-m-1-acq.). Background T2 spectra were collected over identical delay times and
subtracted from the ceria sample spectra in “as-received” and 100 °C evacuated states prior

to fitting intensities to a one- or two-component exponential decay function.

H>0 Addition Experiments. The controlled addition of water to a pre-dried sample was
performed using calcined CeOz cubes. The cubes were heated under vacuum to 400°C in a
quartz reactor vessel for 2 h and allowed to cool to RT in vacuo. At room temperature the
evacuated sample and a valved, evacuated frozen water reservoir were sealed off from the
active vacuum to create an isolated system. As the water melted the sample was exposed to
4 increasing water vapor pressures. The sample was then sealed off from the water supply

and allowed to take up water at each initial pressure for 1 hr.

Materials. For the nanoparticle synthesis all chemicals were handled in air and used as
received. Ce(NO3)3-6H20 (99%) was purchased from Sigma Aldrich. NaOH (= 97%) and
constant boiling HNO3 (68% HNO3) were purchased from Fischer Scientific. NH4OH (28-
30%) and Na3P04-12H20 (98+%) were purchased from Acros Organics. Deionized water

(18.2 MQ) was used in all syntheses.
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Synthesis of CeO; cubes. CeO2 cubes were prepared based on a method published
previously with some modifications.*3 Briefly, 0.434g Ce(NO3)3-:6H20 (0.001 mol) was
dissolved in 2.5 mL H20. Then 4.8g NaOH (0.120 mol) was dissolved in 17.5mL H20 and
added to the Ce(NO3)3 solution. Upon the addition of NaOH solution, an opaque precipitate
formed, indicating hydrolysis of Ce(NO3)3 and the formation of colloidal Ce(OH)s. The
solution was heated to 180°C for 24 hours, without stirring, in a 50 mL Teflon-lined
stainless steel 4871 Parr reactor. The pressure reached ~7 bar. The resulting product was
allowed to cool to room temperature, collected by centrifugation, dispersed in 10 mL
ethanol and isolated via centrifugation. The product was then dispersed in 10 mL warm DI
water and isolated via centrifugation. This washing procedure was repeated two more
times. The product was dried under vacuum overnight at 100°C. The removal of Na
impurities is important as previous studies have shown that alkali ion impurities can affect
the reactivity of CeOz-based catalysts.#* 4> Na ion impurities were removed by dispersing
the product in 2 mL of 0.1M NH40H, and suspending the mixture in an ultrasonic bath for
two minutes at room temperature. The product was isolated via centrifugation, and
washed 3 times in warm water. The product was then dispersed in 2 mL 0.1M HNO3 and
suspended in an ultrasonic bath for two minutes at room temperature. The product was
isolated via centrifugation and washed again 3 times in warm water. The product was
dried at 80 £10 °C under vacuum (125 torr) overnight. CeO cubes worked up by this
procedure are labeled ‘as-received non-calcined’ cubes. In some samples the base and acid
washing steps designed to remove excess Na* were omitted. These samples were labeled
‘as-received, Na*-contaminated’ ceria nanocubes. Calcined samples were prepared by
heating the as-received non-calcined cubes in air at 400° C for 4 hours, followed by cooling

10
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to room temperature in air. Three-point BET analysis of N2 adsorption isotherms was
employed to obtain surface area measurements using a Micromeretics Gemini instrument.

The calcined cubes have a surface area of 17 m?/g.

©CoO~NOUTA,WNPE

11 Deuterated washes of CeOz nanoshapes.  In separate experiments, as-received, non-
14 calcined cubes were subjected to further washes with D,0, ND4OD /D20 and
16 ND4+OD/D,0/DNO03/D20. These washes were performed with deuterated reagents with >

99 atom % D as described below.

21 D20 wash. The cubes were dispersed in 3 mL D20 with sonication and isolated via
24 centrifugation. This washing procedure was repeated two more times. The products were

26 dried at 80 °C under vacuum (125 torr) overnight.

29 ND4OD/D;0 wash.  The cubes were dispersed in 2 mL 0.1M ND4OD/D>0 with sonication
32 and isolated via centrifugation. This washing procedure was followed by 3 D20 washes

34 (~3mL each). The cubes were dried at 80 °C under vacuum (125 torr) overnight.

37 ND4OD/Dz0 and DNO3/D;0 wash. The cubes were dispersed in 2 mL 0.1M ND4OD/D-0
with sonication and isolated via centrifugation. This washing procedure was followed by
42 3 D20 washes (~3mL each). The cubes were then dispersed in 2 mL 0.1M DNO3/D20

44 (>99%) and isolated via centrifugation. This washing procedure was followed by 3 D20

47 washes (~3mL each). The cubes were dried at 80 °C under vacuum (125 torr) overnight.

DFT Studies. Computational Detalils . All electronic structure calculations were carried
52 out using the projector-augmented wave (PAW) method 4647 as implemented in the Vienna
54 ab initio simulation package (VASP).48-51 Standard gradient-corrected exchange-correlation
57 functionals are known to fail for the reduced ceria surface.>? Therefore, the PBE+U 5354

60 11
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functional within the DFT formalism was used consistently for all calculations. The
commonly used value of 5 eV for U is optimized to position occupied Ce 4f states about 1.3
eV above the oxygen 2p states in bulk Cez03, 55 a value of 2-3 eV for U was suggested for the
description of the redox chemistry over ceria >¢ and bulk reduction energies 57 and a value
of 2 eV was recommended for activation barriers.>8 In our work on methanol conversion
over ceria >? it was found for reduction processes that a value of 3.0 eV agrees better with
hybrid functional results ¢0 than a value of 5.0 eV because of an increasing overstabilization
of the reduced state with larger U. Here, a value of 3.0 eV for the effective U parameter was
also chosen. This resulted in a lattice constant for CeO2 of 5.46 A. Spin-polarized functionals
were employed with an energy cut off of 700 eV, and dipole corrections perpendicular to

the surface. Dispersion corrections were included through the D3 method by Grimme. 61

Following the experimental observation that the measured spectra are due to surface
species and not due to populated defect or edge sites (see Coverage in Results section), a
slab model with a vacuum layer of 15 A was used. The (100) surface has a nonzero dipole
moment normal to the surface. To avoid that dipole and consistent with experiment 62 63
the oxygen terminated (100) surface was reconstructed by removing half of the oxygen
atoms from the top of the slab leaving coordinative ‘holes’. An equal amount of oxygen
atoms was added to the bottom of the slab to conserve stoichiometry and, thereby, the
oxidation state of Ce#*. The oxygen atoms on both top and bottom form a checker board
[c(2x2)] structure, which was found to be most stable ¢4 The surface cell used included 9
atomic layers, where 6 layers were relaxed while the bottom 3 layers were fixed. For most
calculations, one water molecule (associated or dissociated) was placed in the p(2x2)

expansion of the surface cell corresponding to 1.7 water/nm?. For the fully hydroxylated

12
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surface, four dissociated water molecules were positioned within the p(2x2) cell. Minimum
adsorbate structures were obtained by relaxation of the adsorbate and 6 surface layers.

The minimum energy path was optimized with the nudged elastic band method (NEB) 65

©CoO~NOUTA,WNPE

11 where the tools provided by the Henkelman group ¢ were used to set up the input. The
13 path was represented by 13 images, which were optimized until the maximum atomic

forces were below 0.05 eV/A.
19 Results

22 IH NMR spectra of ceria nanocubes: General characteristics. Cerias exposed to

24 ambient temperature and humidity conditions of the laboratory (60% relative humidity)
27 possess multiple layers of physisorbed water on their surfaces. The 1H NMR spectra of a
29 commercial ceria (uncharacterized morphology) and of ceria cubes in as-received non-
calcined condition are dominated by a resonance at 6+1 ppm, with a concentration-

34 dependent chemical shift (Figure 3). This peak arises from loosely held physisorbed water
36 as indicated by the fact that it is eliminated by vacuum evacuation at room temperature or
39 under mild heating.6” Additional weak proton resonances appear on the shoulders of the
41 dominant water resonance. The number and type of these peaks differ between the
commercial and the cubic cerias, and arise from H20 or -OH species residing at specific

46 crystal sites.

