Carbon Capture and Usage by MXenes
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ABSTRACT

Two-dimensional (2D) pristine M2X MXenes are proposed as highly active catalytic
materials for carbon dioxide (CO2) greenhouse gas conversion into carbon monoxide
(CO) on the basis of a multiscale modeling approach, coupling calculations carried out
in the framework of density functional theory and newly developed kinetic phase
diagrams. The extremely facile CO2 conversion into CO leaves the MXene surfaces
partially covered by atomic oxygen, recovering its pristine nature by a posterior catalyst
regeneration by hydrogen (H2) treatment at high temperatures, MXenes effectively

working as a two-step catalyst for the reverse water-gas shift reaction.
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1. Introduction

The ever-growing energy demands to sustain the current society wellness standards has
put climate at stake, where one of the major causes of global warming is the anomalous
high concentration of carbon dioxide (CO2) greenhouse gas present in the atmosphere.!
Actions are being taken to reduce the CO. emissions, e.g. exploiting clean energy
sources, or even maximizing the energy profit from other existing ones. Still,
exceedingly large amounts of CO are and will be poured into the atmosphere, and
complementary actions and processes are sought in order to mitigate the climate change.

Among several plausible technologies, carbon capture and storage (CCS)%* has
been highlighted to eliminate 550 billion CO; tons in the atmosphere, needed to return
to the pre-industrial natural situation.® For CCS, materials are sought able to anchor
CO; at standard conditions, a task challenged by the CO2 high molecular stability and
consequent low activity. More appealing than CCS are carbon capture and utilization
(CCU) technologies,®® aimed at using CO> as a C1 chemical feedstock; by this, CO, can
be chemically converted into other greener and potentially industrially-useful
chemicals, such as methanol, currently used in fuel cells,® or carbon monoxide (CO),
which can be later used in the Fischer-Tropsch process synthesizing Cy
hydrocarbons.'%!! The back-formation of re-usable fuels by CCU while using renewable
sources of energy, and other sustainable reagents, e.g. hydrogen (H.) from water
photocatalysis, conforms a plausible path towards closing the C-cycle.

A sine qua non pre-requisite for CO; catalytic conversion is having a material
able to capture it under reaction operando conditions. Besides, given the very high CO>
stability, such a material would need to be able to activate it, which naturally implies a

substrate—CO2 charge transfer and the formation of a chemically active, bent COY
moiety. Recently, two-dimensional (2D) transition metal carbides and nitrides, named
MXenes,'2 have been proposed for CCS technologies based on estimates from density
functional theory (DFT) calculations, meeting the aforementioned criteria while
featuring very high gravimetric CO> loadings thanks to their intrinsic high surface
areas.’* Such a forecast mentioned has been recently experimentally confirmed on
pristine TisC2 MXene, successfully reaching a very high CO; uptake of 12 mol-kg?,°
thus surpassing other previous values on other employed solid sorbents.3

Inspired by the promising performance in the electrocatalytic and

photocatalytict® CO, reduction of a series of MXene-based compounds, including O-



and OH-terminated MXenes,'’!° vacancy-containing MXenes,?® and even MXene-
based composites,?* and spurred by the aforementioned CCS technology achievement,
we show here compelling theoretical evidence, based on accurate DFT simulations and
newly developed kinetic phase diagrams, of the very high CCU activity of the MXenes
family, catalyzing the CO formation, a product that be subsequently used in methanol
synthesis or introduced in Fischer-Tropsch plants to produce hydrocarbons. A further
two-step procedure to catalyze the reverse water gas shift (RWGS) reaction —CO> + H>
— CO + H20— is presented based on existing experimental procedures for obtaining
pristine MXene surfaces.'® Note that very recent synthetic protocols permit synthetizing

bare MXenes, making their usage further attractive for CCU activities.??

2. Methods and Models

A broad set of MXenes with M2X formula has been studied, including transition metals
(M) from groups 1V (Ti, Zr, Hf), V (V, Nb, Ta), and VI (Cr, Mo, W), while X = C or N,
totaling 18 M>X (0001) surface systems, studied by means of surface slab models as
done in previous studies.’>* These consist of p(3x3) supercells containing 18 metal and
9 C or 9 N atoms arranged in three atomic layers —i.e., a sandwiched M2X structure has
been used. In all calculations, a full geometry optimization was considered where
positions of MXene and adsorbates atoms were fully relaxed. The employed p(3x3)
supercells slab models have a length of 16 A along the (0001) unit cell vector, which
ensures at least 10 A of vacuum among the material replicas along the direction normal
to the MXene surface, enough to avoid the interaction among the slabs or of the
adsorbates with the replicated slabs, see Figure 1. This also ensures a low coverage
regime of a sole CO., CO, or O moiety per every nine surface metal atoms.

