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Achieving the Sabatier optimal of a chemical reaction has
been the central topic in heterogeneous catalysis for a century. However,
this ultimate goal was greatly hindered in previous catalyst design
strategies since the active sites indeed changed. Fortunately, the
magneto-catalytic effect (MCE) provides a promising solution to this
long-standing challenge. Recent research suggests that the performance
of ferromagnetic catalysts is capable to be promoted without changing its
chemical structure. Herein, we use time-dependent density functional
perturbation theory (TDDFPT) calculations to elucidate that a partially
demagnetized (DM) ferromagnet could be a Sabatier optimal catalyst. ~ ===
Using ammonia synthesis as the model reaction, we determined the
activity of Cobalt at each DM state by including the magnetic thermal -
excitations via magnon analysis, making the 55% DM Co to the genuine
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Sabatier optimal. As an essential but underexcavated phenomenon in heterogeneous catalysis, the MCE will open a new avenue to

design high-performance catalysts.

Haber—Bosch process, Sabatier optimal, magneto-catalytic effect, TDDFPT, magnon dispersion spectrum

Developing high-performance catalysts is a major pursuit in
today’s chemical industry. In heterogeneous catalysis, the
Sabatier principle demonstrates that optimal catalysts have
suitable binding strengths with reaction intermediates. More-
over, a volcano-like correlation can be established between
catalytic performance and E,q.'~* Since the binding strength
of adsorbates (E,) is highly related to the electronic
structures (e.g., the density of states of d-electrons) of the
solid catalysts,s’6 effective design strategies as alloying,7 strain,®
defect engineering,” and confinement'”'" are performed to
tuning this essential quantity. However, it is quite challenging
to separate the electronic and geometric structure of a
chemical system.” Thus, these modifications can lead to
reconstructions of the active center and ultimately establish a
different reactivity trend for the newly designed structures.”*'*
Strictly speaking, none of the classical Sabatier volcanos have
been truly approached underneath chemical and materials
engineering, whereas it is more adequate to be described as a
new Sabatier volcano. As a result, the regularities summarized
from classical trends are insufficient to predict the performance
of novel materials. This greatly limits the rational and
systematic approach to the design of catalysts guided by
theory.

How to alter the catalyst’s electronic configuration while
preserving the active site’s structure is still an open question.
As a crucial intrinsic property of the electron, spin is one of the
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ideal options. Several researchers have discussed the relation-
ship between the on-site magnetic moment and catalytic
performance.*™"” However, in heterogeneous catalysts, not
only the on-site spin state but also the interatomic magnetic
order affects the system. For example, the ferromagnetic (FM)
order can collapse into paramagnetic (PM) order after a
second-order FM—PM phase transition (Figure 1a—d), while
the chemical structure remains the same.'®"” This results in a
significant variation in reactivity around the Curie point (Te)
of the FM material, which is known as the magneto-catalytic
effect (MCE).”® Previously, we have theoretically investigated
the MCE on the Haber—Bosch (H—B) process.”’ As shown in
Figure le, the PM Co (the leftmost gray circle) is located at a
higher place in the ammonia synthesis volcano than its FM
counterpart (the rightmost pink circle). However, only the
fully FM and fully PM states have been discussed before.
Currently, we notice that the Curie transition is continuous
with a series of intermediate states. Since Co indeed crosses
over the reaction volcano during the Curie transition, an
interesting scientific question arose: is there a partially
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Figure 1. Curie phase transition and its influence on catalytic reactions. (a—c) Schematic diagram of the Curie phase transition process. The circles
represent atomic sites in a metallic crystal, while the arrows indicate the local magnetic moments at each site. The atomic sites that are spin-up and
spin-down along the z-direction are pink and blue, respectively. At absolute 0 K (a), the metal is fully FM, where all the magnetic moments are
exactly parallel. At a finite temperature below T¢ (b), the parallel alignment of the magnetic moments is disturbed by thermal fluctuation but still
exhibits positive magnetization. At temperatures above T (c), the metal becomes totally PM where all magnetic moments orient randomly. (d)
Experimentally measured temperature-dependent reduced magnetization (m = M/M,) for Co as fitted by Kuz'min’s equation.”® (e) Illustrative
Sabatier volcano for ammonia synthesis on Co at different magnetic states. The optimal nitrogen-binding energy (°"'Ey) is shown as a red dashed
line. The pink and gray circles in (d,e) represent FM and PM Co, respectively, while the colors in between pink and gray indicate partial

demagnetization phases.

demagnetized (DM) status between fully FM and PM phases
that could achieve the genuine Sabatier optimal (Figure le)?

Herein, we developed a simple and practical procedure to
identify the interaction between the adatoms and the DM
surface, which could not be appropriately described by
standard density functional theory (DFT) calculations.”***
An ab initio treatment of spin fluctuations was performed with
the consideration of low-lying magnetic excitations. As a
compromise between computational cost and accuracy, the
time-dependent density functional perturbation theory
(TDDFPT) has been applied to calculate the magnon
spectrum of the reacting surfaces.”** With this property, the
temperature dependence of the adsorbate binding energy
(E.4) can be quantified, and an optimal reaction temperature
(°**T) can be theoretically determined. At the predicted **'T,
the FM catalyst could be partially DM to approach the top of
the Sabatier volcano.