60 13

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

20 15 10

Figure 3. 1H MAS NMR spectra of a commercial (a) and nanocube (b) ceria. Each material

has physisorbed water sufficient to form several monolayers coverage.

Exemplary hydroxyl and water resonances from ceria sites are shown in Figure 4a-c, for an
as-received, non-calcined nanocube sample evacuated at sequentially higher temperatures.
The plot above the spectra (Fig. 4d) depicts the decrease in hydroxyl (-OH) (green line) and
water (blue line) concentration derived from five spectra sampled over the 25-200 °C
temperature range. The proton resonance from physisorbed water (6+1 ppm, Fig.4a)
represents 0.9 ML and drops precipitously at room temperature to 0.1 ML by application of
high vacuum (<7.5 X10-5 torr). The initial water concentration in as-received samples may
be 2 or more ML depending on the sample history (see Figure 3). More than 90% of the
water is removed from the sample by the application of high vacuum at RT. With the loss

14
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of loosely held water, good resolution is observed between the remaining high field (ca
1ppm) and low field (ca. 9 ppm) bands, both due primarily to hydroxyl. A possible

exception is the shoulder peak evident at ca. 3 ppm in Figure 4b (arrow) recorded after

©CoO~NOUTA,WNPE

11 heating the sample to 100 °C for 2 h. A cluster of peaks centered at 3 ppm due to water is
13 prominent in samples contaminated with Na* (see below), suggesting that the shoulder

16 peak in Figure 4b could be due to water associated with this alkali impurity. Residual

18 physisorbed water is removed from the sample after the cubes are heated to 200 °C (Figure
20 4c). The hydroxyl band intensities, 0.9 ML at RT and 1 atm, decrease to 0.7 ML under high
23 vacuum, and decrease further to 0.5 ML at 200 °C (Figure 4c, d). Finally, evacuation at 400

25 °C removes essentially all protic species from the ceria surface (not shown).

60 15

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

Q.
~—

Y

=<1 atm > |« vacuum

120 y

100 -OH

/

Q0
S

% Monolayer Coverage
a
S

\
40 H20 — \ .
\
20 \
[ { I RN
0 . . . _T ikl Y >
25 25 . 100 160 200 400
T (C)

c)

a) b) l
STy, By %‘?ﬁn - '
H (pp) H (ppo)

5 20 D 5 ®»_ 5 0 5 -0
H (pp)

Figure 4. 1TH MAS NMR spectra of non-calcined cubes showing pressure and temperature
response of the integrated intensity of water and -OH resonances: a. as received, non-
calcined cubes (previously dried at 80 +10 °C under mild vacuum, 125 torr, overnight: see
Experimental section). This spectrum was recorded at 25 °C; b. The spectrum of the same
sample after heating at 100 °C for 2 h under high vacuum; c. the spectrum of the same
sample after heating at 200 °C for 2 h under high vacuum. d. The plot displays percent
monolayer coverage of -OH (green line) and physisorbed water (blue line). The ordinate

scale is derived from spin counting experiments (Table 1).

16
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Superimposed upon the low field band are a group of four sharp resonances between 8 and
10 ppm, prominent in Figure 4a, b. After heating to 200 °C under high vacuum, the broad

low and high field bands decrease and the four sharp resonances vanish (Figure 4c). The

©CoO~NOUTA,WNPE

11 intensity of these bands are depicted with finer temperature resolution in Figure 5, where
13 it is evident that the 8-10 ppm resonances are eliminated from the spectra by heating the
16 sample to 160 °C. Also, the problematic 3 ppm shoulder peak seen in Figure 4b is

18 eliminated by heating the sample to 120 °C.

42 20 15 10 5 0 -5 -10

a7 Figure 5. 1H MAS NMR spectra of non-calcined nanocubes exposed to two hour high
50 vacuum cycles at temperatures between 100 and 200 °C. Residual water leaves in this

52 interval and the -OH concentration slowly decreases.

60 17
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Sodium ions on nanocube surfaces alter surface wettability. The appearance of 1H
MAS spectra of cubes depends on the details of the preparation as well as the extent of
retained water. Figure 6a shows the spectra of non-calcined, Na* contaminated cubes, the
result of omitting the base-and acid washing steps following the cube synthesis. The
presence of potassium has been shown to impact catalytic activity of ceria-based catalysts.
44,45 Presumably, sodium will elicit a similar behavior. Figure 6b and c show spectra of
these cubes after water washes to different extents. In Figure 6a at least 11 unique
resonances spanning the 1-10 ppm chemical shift range are observable, including a very
intense peak at 3ppm. The resolved clusters of resonances in the 1.5-4 ppm region are only

observed in ceria cube samples with Na* contamination.

b)

20 15 10 5 0 -5 -10

18
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Figure 6. 1H NMR spectra of ceria nanocubes; (a) as received, Na*-contaminated (b) the
same sample further washed with H;0, and (c) the same sample washed with D20 four

times followed by an H20 wash. These nanocubes contain a sodium ion contaminant that

©CoO~NOUTA,WNPE

11 appears necessary for the observation of the sharp upfield resonances assigned to

13 molecular water (3 ppm cluster).

19 The spectra in Figure 6 a-c are arranged in order of increasing half-height linewidth of the
physisorbed water resonance at ca. 6 ppm. The sharp resonances in the 1.5-4 ppm region
24 (3 ppm peak maximum) in Figure 6a appear to broaden in concert with an increase in the
26 linewidth of the physisorbed water resonance. This parallel broadening is consistent with
29 an exchange process occurring between the protons of the 1.5-4 ppm sites and physisorbed
31 water. In the high temperature limit of a classical two-site exchange process, the resonance
appears at the weighted average of the separate resonances. This criterion does not strictly
36 apply in the present case since the samples in Fig. 6 have separate washing histories and

38 there is no expectation that the concentration of the two populations remain the same over
41 the suite of samples. We suggest that the sharp resonances arise from molecular water or
43 water clusters associated with CeO-Na+ sites. The exchange is postulated to occur between
these water clusters and bulk physisorbed water. In effect, the polar CeO-Na* on the

48 surface enhances the interaction between the surface and physisorbed water, locally
increasing the hydrophilicity at these sites relative to alkali-free ceria. In contrast, the 9

53 ppm resonance band and the sharp 8-10 ppm resonances are impervious to changes in

55 water concentration and show no indication of participation in dynamic exchange

58 processes.

60 19
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All ceria cube spectra in Figure 6 contain a weak signal at 1.2 ppm, often occurring with a

companion peak at 0.8 ppm. Resonances at these chemical shifts have been assigned to -

OH on the ceria (111) surface.82 The resonances are not involved in exchange

broadening processes under the observation conditions. The (111) surface occurs on
imperfect cubes as a truncated surface normal to the cube diagonal at the confluence of
beveled edges.®® The low concentration of these resonances in the cube spectra is

consistent with this assignment.

a (Footnote): Our chemical shifts differ from those reported by Lyons et. al. by a

common offset of +2.4 ppm. ¢8 The -OH chemical shift on octahedral ceria reported therein
(-1.2 ppm) appears at +1.2 ppm in the present work, relative to the adamantane reference
at §1.78 ppm. We have confirmed the difference arises from a referencing error by direct
synthesis of EVAP600 described by Lyons et. al. 8, for which we find a +1.2 ppm chemical

shift for the resonance assigned to surface -OH on the ceria (111) surface.