The present DFT calculations were carried out using the periodic Vienna ab
initio simulation package (VASP).% Following previous procedures on the interaction
of CO2 and MXenes, the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional,?* combined with the Grimme D3 treatment of dispersive forces.?® The PBE-
D3 choice is supported by previous studies showing that it accurately predicts the
interaction of CO, with MXenes and transition metal carbides (TMCs).13142627
Projector augmented wave (PAW) pseudopotentials were used to describe the effect of
core electrons onto the valence electron density.?® The latter was expanded in a plane

wave basis set with a cut-off energy of 415 eV. The Brillouin zone integration was



sampled using an optimal Monkhorst-Pack k-grid of a 5x5x1 dimensions.?® The
threshold for the electronic optimization was set to 10 eV, and geometry optimizations
were considered finished when forces acting on atoms were below 0.01 eV A, During
optimizations, the coordinates of all the atoms in the cell were allowed to fully relax.
Test calculations using more stringent values for kinetic energy cutoff, the k-points
mesh, or the thresholds used as optimization criteria yielded variations in the computed
adsorption energies below chemical accuracy, i.e. below ~0.04 eV —1 kcal-mol™?. The
effect of spin polarization was considered as well and found to be significant for the
Ti2N and TiC MXenes only, with reductions on the Eas of at most 0.2-0.3 eV.
However, this corresponds to a small fraction of Eas, and consequently, spin
polarization was safely disregarded in the oncoming discussion.

For each adsorbate (CO2, CO, or O), four high symmetry sites were sampled, see
Figure 1, including top (T), bridge (B), and two types of three-fold hollow sites, either
with an X atom (Hx) or a metal (Hm) atom beneath. For CO. and CO, different
molecular conformations —perpendicular, planar, or tilted— were also considered, and,
for each, at least two different orientations with respect the MXene most stable (0001)
surface were sampled. To distinguish among the different adsorption sites, a
coordination chemistry-based notation is used, so n" denotes the number n of atoms of
the adsorbed species bound to the surface, followed by a string tagging such atoms. The
u™ term denotes how many m atoms of the surface are implicated in the adsorption of
the species. Next, the position of the n atoms is specified, stating their location over a T
(), B (b), Hm (m), or Hx (x) site. For instance, an O atom adsorbed on a Hy site would
be n!-0-u3-Ox, although for commodity, only the last part is commonly stated (Ox), as
sufficient for an unequivocal identification, see Tables S1-S5 and Figures S1 and S2 of
Section S1 of the Supporting Information (SI).

The geometry optimization calculations, necessary to determine the minimum
energy atomic structure of adsorbates, were performed by initially placing the different
species ~2 A above the MXene surface, and then fully relaxing all the structure as
above indicated. The located minima were subsequently characterized via a vibrational
analysis, performed through the building up and subsequent diagonalization of the block
of the Hessian matrix corresponding to adsorbate degrees of freedom. The elements of
the Hessian matrix were obtained from finite differences of analytical gradients with

displacements of 0.03 A. Note that, within this approach, the molecular vibrations are



considered decoupled from the MXene phonons. Nevertheless, test calculations
including MXene phonons yielded marginal variations on the zero point energy (ZPE)
contribution to the calculated adsorption energy values, below the aforementioned
chemical accuracy of ~0.04 eV. Note also that the vibrational frequencies thus
computed are obtained within the harmonic approximation.

The adsorption energy of each species, E;;, are defined as:

Epas = Es/mxene — Emxene — Es + AEzpg (1),

where Es/yxene COrresponds to the total energy of the adsorbed S species, namely, COz,

CO, or O, on a MXene surface; Eyxene Stands for the energy of the relaxed, bare
MXene; and Eg corresponds to the energy of the isolated species, computed in an
asymmetric box of 9x10x11 A dimensions at I'-point to force a correct orbital
occupancy. The AE,py term corresponds to the difference in ZPE of the species in gas
phase or adsorbed. According to this E; ;. definition, favorable adsorption is associated
to negative values, and hence, the more negative the Eags, the stronger the adsorption is.