Effects of calcination.  Since CeO; catalysts are usually calcined prior to use, we probed
the effects of high temperature oxidation on the as-received, non-calcined cubes. Some of
these samples were calcined in air at 400 °C for 4 h followed by cooling, either in
laboratory air or after prompt transfer to vacuum. Cooling in vacuum results in a null
spectrum where only the background signal from the probe is observed, indicating that all

protic species have been removed. Cooling the sample in laboratory air instead leads to the
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1H NMR spectra shown in Fig 7b. The needle-like 8-10 ppm resonances (vi,2=0.3 + 0.1
ppm) that are seen in the spectra of as-received, non-calcined cubes (Figure 7a) do not

appear in the air-cooled calcined cubes. As shown in Fig 5 these needle-like resonances can

©CoO~NOUTA,WNPE

11 be removed under mild conditions, i.e., heating in vacuum at 160 °C. The functionality that
13 yields these resonances does not recur upon re-exposure of the calcined sample to air. Nor
16 do the resonances recur in non-calcined samples once they are removed by mild heating.
18 Multiple attempts to reintroduce the resonances by exposure of the cubes to liquid water

or water vapor between room temperature and 160 °C proved unsuccessful.

23 Apart from the sharp peaks, heterogeneous distributions of local sites result in broadened
26 resonance bands (vi/2 = 2-5 ppm) that typify both non-calcined and calcined cube spectra.
28 The structure inherent in the low field resonance bands, extending to ca. 12 ppm, presents
strong evidence for multiple hydrogen-bonded sites. With allowance for the different

33 extent of residual water, a close correspondence between non-calcined (Figure 7a) and

calcined (Figure 7b) spectra of cubes is observed.

60 21
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Figure 7 (left). 1H MAS spectra of non-calcined and calcined ceria nanocubes: a.
synthesized and then dried at 80 +10 °C under weak vacuum (125 torr) overnight. b. same
as a, then calcined at 400 °C, 4 h, cooled in air, and dried at 100 °C under vacuum. The

cerias retain different extents of physisorbed water (peak centered at 7 ppm).

Figure 8 (right). 1H MAS NMR spectra of dry ceria nanocube re-exposed to water. The
sample was heated to 400 °C in high vacuum to remove all protic surface functionality,
cooled in vacuum, and then exposed to water vapor at: (d) 10 mTorr; (c¢) 200 mTorr: (b)

500 mTorr; (a) 950 mTorr, respectively.

H;0 Addition.  The controlled addition of water to dry CeOz cubes was studied. The dry

sample, free of proton functional groups, was prepared by heating the calcined cubes under
22
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vacuum to 400 °C in a quartz reactor vessel for 2 h and cooling to RT under vacuum. The
dry sample was exposed to water vapor at four increasing pressures for 1 h at each
pressure. The spectra obtained at each pressure are shown in Figure 8. Water uptake
increases with pressure and, at the lowest pressure, the appearance of both 1 ppm and 9
ppm bands appear fully populated. After the first dose (Figure 8d) the accruing area is
largely due to the emergence of a broad physisorbed water resonance, not to a specific
increase in the 1 ppm or 9 ppm resonance bands. Note the similarity between Figure 8d
and the spectrum generated by drying as-received non-calcined cubes at 100 °C under
vacuum, Figure 7b. The hydrogen-bonded -OH band at 9 ppm is dominant in both samples
but the relative population of the 9 and 1 ppm bands show some variation dependent on
the sample preparation. This may be ascribed to differential surface annealing effects
which alter the extent of hydrogen-bonding among the surface -OH, as discussed in the
DFT calculations below. The initial exposure of a dry, pristine (100) surface to water
results in the immediate formation of hydroxylic species, i.e., adsorption and water

dissociation occurs simultaneously on this surface.

Attempted Deuteration of Ceria Cubes. Washing ceria cubes with deuterated
aqueous acid and base solutions was explored as a potential technique to discriminate
among surface sites based on their ease of exchange. Figure 9 compares the spectrum of
as-received non-calcined cubes (Fig. 9d) with the spectra obtained after washing in D0
(Fig. 9¢), ND4OD/D20 (Fig. 9b), and DNO3/D0 followed ND4+OD/D0 (Fig. 9a), as described
in the Experimental Section. Unexpectedly, the exchange of surface hydroxyls does not
occur under the washing conditions, causing insignificant change in the integrated area of

the surface signals. Under these conditions, no surface -OH functionality participates in

23
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H/D exchange. More severe conditions (sonication in D20 at elevated temperature for

hours) also failed to achieve exchange of surface —-OH sites on ceria nanocube surfaces.

a)

b)

_L_«JA‘/\’\,_._
R e S

20 15 10 5 0 5 -10
1
H (ppm)

Figure 9. 1H MAS NMR spectra of non-calcined cubes washed with a) deuterated acid,

followed by deuterated base and D20; b) deuterated base and D20; c) D20; d) H>O0.

Coverage. Surface coverage estimates can be used to discern whether the surface
functionality derives from point defects on the crystal surface or represent populations of
functional groups that engage a significant fraction of the crystal surface. Dependent upon
the value of surface coverage, the spin counting results may inform whether the electron-
nuclear dipole interaction from unpaired electrons at Ce*3 sites is manifest in the 1H fast
MAS NMR spectra of ceria nanocubes. Coverage was estimated by spin counting using
adamantane as an internal reference, measuring the area ratio of the surface signals against
the reference area. The spin counting procedure is outlined in Figure S3-S7 and
accompanying text. The coverage results for as-received non-calcined cubes in Table 1

show the decrease in surface concentration of both physisorbed water and surface
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hydroxyls (-OH) as the sample temperature is increased under vacuum. The loss of
hydroxyl functionality as the temperature is raised correlate well with data from other
spectroscopic probes, notably solid-state 170 NMR 70 and 01 XPS 24, 35 studies. The
coverages in Table 1 are the basis for the ordinate scale in Figure 4d. The spin counting
experiments demonstrate that -OH resonances occupy the available surface area of the as-
received, non-calcined cubes (0.9 £ 0.2 ML). Monolayer definitions are based on 13.6 -
OH/nm?, the -OH density of a fully hydroxylated CeO2 (100) plane 24and 8.59 H20/nm?.
The latter value is the cross-sectional area of a H20 molecule derived from the volume of
one H20 molecule, 2.99x10-13 cm3, calculated from first principles (density and Avogadro’s
number). Multiple determinations from different samples of cubes yielded -OH surface
coverages of 0.8 +0.2 ML. This resultis in agreement with the coverage determined for
stoichiometric (100) surfaces by TPD measurements at low temperature (0.9 ML) 35and

with the prediction of DFT calculations presented below.

Table 1. % Monolayer coverage on non-calcined ceria nanocubes for water and hydroxyl as

a function of pressure and temperature.

Treatment H»0 -OH Total

(% Monolayer) 2 (% Monolayer) b (% Monolayer)

25°C, 1 atm. 90 94 184

25 °C, vacuum ¢© 13 69 82
100 °C, vacuum 12 61 73
160 °C, vacuum 9 48 57

25
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200 °C, vacuum 0 52 52

400 °C, vacuum 0 0 0

a. Water coverage (¥20 %) based upon spin counting areas use the following monolayer
definitions: 1ML = 8.59 H20 molecule/nm? (based on cross sectional area of the spherical
volume of a water molecule, 2.99 x 1023 cm3/molecule). b. Hydroxyl coverage (+20 %):
1ML = 13.6 OH/nm?, derived from the fully hydroxylated ceria (100) surface. 24 All
calculations use a ceria nanocube surface area of 17 m2/g. c. Pressure less than 7.5 x 10->

torr.

Fast MAS 'H NMR of Ceria Cubes. In crystalline hydrates, water of hydration can be fixed
in the crystal and give rise to strong homonuclear dipole-dipole coupling between the
intramolecular proton pair of the water molecule. The magnitude of the coupling is greater
than observed for isolated, surface-bound hydroxyl groups. This effect has been used in
silicate glasses to distinguish between H>0 and OH resonances based on the strength of the
dipolar coupling, manifest in the line widths of static NMR spectra or in the relative
intensity of the sideband/centerband area in 1H MAS NMR spectra. The strong dipolar
coupling of water hydrates result in static line widths on the order of 40 kHz and produces
two strong sideband pairs possessing ca. 4 times the intensity of the centerband resonance
in silicates at 10 kHz MAS speeds. Isolated hydroxyl resonances have static linewidths of 10
kHz and produce one weak pair of sidebands possessing < 0.2 times the centerband

intensity at 10 kHz MAS speeds. 71

26

ACS Paragon Plus Environment



Page 27 of 62 The Journal of Physical Chemistry

1H-1H dipole strength is assessed for ceria spectra in Figure 10 which displays wide sweep
width, variable MAS 'H NMR spectra of as-received non-calcined ceria cubes. The spectra

are recorded with MAS speeds from 0 to 35 kHz. The spectra reveal two resonance bands

©CoO~NOUTA,WNPE

11 at 1 and 9 ppm, that are well-resolved at the lowest MAS rate (10 kHz), with the needle-like
13 8-10 ppm resonances riding on the low field band. Centerband resolution does not improve
at higher MAS speed. A comparison of the 15 kHz MAS spectra show that both the broad 1
18 and 9 ppm resonances have small first order side bands typical of hydroxyl groups. 71

They can not arise from fixed, hydrogen-bonded water. The sharp resonances at 8-10 ppm
23 show no side band intensity, even at the lowest MAS speed. The sideband intensity trends

25 seen in cubes are also observed in commercial ceria samples (see Figure S8).
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Figure 10. MAS dependence of the 1H NMR spectra of non-calcined cubes, a) static, b)
10kHz, c) 15 kHz, d) 25 kHz, e) 35 kHz. The ratio of sideband to centerband area indicates

weak 1H-1H dipolar coupling typical for isolated -OH functionality.
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Spin-lattice relaxation, T;. A summary of the spin lattice relaxation (T1) data recorded at
room temperature for ceria nanocubes in as-received, non-calcined (samplel), D>0O-washed

(sample 2), and calcined (sample 3) states is reported in Table 2. T1 data were measured

©CoO~NOUTA,WNPE

11 first on a sample displaying a resonance for physisorbed water (labeled ‘as-prepared’ in

13 Table 2) and were measured again after the sample was heated to 100 °C for 2 h under high
16 vacuum. The relaxation time data span more than three orders of magnitude for the

18 functionality monitored in the spectra. Except for the physisorbed water resonance, T1

displays bimodal relaxation character.

23 The dominant physisorbed water resonance in ‘as-prepared’ samples, 5.5 +0.1 ppm, has T:
26 =10 ms for all samples. T from surface resonances of the cubes were monitored at peak
28 maxima, near 1 ppm for the high field band, and around 9 ppm for the low fields band. All
these resonances show one T1 component equal to that of physisorbed water. The second
33 component displays a longer Ty, 100s of ms for the 1 ppm band and several seconds for the
9 ppm band. No physisorbed water resonance is apparent in the spectra of samples dried at
33 100 °C. In comparison to the as-prepared samples, the shorter T1 component of the 1 and 9

40 ppm bands increases to 100s of ms while the long T1 component remains unchanged.

43 The constant value of the long T1 component upon removal of physisorbed water indicates
that the spin systems for the physisorbed water and for the surface species are isolated

48 from each other, i.e., no cross-relaxation occurs between spin populations. This
remarkable observation is affirmed by the invariant T, of the ‘as-prepared’ samples that
53 have been washed with D;0 (sample 2) or calcined (sample 3). Both of these procedures
55 would be expected to reduce the strength of the 1H-1H dipolar interaction in the affected

58 spin populations and lengthen the T; of the surface -OH functionality if they were in
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intimate contact. The relaxation trends are prima facie evidence for the isolation of the
physisorbed water and surface hydroxyl spin systems, and consequently the isolation of

the molecular species.

The T1 of the needle-like resonances are the same as the underlying broader resonance
bands. This follows from the bimodal analysis of as-received non-calcined nanocubes and

from T1 comparison of the as-received,yn non-calcined, and calcined samples.

Spin-spin relaxation, T>. A summary of T values for non-calcined cubes is given in
Table 3. Tz values for as-received non-calcined cubes are compared with those from a
sample dried under vacuum at 100 °C. The data require a two-component fit. The short
component in both samples is on the order of 100 ps, the T> of the physisorbed water
resonance. The resonances of hydroxyl sites are on the order of ms, one to two orders of
magnitude longer than the water T,. To a first approximation, the long T> is independent of
the water concentration suggesting that the surface sites are not in intimate contact with
the physisorbed water component. The four T> values of the sharp 8-10 ppm resonances
differ significantly from each other, indicating that these protons are reflecting unique
environments. The long T of the surface -OH resonances is good evidence that excludes
the assignment of these resonances to -OH hydrogen-bonded to water. Such species on the
surface of silicas show T2 on the order of 50 ps, resulting from the close proximity of the -

OH and Hz0 protons. ¢7
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Table 2. Spin-lattice relaxation (71) data summary for as-received, D20 washed and

calcined cubes (2 component fits).

©CoO~NOUTA,WNPE

As-prepared Dried at 100 °C in vacuum

11 o) T1 T1 6 T1 T1

14 (ppm) | (ms) | (s) (ppm) | (ms) | (s)

17 1. Sample 1, 1.23 10 0.43 1.28 100 0.46

20 (as-received,

non-calcined)

25 5.44 10

28 8.21 10 3.2 8.23 150 3.2

31 8.57 10 4.0 8.59 190 4.0

34 9.16 10 3.1 9.15 480 3.0

37 9.65 10 5.1 9.65 560 5.8

43 2. Sample 2, 1.23 10 0.43 1.28 4602 0.462

46 (D20-washed)

49 540 |10

52 8.21 10 2.9 8.23 150 3.1

- 857 |10 |38 859 [190 |43
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9.16 10 3.1 9.15 460 3.0

9.65 10 5.2 9.65 560 4.6
3. Sample 3, 1.24 100t | 100P 1.24 80 0.63
(calcined)

5.59 10

9.10¢ 30 4.3 9.10 100 3.8

a.b. Data fit best to a single exponential. c. The reported Ti is the average value of

measurements taken at 8.65 and 9.50 ppm, local peak maxima in this region. T1 monitored

at 12 ppm, i.e., along the broad low field tail of the downfield resonance band, is 4+1 s.