Note that for linear isolated molecules in vacuum, such as CO and COg, the
number of normal vibrations modes corresponds to 3N-5, where N is the number of
atoms of the molecule. However, for a given adsorbed molecule, the linear symmetry is
removed and the rotational and translation normal modes become frustrated due to the
interactions among the adsorbate and the MXene substrate. Therefore, the formal
number of normal vibrational modes of adsorbed species becomes always 3N. That

considered, the ZPE for gas phase species or when adsorbed are calculated as:

3N 5
EEE = 2 Z ho @,
FERE = 3 Zhwl ®)

where h is the reduced Planck constant, and i are the vibrational frequencies. So, the

ZPE term is simply:
AEZPE ES ads — ESZ,EEC (4)

The search for the transitions states (TSs) corresponding to CO; dissociation was

carried out by means of either the climbing-image nudged elastic band (CI-NEB)



method,*® the adaptive NEB (ANEB)' the dimer® or the improved dimer
methodologies.®® The search of such TS was carried out departing from most stable
adsorption configurations of CO», but other CO> adsorption minima close in energy

were also regarded as initial structures.

3. Results and discussion

As far as the adsorptive landscapes are concerned, for the CO> adsorption landscape on

M2X (0001) surfaces we refer to the literature,*>!43* with the adsorption energy values,

ESC2 ranging from -1.22 (MozN) to -3.65 eV (Ti,C). For CO, the adsorption energy

ads
estimates, ES,, are between -2.21 (W-C) and -3.37 eV (Ti:C); see further details in
Tables S1-S5 of Section S1 of the SI. The affinity of MXenes towards atomic O is
rather large, with EQ, ranging from -7.03 (Mo2C) to -9.02 eV (Hf:N), in line with
experimental observations on as-synthesized terminated MXenes,'?1>%3 and previous
estimates.®”% Indeed, the very large EQ, has been argued to be a descriptor of the CO,
splitting on TMCs, acting as a driving force towards CO; splitting.®

It is worth noticing that the local geometric and electronic structure of 2D M.C
(0001) surfaces resemble the highly-unstable, hard-to-prepare rocksalt TMC (111)
surfaces, to the point that the TMC (111) surfaces reactivity compares to that of (0001)
M2C MXene surfaces, similarly as well to thicker MXenes such as MsCz and M4C3.%°
On MXenes, the adsorption strength seems to be enhanced i) firstly by larger surface
metal positive charge, AQm, evaluated through a Bader topological analysis of the
electron density,***? see Figure 2 and, as a consequence ii) the resulting larger d-band
center, &, as proposed by Hammer and Ngrskov,*® see Figure 3. In this context, the
descriptor dependences for CO>* and O* are found to be similar, while CO* features a
more attenuated trend. Further details on the descriptors estimation, their values, and the
linear adjustment are found in Tables S6 and S7, respectively, of Section S2 of the SI.

The mentioned large O* attachment strength favors the CO. splitting
exothermicity, with reaction energy values, AE;, ranging from -0.88 (Ta2N) to -2.75 eV
(Hf2N), see Table 1. On the basis of the well-known Brgnsted—Evans—Polanyi (BEP)
relationships, one could venture low energy barriers for CO.>* splitting, Eg‘is. This is
fully confirmed by the present EJ'S estimates revealing an extremely easy CO;

dissociation, going from essentially barrierless situations to, at most, quite tolerable



barriers of up to 0.54 eV (W-C). At the same time, given the large reaction step
exothermicity, this implies having large recombination —i.e. CO2* formation— energy
dis

barriers, E;°¢, see Table 1. Given the rich CO2* adsorptive landscape, E5'® values were

gained by departing from energetically competitive CO. adsorption conformations,
dis

unfolding negligible EJ"™* variations of ca. 0.03 eV in average terms. Once the CO2* is

dissociated, the resulting CO* and O* moieties could diffuse to more distant positions;

the diffusion energy barriers, Egif, range from 0.20 (Ti2C) to 1.06 eV (Ta2C), see Table
S8 of Section S3 of the SlI, implying, in certain cases, a site steadiness upon CO>
breakage.

Furthermore, note that the presently studied EZ*S are ~2 to ca. 130 times smaller
than the value of 1.33 eV, as obtained with comparable PBE-D3 calculations on a
Cu(111) surface slab model,* a suited model for the Cu/ZnO catalyst industrially used
to produce methanol from syngas. Notice that lower EZ* of 0.67 eV are found on
Cu(111) step sites, which seem to be key for the CO dissociation. Aside, a previous
joined computational and experimental study on partially oxidized Mo.C(0001) surface
seems to rule out the possible coke formation, as the CO dissociation energy barrier of
1.59 eV is found to be excessively high.*®

Thus, the CO formation directly from CO: is highly promoted on M2X MXenes,
and likely to be met on other thicker M3X> and MsX3 MXenes, known to display very
similar CO affinities.*® Figure 4 shows the CO; dissociation reaction energy profile for
the two limit M2X situations with the strongest and weakest attachment of CO2; Ti.C
and Mo2N, respectively. Clearly, the reaction profile is maintained regardless of the
situation under scrutiny, albeit with an energy shift of the reaction intermediates, with
only small variations depending on the different CO, vs. CO adsorption strengths.
Notice the very low CO; dissociation EJ® values of 0.14 eV for Ti,C and below the
chemical accuracy of 0.04 eV for Mo2N. The reaction profiles for the rest of the studied
M2X MXenes are depicted in Figures S3-S5 of Section S4 of the SI.

The E& on Mo,C MXene (0001) surface of 0.31 eV agrees with previous joined
theoretical and experimental studies on partially oxidized MoC of 0.31 eV —estimated
at 800 °C, i.e. ~1073 K, and a CO> partial pressure of 1 bar, i.e. 105 Pa, in perfect
agreement with the present value of 0.30 eV when accounting for such operating
conditions—,* and on the similar hexagonal a-Mo,C Mo-terminated (0001) surface of

0.19 eV.?® As observed on Figure 4 and other profiles, see Figures S3-S5 of Section S4



of the SI, the as-split neighboring adsorbed CO and O moieties generally feature steric
and coulombic repulsions, which can be reduced when either O, CO, or both adsorbed
moieties diffuse to reach distant positions. As above stated, the diffusion energy
barriers, EX, can be very easily surmounted, as exemplified on Ti2C, with a diffusion
value of 0.20 eV, yet other values, see Table S8 of Section S3 of the SI, can be more
scattered, up to 1.06 eV for O diffusion on Ta>C. Regardless of the previous, the mild
gain in energy by moiety diffusion barely affects the overall reaction landscape profile.

The previous analysis undoubtedly reveals the very high CO> capture and direct
dissociating capabilities of the MXenes family. The final step of the catalyzed reaction
is the desorption of the CO product. This is tackled on Figure 5 based on the kinetic
phase diagrams extracted from the CO, and CO adsorption vs. desorption rate constant
estimates, obtained by means of collision theory and transition state theory (TST)
models, respectively. Details on the followed mathematical framework and the kinetic
phase diagrams can be found in the discussion and Figures S6-S8 of Sections S5 and S6
of the SI, respectively, as well as details can be gained from different sources of the
literature. 132740

Two different types of reacting behavior can be found on MXenes, exemplified
in the kinetic phase diagrams of Ti.C and Mo2N in Figure 5. On Ti.C, operating
conditions involving higher pressures and lower temperatures than the CO:
adsorption/desorption equilibrium (black) line would lead to having CO* and O*
present at the surface. For the CO* product to be released, one should increase the
temperature and decrease the CO partial pressure so as to cross the CO
adsorption/desorption equilibrium (red) line. However, there is a strip of conditions in
between the two dynamic equilibrium lines where CO, would adsorb and dissociate,
while CO would naturally desorb without further ado. This strip is not found on
MXenes with a behavior like Mo2N. There, the adsorption equilibrium lines locations
for CO2 and CO are reversed. However, the CO*+O* recombination to form CO>*, a
determining step prior to CO2 desorption, is considerably inhibited, given the large
recombination energy barriers ranging 1.30 to 2.83 eV, see Table 1, which leads to CO>
dissociation having much larger rate constants than recombination for the explored
temperature range, see Figure S6 of Section S5 of the SI. Consequently, CO2 desorption
is kinetically inhibited by the CO*+O* recombination, and so, the CO*+O* stability
region spans up to the CO desorption equilibrium line, conditions at which CO would

desorb, reachable by annealing and/or creating vacuum on the system.