Table 3. T> data summary for as-received and vacuum-dried (100°C) non-calcined

ceria nanocubes (2-component fit)

As-received

Dried at 100 °C in vacuum

1) T2 T2 1) T T
(ppm) (ms) (ms) (ppm) (ms) (ms)
1.23 0.1 1.1 1.23 0.1 0.7
5.64 0.1

8.21 0.8 4.7 8.21 0.1 3.5

ACS Paragon Plus Environment
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8.60 0.5 2.1 8.57 0.1 1.3
9.16 0.7 8.0 9.16 0.1 4.7
9.65 2.1 30.6 9.65 0.1 9.9
DFT studies. Water was found to adsorb on the (100) surface in the coordinative ‘holes’

(described in Experimental). Geometry optimizations, where the water molecule was
initially placed in an atop position above cerium converged to structures with water
adsorbed in a hole. We found multiple structures distinguished by the orientation of water
and enabling hydrogen bonding at varying strengths. Figure 11 shows three exemplary
water structures with (a) zero, (b) one, and (c) two oxygen-hydrogen distances below 2 A.

Figure 11 also includes the adsorption energies calculated as
Eads = Esurf + Ewater - Esurf/water; (1)

where Esurfis the energy of the clean surface, Ewater is the energy of the isolated water
molecule, and Esurf/water is the energy of water adsorbed on the surface. A positive
adsorption energy indicates exothermic adsorption. Consistent with prior work 32 the
adsorption energy of water is about 1 eV. The adsorption energies of the water structures
shown in Figure 11 (a)-(c) are within a narrow energy range (0.94 - 1.09 eV) indicating
that hydrogen bonding between the water molecule and surface oxygen has a minor effect

on the stability of the water/ceria system.
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Faa=1.05eV " Faq=1.09eV Eag=0.94eV
d(OH,)=2.34 d(0OH,)=1.76 il d(O1Hy)=1.76
d(0,H,)=2.78 d(0,H,)=3.03 ) d(O,Hy=1.67
d(05Hp)=2.69 d(05H)=3.03

d(O4Hy=2.77 ) d(0O4Hp)=2.67

d)

Eag=1.71eV | Eaa=1.68eV ? Faa=1.64eV
d(01H,)=2.98 d(01Hy)=4.35 i d(01H,)=2.65
d(0,H,)=2.90 d(0,H,)=2.95 ¥ d(0O.Hp=2.71
d(O;H;)=0.99 0 d(0sHp=2.56 d(05H)=2.69
d(OsHp)=1.87 1 d(O4Hp)=2.52

Figure 11. Top view of water (a) - (c) and dissociated water (d) - (f) on the oxidized (100)
ceria surface, and of dissociated water (g) on the partially reduced (100) ceria surface;
crystal radii 73 used for rendering of the surface, covalent radii 74 for adsorbates except
hydroxyl oxygen, for which an average of crystal and covalent radius was used; orange -
oxygen, red - oxygen top layer and adsorbates, white - hydrogen, purple - cerium, silver -

cerium second layer; distances in A.

When one of the O-H bonds is cleaved, a hydroxyl is formed that is located in the hole
position (hole hydroxyl) while the hydrogen atom forms a second hydroxyl with a lattice
oxygen (surface hydroxyl). There is a slight distinction between the hydroxyls due to the
difference of the coordination sphere in the two positions. While the surface hydroxyl is
surrounded by next nearest neighbor oxygen atoms, the hole hydroxyl is enclosed by
nearest neighbor oxygen atoms with next nearest neighbor positions empty. Two of the
next nearest neighbor surface oxygen atoms are available (not blocked by second row
cerium atoms) for strong hydrogen bonding when the surface hydroxyl rotates such that

the hydrogen atom is integrated in the top layer, see Figure 11 (d). Again, we find a variety
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of structures that are distinct by the orientation of the hydroxyls; three examples are
shown in Figure 11 (d)-(f). Selected oxygen/hydrogen distances and dissociative

adsorption energies are also reported in Figure 11, where Esurf/water is the energy of

©CoO~NOUTA,WNPE

11 dissociated water on the ceria surface in Eq. (1) for structures (d)-(f). Similar to the
13 associated water systems, the dissociative adsorption energies for the hydroxyl structures
16 shown in Figure 11 are nearly equal (1.64 to 1.71 eV) and consistent with the value given in

18 prior work.32

21 Figure 12 depicts the NEB path for the cleavage of one of the oxygen/hydrogen bonds in

23 water in the energetically lowest structure given in Figure 11(b). The path does not reveal
26 a barrier for dissociation suggesting that adsorbed water is a meta-stable state on a flat

28 potential energy surface. This is in agreement with the experimental finding that
dissociation occurs immediately upon water exposure. Depending on the orientation of the
33 resulting hydroxyls on the cube surface, hydrogen bonds of different strength are formed
between hydroxyl H and lattice O explaining different chemical shifts in the NMR

33 experiments. Since these structures are energetically very close, we expect that they are

40 populated to a similar extent, contributing to the broadening of the experimentally

43 observed NMR peaks.

The partially reduced surface is modeled by removing one surface oxygen resulting in an
48 oxygen vacancy with two electrons remaining in the surface. These electrons localize in
cerium 4f-bands reducing two Ce** to Ce3*ions and were reported to be located next to the
53 vacancy in the lowest energy solution.’2 However, with our computational setup (different

55 DFT functional and surface cell expansion), an energetically lower solution is obtained
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Figure 12. Energy difference as a function of the reaction coordinate for the O-H bond. Data

points corresponds to NEB images; radii and coloring as in Figure 11; distances in A.

when the Ce3* ions are located nearest and next nearest to the vacancy in the second layer.
This is the Ce3* configuration we use in our calculations, although, we have not searched for
a globally lowest solution. When we place water as initial structure either in the vacancy or
in the hole position, geometry optimizations converge to a solution where water is
dissociated. Although an undissociated structure has been reported previously,32 it is
unlikely that this structure is a minimum on the potential energy surface corresponding to
the computational parameters used herein. According to our results, regardless of the
degree of surface reduction, water is expected to undergo spontaneous oxygen/hydrogen
bond cleavage on the (100) surface.
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When water undergoes O-H bond cleavage in the presence of a vacancy, the hydroxyl
occupies the vacancy and the hydrogen is located on a neighboring surface oxygen. The
resulting structure is shown in Figure 11(g). Geometry optimizations with hydroxyl
occupying the hole position as the initial structure converge to a structure where hydroxyl
is situated in the vacancy. Without an adjacent hole position occupied by hydroxyl, the
hydroxyl(s) in Figure 11(g) prefer to orient normal to the surface. At the 3.4 OH/nm?
coverage (0.25 ML) used in the calculations, energetically close structures with tilted
hydroxyls are not observed. Hydroxyls in Figure 11 (g) are next nearest neighbors, each
surrounded by empty hole positions. Due to periodic boundary conditions and limited cell
size, there are no oxygen atoms available to share a hydrogen atom as observed in
structure Figure 11(d) on the oxidized surface. Each hydroxyl has either another hydroxyl
or an oxygen blocked by a second row cerium atom (shown in gray in Figure 11) as a
neighbor. To model a hydroxyl arrangement that is not artificially limited by periodic
boundary condition and allows for strong hydrogen bonding to a surface oxygen, we use as
initial structure a configuration, where the hydroxyls are second nearest neighbors. We
then rotate one or both hydroxyls towards the surface for hydrogen to interact with an
available surface oxygen. Geometry optimizations lead again to a structure where the
hydroxyls are standing up. It appears that the hydroxyl orientation parallel to the surface
does not correspond to a minimum structure when hydroxyl occupies the vacancy position.
The dissociative adsorption energy (defined as above but with the surface containing a
vacancy) is included in Figure 11(g) and is similar to the adsorption energy reported by
Molinari.32 At the same coverage of 3.4 OH/nm?, implying a more spacious oxygen top layer
in the vacancy structure, water binds dissociatively, about 1 eV more strongly over a
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vacancy than on the oxidized (100) surface. Note, that although the vacancy appears to be
healed by hydroxyl, the surface remains reduced with two Ce3*ions occupying nearest and

next nearest neighbor positions relative to the vacancy.

The experimental finding that the fully hydroxylated surface does not interact with water
was examined computationally. The hydroxylated surface has a large number of minimum
structures that are distinguished by the orientation of the hydroxyls to each other. Many of
these are accessible at the experimental conditions and the exploration of each
configuration is beyond the scope of this work. Instead, a two-stage approach was
employed, where six configurations of a water molecule with the hydroxylated surface
were first created and then the energy for water removal for each sample configuration
was measured. This approach allows for nominal alteration of the minimum structures of
the hydroxyls that are not engaged in water interactions during re-optimization of the
water-free hydroxylated surface. We obtain a representative range of values for the local
interactions between water and the hydroxylated surface that we compare to the

interaction of water with itself.

The binding energy of a water molecule within a water network was estimated from a
water cluster consisting of five water molecules. The center water molecule is connected
through hydrogen bonds with four surrounding water molecules. The binding energy per

water molecule is estimated as

Ebind = E4w + E1w- Esw, (2)

where Esy is the energy of the optimized water cluster, Esw is the energy of the cluster,
where the center water molecule is removed, and E1wis the energy of an isolated water

molecule. A value of 0.92 eV for this energy was calculated.
38
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To estimate the interaction energy of a water molecule with the hydroxylated surface, the
fully hydroxylated surface is constructed orienting half of the hydroxyls normal to the
surface and half tilted towards the surface, as in Figure 13 (a). This corresponds to the
structure shown in Figure 11(e) periodically repeated and using a p(1x1) cell. The high
coverage reduces the dissociative adsorption energy per water from 1.68 eV to 1.33 eV.
Note, the so generated fully hydroxylated surface is not necessarily the energetically most
favorable. A water molecule is then added to the surface resulting in six structures that are
distinguished by the orientation of the water molecules. All optimizations of the
water/hydroxyl aggregates lead to similar geometries where at least two hydroxyl
hydrogens interact with water oxygen and one of the water hydrogens interacts with an
oxygen of an hydroxyl that is tilted toward the surface. An exemplary structure is depicted
in Figure 13(b). The adsorption energies for water on the initial hydroxylated surface are
0.73-1.54 eV These, however, include energy differences due to the response of hydroxyls
that do not interact with water. To obtain water adsorption energies that estimate only
water hydroxyl interactions, the water molecule was removed and the hydroxylated
surface was relaxed. For the configuration shown in Figure 13(b), the water adsorption
energy relative to the relaxed surface shown in Figure 13(c) is 0.04 eV. For all six
exemplary calculations, the hydroxyls on the surface previously engaged with water
reorient to interact better with each other. The adsorption energies, obtained by letting the
surface respond to water removal, range from 0.00 - 0.78 eV. This suggests that water may
indeed prefer to participate in the hydrogen-bonded network with other water molecules

(compare to the binding energy of 0.92 eV) than to interact with the hydroxylated surface.
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The hydroxyls can effectively interact with each other on the surface, which results in an

energy penalty for orienting to interact with water.

Figure 13. Water adsorption and desorption on the fully hydroxylated (100) ceria surface;

radii and coloring as in Figure 11.

Discussion

Inferences on the electron-proton interaction in 'H NMR spectra of nanocubes. The
parameters contributing 1H chemical shifts of hydroxyl groups (-OH) on metal oxides
relevant to catalysis have been reviewed. 7> The diamagnetic shielding contribution from
the electron density around the proton is the dominant term controlling the chemical shift
of the hydroxyl proton in diamagnetic solids. Secondary perturbations include local
magnetic anisotropy effects, proximity to electrically charged particles or ions, hydrogen

bonding of the proton to surface functionality, and proton acidity.

For ceria, the manifestation of the electron-nuclear interaction, i.e., the e-1H dipole-dipole
interaction must be evaluated. Cerium in CeOz is in the +4 oxidation state and diamagnetic.
However, the facile reducibility of ceria means that ceria may have some Ce*3

concentration, depending on sample history. For example, it is possible to partially reduce
40
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ceria by moderate heating (300-500 °C) in vacuum. 12 The loss of a lattice oxygen creates an
oxygen vacancy and two Ce*3, each an unpaired electron center. The concentration of Ce*3

sites in nanoparticles can be estimated by Ce 3d XPS 76 and EPR measurements.12 The

©CoO~NOUTA,WNPE

11 concentration of Ce*3 sites increases as the particle size decreases, with the concentration
13 increasing rapidly with particle sizes below 10 nm.”¢ A nanocube particle size distribution
16 of 20-100 nm results from the synthetic method used in this work!1. On this basis the

18 nanocubes are expected to contain a low concentration of Ce*3 centers. The e-1H dipolar
interaction introduces a mechanism to broaden and shift nuclear resonances within the

23 electron sphere of influence.’” Broadening has been observed previously by Fierro et. al. 13
25 in static 1H NMR spectra of ceria samples heated in vacuum. In those studies, as 95% of the
28 surface 1H signal was eliminated as water by evacuating the sample between RT and 300
30 °C, the linewidth of the remaining signal narrowed. The full width at half height of the
resonance, FWHH, decreased from ca. 20 to 14 kHz as the temperature increased from 20
35 to 300 °C. As the temperature was raised from 300 to 500 °C, FWHH increased to ca. 23

37 kHz. (The second moments of 4, 2, and 5 G2 (field units) at 20, 300 and 500 °C, respectively,
40 estimated from Figure 3c in reference 13, were converted to the stated FWHH values

42 (frequency units) assuming a Gaussian lineshape.) The narrowing trend was attributed to
a decrease in 1H-1H dipolar coupling as the surface density of ~-OH decreased: the

47 subsequent broadening was attributed to the formation of paramagnetic centers as a

49 consequence of partial surface reduction through the loss of lattice oxygen, and an increase
52 in linewidth from e-1H dipolar coupling. 13 Electron-proton dipolar coupling of this order
54 will appear as weak sidebands in 40 kHz MAS 1H spectra. We have already commented on
57 sideband intensity of the proton resonances as indicating weak, ~10 kHz, dipolar coupling.
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The 10-15% of the 1H centerband resonance area in the first sideband pair at 10 kHz MAS

reflect both weak e-1H and 1H-1H dipolar coupling (Figure 10).

Fermi contact shifts (through bond coupling) on the order of 40 kHz recently have been
reported between the electron on Ce3*and directly bound lattice oxygen in the 170 NMR
spectrum of ceria nanoparticles. 70 Pseudo contact shifts and half-height linewidths of
oxygen resonances in the Ce3*second co-ordination shell are one to two orders of
magnitude smaller, on the order of 0-30 ppm and 500 Hz, respectively. 70 Pseudo contact
shifts in the kHz range, scaled by the 7.5-fold larger gyromagnetic ratio of the proton
relative to 170, are expected in 1H NMR spectra for the e-1H dipolar interaction of surface -
OH bound to the Ce*3 center. A possible resonance that might represent these pseudo
contact-shifted protons in the 'H spectra of nanocubes is the low-intensity high-frequency
resonance that extends the 9 ppm resonance band to ca 12 ppm. Our assignment of this
band to strongly hydrogen-bonded -OH functionality rests on the similarity of its Ty value
(several seconds) to the other low field resonances. It is anticipated that the T1 of protons
near an unpaired electron site will be relaxed efficiently through e-1H dipolar relaxation.
Fast relaxation is not observed for this low-intensity high-frequency resonance (Table 2,
caption). Hence, the e-1H dipole-dipole interaction is not apparent in the 20-40 kHz MAS

spectra of these ceria nanocubes.