Therefore, two reaction operating procedures are envisaged, either a continuous
reagent CO> input flow with a continuous CO product output flow on the operando strip
of Ti2C-like MXenes, or a reagent CO> load up to CO*+O* saturation, followed by an
annealing and/or vacuum process to remove the CO product, feasible on both Ti>C- and
MozN-like MXenes. Notice that the operating type is indeed defined by the
aforementioned CO; vs. CO adsorption strength balance. Whichever the case, though,
one has to keep in mind that one would end up having the MXene catalyst partially
covered with O* species. Such strongly attached O adatoms could act as a catalyst
poison, as seen, e.g. on the easy formation of surface oxycarbides on parent rocksalt
TMCs, where such surface oxygen is regarded as a catalyst activity-killer,® even if
recent works revealed that oxycarbides may retain the CO> capture capabilities,
especially on Group IV TMCs.*’

Indeed, it appears that bare MXenes, given their high chemical activity, are well
suited for the molecular dissociation catalysis, while O-terminated MXenes, featuring a
much lower chemical activity, are well suited for sensing®®“® and electrocatalytic
processes.'”1° To back up this statement, we further analyzed the CO; adsorption on the
Ti2C and MozN limiting cases shown in Figure 5, framing the activity of the other
MXenes here considered. The computed Eags values are -0.18 and -0.19 eV for Ti>C and
Mo2N, respectively, revealing a non-activated CO2 physisorbed state, see Figure S9 and
discussion in Section S7 of the SI. As seen in Figure 5, such fully O-terminated
MXenes —O coverage, 0o, of 1 monolayer (ML)— would display CCS only at very
high pressures and low temperatures, far from the operando conditions of CO;
breaking, succinctly signaling that CO2 would desorb rather than dissociate, and
effectively showing that O adatoms would act as a catalytic poison.

Another open question is whether the MXenes CCS and CCU capabilities are
affected by lateral interactions with O adatoms in nearly fully O-covered situations. To
this end, models with a 60 = 0.67 ML have been built for Ti>C and Mo2N limiting cases,

mimicking previous models used to study the dry reforming of methane.*® The
computed Efdcs’z for TioC and Mo2N are reduced to -1.36 and -0.85 eV, respectively,

maintaining the CCS capability at standard working conditions, see Figure 5.
Furthermore, the adsorbed CO- still gets activated, and easily breakable into CO* and
dis

O* moieties, overcoming the low E;™ values of 0.14 and 0.01 eV, respectively; see

reaction profile in Figure S10 and discussion in Section S7 of the SI. Finally, the



resulting CO product, effectively adsorbed on 6o = 0.78 ML models, can get more

easily released, featuring lower ES2 values of -0.29 and -1.75 eV for Ti,C and MozN,

respectively. Thus, the CCU operating modes on the studied MXenes are preserved
even when having their surfaces increasingly O-covered, with equilibrium lines simply
shifting towards lower temperatures and higher CO> or CO partial pressures, see Figure
5, but without affecting the overall view.

In any case, despite of the previous, experimental procedures exist to get rid of
such surface oxygen when necessary. For instance, Persson et al.™® recently showed on
TisC2 MXene that surface O* could be removed through hydrogenation for 0.5 h at 8
mbar —8-10? Pa— and 700 °C —~973 K—, leading to the formation of water (H-0),
which desorbs from the MXene surface at these operating conditions, in accordance to

lower E2

ads

© values, ranging from -1.43 to -2.93 eV, as recently reported using the same
computational approach,® are lower compared to present CO, or CO estimates, vide
supra. Such a treatment can be applied to remove the as-generated O* species from the
MXenes (0001) surfaces, thus effectively regenerating the catalyst and closing the
catalytic cycle, see Figure 6. Notice, on one hand, that Persson et al. required such a
process to eliminate surface O* prior to CO> capture, as does happen here, and that this
regeneration of the catalyst succinctly implies that, by the end of the catalytic cycle, one
is catalyzing the RWGS reaction, yet on a two-step basis, which, nevertheless,
inherently allows effectively separating CO and H20 products, which adds up for the

CO subsequent utilization in the Fischer-Tropsch process.

4. Conclusions

In summary, by coupling DFT calculations and kinetic phase diagrams, we show the
very easy CO> dissociation on a set of 18 carbide and nitride MXene catalysts. Beyond
the CO formation, which can be later used in the synthesis of other compounds, such as
methanol, the results show a two-step RWGS catalysis, whose mechanism differs from
the previously known associative path,® as here the hydrogenation step is required to
regenerate the catalyst. The present results also unfold the major role of the MXenes
surface charge and d-band center in the adsorption of reactants, where the imbalance
between CO; and CO adsorption energies defines two possible operando modes, either
with a continuous release of CO while dosing COz2, or a switching mode alternating CO-

load and reaction, followed by CO release. Regardless the employed mode, the MXene

10



surfaces become O-covered, implying that a catalyst regenerating step is needed,
combining annealing with the surface O hydrogenation, thus generating and desorbing
H20.