One caveat remains. Typically, using the 1.2 mm MAS probe and the onepuldpth sequence,
the proton background signal from the Torlon rotor parts and further removed probe
surfaces is 100-fold larger than the signal from surface species on the ceria cubes,
necessitating careful analysis in background removal. While the background signal has

been characterized extensively and great care is exercised in its removal, a smooth-
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structured resonance with FWHH on the order of 30 kHz or greater potentially could be
missed by inadvertent removal as a background signal. Spin counting experiments were

used to evaluate this possibility. The surface -OH coverage in Table 1 for as-received non-
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11 calcined nanocubes is 0.9 + 0.2 ML, in excellent agreement with DFT predictions (1 ML).
13 Since the methodology results in -OH coverages that are essentially unity at RT, the

16 exclusion of signal loss from e-1H broadening is justified within the error limits of the

18 measurement. The error estimates indicate that, in the worst case, no more than 20% of

surface -OH could be missed due to broad resonances resulting from e-1H interactions.

23 Surface Assignments.  The assignments of nanocube resonances to -OH or water

26 resonances follow from assessing the trends in ceria surface reactivity predicted by DFT
28 calculations, chemical shift correlation, the relative strength of the proton dipole-dipole

interaction at resolved sites in the 1H spectra, comparative use of spin lattice relaxation

33 times (T1), and resonance response in water adsorption/desorption experiments. The

assignments are summarized in Table 4.

38 The general trend that emerges from studies of neutral metal oxides (silica, titania) is that
41 isolated surface -OH functions display a high field resonance that is shifted to lower field
43 by hydrogen-bonding. The strong correlation between increasing hydrogen bond strength
and increasing 'H chemical shift (lower field shift) is well-established.’8 The hydrogen

48 bond strength is mediated by distance and angle orientation within the hydrogen-bonded
atoms. 78 This effect will lead to a heterogeneous distribution in chemical shifts depending
53 on the constraints of solid surfaces. For example, the chemical shift of isolated SiOH on

55 neutral silica appear at 1.7 ppm. Hydrogen-bonded silanols appear as a broad asymmetric

58 resonance peaked at 3.0 ppm, with a low field tail that extends to 8.0 ppm. The low field
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tail represents a continuously diminishing distribution of silanol protons involved in

hydrogen bonds of increasing strengths. ¢7

Table 4. Chemical shift assignment of resonance bands in 1H MAS spectra of nanocubes.

A vi/2 2 Assignmen | Comment

(ppm) (ppm) t

1 2 -OH (100) surface b, bridging hydroxyl, no (or exceedingly
weak) hydrogen bond involvement

0.8,1.2 | 0.5 -OH (111) surface (corner bevels); no hydrogen bond
involvement

3 1-2 -OH or H20 | Shoulder resonance on the 1ppm peak. Surface -OH very
weakly hydrogen-bonded to lattice oxygen or to
molecular water.

4-7 2-3 H20 Physisorbed water, loosely held, minimal surface
interactions.

9 5 -OH (100) surface, strong hydrogen bonds to the lattice
oxygen generating multiple resonance bands from 7 to
12 ppm

8.21 0.3 -OH Subsurface -OH, kinetically trapped during particle

8.57 03 _OH synthesis.

ACS Paragon Plus Environment

44

Page 44 of 62



Page 45 of 62 The Journal of Physical Chemistry

9.16 0.3 -OH

9.65 0.3 -OH Subsurface -OH, kinetically trapped during particle

©CoO~NOUTA,WNPE

synthesis. Higher integrated intensity may indicate

11 deeply buried -OH insensitive to surface features.

a) typical. b) the oxygen atom of all hydroxyl groups on the fully oxidized ceria <100>

16 surface are bridging oxygens, associated with two second row cerium centers.

22 On the ceria (100) surface of cubes all surface -OH are bridging type, i.e., the oxygen is

24 coordinated to two cerium centers. On the surface the orientation of the oxygen-proton
bond of the hydroxyl function may be normal to the surface or may lie nearly in the plane of
29 the top oxygen layer (Figure 13). In the former configuration no strong hydrogen bonds
are possible with lattice-oxygen to hydroxyl-proton distances >2.5 A; in the latter at least
34 one strong hydrogen bond is found: d(OH) =1.87 A, (see Figure 11d). Over the range of

36 relaxed structures examined Eaq is similar, 1.67 £0.04 eV, with the strongly hydrogen-

39 bonded structure having the lowest energy. The inference is that the energy gain associated
41 with the formation of strong hydrogen bonds adds to but is not the dominant driving force

for increased surface stability.

The cube spectra, free of physisorbed water, display two prominent resonances bands,
49 centered around 1 and 9 ppm (see Figure 7a, 8b). Isolated —-OH are assigned to the 1 ppm,
51 the ca. 2 ppm half-width reflecting the heterogeneity of the local surface structure. This

54 assignment aligns with the 1.2 ppm chemical shift assigned to isolated -OH on a non-porous

56 octahedral ceria (111) surface. 8.2

60 45

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

Hydrogen-bonded hydroxyls on the ceria cube surface are assigned to the 9 ppm band.
This band is asymmetric, beginning near 7 ppm and extending to 12 ppm (Figure 7, 8).
Clear structure is seen within the band, a reflection of the crystallinity of the ceria and
resultant discontinuous array of heterogeneously broadened hydrogen bond strengths.
Unlike the 1H NMR of silicas, the isolated and hydrogen-bonded surface -OH resonances on
nanocubes are completely resolved, an indication that the surface can adjust to form an
array of optimized hydrogen bonds. This likely results from the conformational disorder
and fluxionality of oxygen surface species on the ceria (100) surface’ that allows
optimization of the hydrogen bond orientation and distance of surface -OH to lattice
oxygen. The dominant feature of 1H spectra of dry ceria cubes is the resolved 1 and 9 ppm
resonance bands that reflect the collections of ‘isolated’ and hydrogen-bonded -OH on the
surface, respectively. Spectra in Figure 7(b) and 8(a) are representative of this distribution
on the dry cube surface, with the greater fraction of surface -OH in hydrogen-bonded

configurations.

At low physisorbed water concentration a 3 ppm shoulder resonance on the 1 ppm
resonance band is apparent (Figure 4(b), 5). The shoulder may represent the
heterogeneity of the chemical shift range of isolated -OH due to variations in surface
structure. This interpretation is the basis for the ~OH designation in Table 4. Alternatively,
the 3 ppm shoulder resonances may be due to weakly-bound molecular water associated
with surface features. The water assignment is compatible with the observations
presented in the next section, with the conjecture that the surface may present more than

one motif.
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Nanocubes with high sodium ion surface contamination: An exceptional case.
Nanocubes with excess Na* on the surface (from omitted ion exchange washing) and

containing a physisorbed water resonance with intensity on the order of a ML possess
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11 exceptional spectra with a unique cluster of resolved resonances at 2.5-4 ppm (Figure 6).
13 These resonances were interpreted in the Results section in the context of exchange

16 averaging between surface bound and physisorbed water. These resonances nominally

18 occupy the same chemical shift range as the 3 ppm shoulder resonance band in ‘sodium-
free’ cubes and provide some justification for the assignment of the latter to water. They
23 appear with high integrated intensity relative to the 9 ppm resonance band (cf. Figure 6(a)
25 with Figure 4(b) and Figure 5). The high intensity of these resonances requires a proton
28 source external to the surface and this can only be physisorbed water. In sodium-

30 contaminated samples, the water may be drawn to the surface by interaction with the polar
CeO-Na* functionality that enhances the surface hydrophilicity. The existence of multiple,
35 partially-resolved resonances within the high field band of Figure 6(a) suggests that

37 molecular water exists in a few ordered configurations on the surface.

40 We argue below that molecular water does not normally exist in a weakly hydrogen-

43 bonded state over a nominally hydroxylated, ion free, ceria (100) surface, but the small
45 shoulder resonances in the spectra of the pristine dry cubes may belie the exclusivity of
this claim, or rather, point out that a single, uniform description of the surface is overly
50 simple. The assignment of the shoulder resonances in vacuum dried ceria cubes remains

52 tentative for this reason.
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The sharp low field resonances: synthesis artifacts. The last group of resonances in Table 4
is the four sharp peaks grouped between 8.21- 9.65 ppm. We conclude from the similarity
in chemical shift and spin-lattice relaxation times that the sharp resonances do not differ in
kind from the broader underlying resonances. Hence, they are assigned to hydrogen-
bonded -OH isolated from water, i.e., -OH hydrogen-bonded to lattice oxygen. They are also
similar to the 9 ppm peak in that none will exchange with deuterium by washing in D20
under neutral, acidic or basic conditions. They are distinguished from the 9 ppm resonance
band by four characteristics: 1) their unique highly reproducible chemical shifts, 2) their
sharp linewidths, 3) the complete absence of sideband intensity at all MAS speeds, and 4)
the fact that they are irreversibly eliminated from the spectra by mild (160 °C) heating
under vacuum, and cannot be repopulated. The well-defined, highly reproducible chemical
shifts demand that the resonances derive from four specific configurations within the
crystal. The weak side band intensity at 10 kHz MAS reflects the average proton-proton
distance of several A and is the basis for assigning the 1 and 9 ppm resonance band to -OH.
Still weaker 1H-1H dipolar coupling associated with the sharp resonances requires an even
greater proton-proton separation for these species. On these bases, the four sharp
resonances are assigned to thermodynamically unstable subsurface -OH within the cubic
crystal lattice. DFT calculations indicate that subsurface hydrogen is energetically
unfavorable by 1.6 eV. Kinetic trapping may offset this unfavorable energy during the
particle’s hydrothermal synthesis. An example of a dissociated water structure on the (100)

surface, where one hydrogen is bound to third layer oxygen is depicted in Figure S9.
The four sharp peaks, while highly conspicuous in the spectra due to their very narrow
linewidths, constitute a small fraction (4%) of the total ceria functionality. The most highly
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populated resonance at 9.65 ppm has the longest T1 among the sharp resonances.
Speculation that this resonance derives from more deeply buried subsurface -OH with an
environmentally insensitive chemical shift is not consistent with the interpretation of the
T1 data given above. The 9.65 resonance shows a bimodal T1 dependence assigned to
residual water and surface -OH. Within this interpretation, to invoke a distance
dependence would require a T1 with a trimodal dependence, not justified by the intensity
data of the relaxation set. This indicates that the T values of the resonances should not be

interpreted with an overly simplistic (distance only) model.

An hydroxylated, hydrophobic nanocube surface. In the preceding discussion the
ceria surface has been described as more or less hydrophobic. This description stems from
two primary arguments: T1 trends and ineffective deuterium exchange experiments. The T1
values for physisorbed water and surface -OH are vastly different. The long T1 component
from surface -OH is insensitive to the hydration state of the ceria, remaining unchanged in
as-received, non-calcined, or calcined cubes in wet and dry states. If the 1H spin systems
representing these two proton types were in intimate contact with each other, the T; values
of the surface -OH would show averaged values by communication through spin diffusion.
Furthermore, comparison of the values in Table 2 show the -OH values are also unaffected
by washing the ceria in D20, an experiment meant to simulate the removal of the 1H-1H
dipolar interaction between the two spin populations. More directly, the intensity of the
ceria —-OH resonances are unchanged in exchange experiments (D20 washes) as shown in
Figure 9. These results make sense if there is no close physical contact between the
physisorbed water pool and surface ceria-OH functionality, i.e., the surface is hydrophobic.

This counter-intuitive result applies to the hydroxylated surface. Ceria cubes that have
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been carefully dried react with water with immediate dissociation to form the
hydroxylated surface, as shown in Figure 8(d). Once formed the surface repels additional
water, a result that implies the formation of strong hydrogen bonds between the surface -
OH and lattice oxygen, such that there is no serious competition between surface -OH and
physisorbed water. Figure 8d supports this conclusion, indicating the majority of surface -
OH are strongly hydrogen bonded. The hydrophobic nature of the hydroxylated ceria
surface gains some support from independent observations in a study of the interaction of
D20 with the ceria (100) surface investigated by temperature programmed desorption and
X-ray photoelectron spectroscopy.3> In that work, ceria (100) surfaces that have high
concentrations of water, sufficient to form multilayers, show the O 1s emission from
surface hydroxyl and substrate oxygen but do not record the O 1s emissions from
deuterated water. That study suggested that this is due to the non-wetting behavior of
water on the surface, with the formation of nanosized water clusters, three-dimensional
beads of water above the ceria surface. Our DFT calculations affirm the notion that water
may prefer to participate in hydrogen-bonded networks to other water molecules rather
than interact with the hydroxylated surface with optimized surface -OH hydrogen bonding

depicted in Figure 13(c).

Conclusions:

The (100) surface of ceria nanocubes contains two populations of surface -OH
characterized primarily by their involvement (9 ppm resonance band, 5 ppm breadth,
structured) or lack of involvement (1 ppm resonance band, 3 ppm FWHH, Gaussian) in
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hydrogen bond formation to surface lattice oxygen. These resonances possess non-
overlapping chemical shifts and characteristic spin lattice relaxation times. The hydroxyl

population at room temperature is 0.9 +0.2 ML, i.e., essentially a fully hydroxylated surface,

©CoO~NOUTA,WNPE

11 consistent with DFT prediction. While the bands do present evidence of heterogeneous
13 dispersion that reflect surface irregularities (oxygen vacancies, step edges, beveled edges)
16 this dispersion is small, on the order of 1 ppm, permitting the observation of multiple

18 resonance bands in solid-state 'H spectra, assigned to water and surface -OH groups.
Weak 1H-1H dipolar coupling characterizes all sites, eliminating strongly bound water as a

23 surface component on ceria nanocubes.

26 The 9 ppm resonance band displays partially-resolved components representing strong

28 surface -OH hydrogen-bond interactions in a limited number of configurations with lattice
oxygens. Four sharp resonances superpose the low field band and arise from kinetically

33 trapped subsurface -OH in unique internal environments. The lowest field resonance (9.65
ppm) may represent more deeply-buried -OH, with a chemical shift unaffected by surface

33 boundary effects.

41 The hydroxylated ceria nanocube (100) surface is hydrophobic. This counterintuitive

43 conclusion is demonstrated by the inability to exchange surface -OH for -OD in D20
washing experiments and the complete insensitivity of the surface -OH spin lattice

48 relaxation times as a function of drying. Both measures show that there is little
communication between the protons in the physisorbed water and the surface -OH

53 functionality. Following an initial adsorption and barrierless dissociation of water on the
55 dry ceria nanocube surface, occurring first at oxygen vacancies, most surface -OH form

58 hydrogen bonds to lattice oxygen so effectively that excess physisorbed water energetically
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prefers to hydrogen bond to itself. The fluxional nature of the ceria surface, as judged by its
easy redox and oxygen migration properties, likely allows effective distance and angle
optimization of hydrogen bonds formed from -OH to lattice oxygen. This interpretation
gains support from DFT calculations that indicate that the interaction of water with a fully

hydroxylated surface is a thermoneutral process.
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