The present results pose MXenes as ideal candidate materials for CCU technologies,
with highly appealing possibilities in turning the CO. economy into a waste-to-product
model, more when using H> from renewable sources, which would lead to a sustainable

C-cycle closure.
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Figure 1. Side (left) and top (right) views of a MXene p(3x3) supercell. Dark and light
blue spheres denote upmost and bottom most metal atoms, respectively, whereas yellow
spheres denote X (C or N) atoms. Letters inside the light gray spheres indicate the
labelling for the four relevant high-symmetry sites on the catalyst surface: bridge (B),

top (T), hollow metal (Hm) and hollow carbon/nitrogen (Hy, in practice Hc or Hy).
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Figure 2. Linear regression of Eags of most stable sites for CO2, CO, and O adsorption
on the bare M2X(0001) surfaces versus calculated AQm values, as listed in Table S6 of

the SI. Linear regression parameters are compiled in Table S7 of the SI.
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Figure 3. Linear regression of Eags of most stable sites for CO2, CO, and O on the bare
M2X(0001) surfaces versus calculated g4 values, as listed in Table S6 of the SI. Linear
regression parameters are compiled in Table S7 of the SI.
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Figure 4. Reaction energy profiles for CO2 dissociation on Ti.C (upper panel) and
Mo2N (lower panel) basal surfaces, representing the highest and lowest CO2-affinity
situations, respectively. CO adsorption and CO desorption steps are shown as initial
and final stages. Lower panel images denote the different stages of adsorbed CO,, CO>*
splitting, as-split neighbouring CO* and O* moieties, CO* or O* diffusion, CO* and
O* far situations, where ESQ = —ESQ. Brown spheres denote CO2 or CO C atoms, while

red, yellow, and dark and light blue denote O, X, topmost M, and bottommost M atoms,

respectively.
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Figure 5. Kinetic phase diagrams of Ti>.C (upper panel) and MozN (lower panel) as a
function of CO2 and CO partial pressures, pco, (black left axis) and p¢, (red right axis),
both in Pa, and temperature, T, in K. The standard pressure of 10° Pa, and temperature
of 298.15 K, are shown as dashed lines. Regions of CO*+O* (grey) and O* (blue)
preferences are shown shaded for the pristine 6o coverage of 0 ML. Curved lines denote
operando conditions where adsorption/desorption rate constants are at equilibrium,
either for CO> (black) or CO (red). These are given either at 60 = 0 ML, at a full O-

coverage situation, 6o = 1.0 ML, or at a nearly fully O-covered situation, 60 = 0.67 and

0.78 ML for COz and CO, respectively.
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Figure 6. Scheme of the steps carried out for the RWGS reaction, including a) CO>
adsorption, b) CO: dissociation, c) CO desorption, d) hydrogenation of the surface O*
species and water formation, and e) H>O desorption, closing the catalytic cycle.
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Table 1. Summary of AE,, EZ®, and E}¢° values, including ZPE, for CO> dissociation
process on the most stable adsorption site (upper row) and second most stable site

(lower row) for each studied M2X(0001) surface. All values are given in eV.

M M:2N M-C

AE; Efs  Ep€ AE; Efs  Ep©

d Ti -233/CyO0Ox 005 238 -1.92/COnOm 0.14 2.06

-1.95/CxOnOm  0.05 203 -218/CnOxOx 0.08 229

Zr  -245/ChOOx 0.03 248 -1.66/CiOnOn 012 178

— — — -212/CnOxOx  0.10 2.26

Hf  -2.75/CnOxOx ~0 275 -210/CxOmOm 0.03 212

— — — -245/COx0Ox  0.03 253

d? \% -2.23/Cp 009 232 -214/COnOm 001 213
-2.26 /COp 010 239 -2.15/ CnOp ~0 2.16
Nb -2.21/Cp 028 249 -2.48 [ CnOp 011 259

-2.34/ CnOp 0.26  2.65 — — _

Ta -1.95/CnOxOx 052 247 -2.32/ CnOp 051 283

-0.88/C«OmOm  0.38  1.30 — — —

d* Cr -123/Cpy0,0, 049 172 -166/Cy0O0, 0.24 1.90

Mo  -1.87 /C,OpOp ~0 1.85 -1.52 / CnOp 0.28 1.80

-2.01/Cy ~0 2.06 — — —
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