In this work, the H—B process has been chosen as the model
reaction to illustrate the aforementioned framework due to its
well-established reaction mechanism.”*™>° As a result, 55%
DM Co could be the ultimate metallic catalyst for ammonia
synthesis. We further anticipate that any FM materials crossing
over a reaction volcano during the Curie transition have the
potential to be the optimal catalyst at a reaction temperature
right below its T. Our finding provides a simple strategy to
promote FM catalysts to the Sabatier optimal, which will

1406

provide a new dimension for investigating the heterogeneous
catalysis and corresponding catalyst design.

All calculations were performed using the periodic plane-wave-based
DFT method as implemented in Quantum Espresso package®'™*
with fully relativistic norm-conserving pseudopotentials from the
PseudoDojo library.>* Kohn—Sham spinor wave functions were
expanded in plane waves (PW) up to a kinetic energy cutoff of 70
Ry, while the charge and magnetization densities and potentials were
expanded in PWs with the cutoff 4 times larger than that for wave
functions. The local spin density approximation (LSDA) was used for
the exchange—correlation functional. The (0001) facet of hcp Co was
simulated using 4-layer 2 X 2 supercells with the topmost two layers
relaxed and the bottom two layers constrained. The first Brillouin
zone has been sampled with a uniform k-point mesh centered at the I'
point of size 16 X 16 X 10 for bulk and 8 X 8 X 1 for the slabs. We
have used a Gaussian smearing technique with a broadening
parameter of 0.01 Ry. A vacuum layer of 15 A was set between
periodically repeated slabs for the normal surfaces without confine-
ment. Spin polarization was included for the FM state of Co, while the
DM and PM energetics were derived from magnetically induced
thermal excitations. The PM state has also been simulated by the
nonspin polarized (NSP) calculations for comparision.

The magnon dispersion spectrum of clean and nitrogen-binding slabs
of the hep Co (0001) facet along the '—M high symmetry path in the

https://doi.org/10.1021/jacsau.3c00785
JACS Au 2024, 4, 1405—-1412


https://pubs.acs.org/doi/10.1021/jacsau.3c00785?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00785?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00785?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00785?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Brillouin zone has been calculated. Spin susceptibility y(q,q;®) for the
two slabs has been calculated on the following points: (1/8, 1/8, 0),
(3/16,3/16,0), (1/4,1/4,0), (3/8,3/8,0), (1/2, 1/2, 0). The spin
susceptibility matrix y(q,q;w) is accessible from the linear-response
theory. The corresponding calculations have been implemented by
turboMagnon code.”**®

The turnover frequency (TOF), as well as the reaction kinetics of
ammonia synthesis, has been solved by microkinetic modeling
(MKM) with CatMAP code.*® The reaction rate for each elementary
step can be expressed as

n=k 10 I1s, - 110 I1n, (1)
m m n n !

where r, are the rates, k7" are the forward/reverse rate constants, 0, Jin
are the coverage of the surface species m/n, and p;,;, are the pressure
of the gas-phase reactants and products m/n for each elementary
reaction step i.

The details and derivations of the calculations can be found in the
Supporting Information.

The MCE indicates that chemical reactions on the FM catalyst
could behave differently after the Curie phase transition. This
interesting phenomenon was first observed bg Hedvall et al. in
the N,O decomposition reaction over Ni."’ Unfortunately,
further exploration of MCE was severely hindered by the lack
of appropriate experimental techniques and theoretical
methods in the 1900s. Within the picture of localized spins,
the PM state can be represented as the random orientation of
the magnetic moments among different atoms, which is known
as the disordered local moment (DLM) model.**™*° However,
a basic assumption of the DLM model is that the time scale of
local spin fluctuation is less than that of the typical time of
electron hopping between atoms. As a result, the itinerant
magnets (typically Fe, Co, and Ni) with delocalized d-electron
bands*"** cannot be appropriately described by the DLM—PM
treatment.*>**

One of the oldest and most intensive topics in magnetism
was its origin in 3d transition metals.*> While most classical
models for magnetism assume localized spins, the observation
of the d-electron Fermi surface in Fe and Ni indicates an
itinerant nature of electronic bands. Based on mean-field
treatment on electrons, the Stoner theory, as well as its ab
initio version—the spin-polarized band theory, provides a
reasonable description for the magnetic ground state of
itinerant magnets. At the fully itinerant limit, the Stoner
theory predicts a demagnetization through spin-flips until a
“non-magnetic” PM state is achieved, which inspires the idea of
simulating PM states with NSP calculations.**™>° In 2004, the
case of carbon segregation—dissolution on pure Ni was
reinvestigated with the aid of NSP—DFT calculations,®’ and
the results show a distinct variation in carbon binding energy,
which accords well with experiments.**>*

However, neither the localized nor itinerant pictures can
reflect the magnetic properties in real materials, which exist in
an intermediate regime between the two pictures. Take Fe, Co,
and Ni as examples, on the one hand, their noninteger Bohr
magneton number accords well with the Stoner theory. On the
other hand, the finite exchange splitting in spin-resolved
resonant photoemission sug§ests the existence of local
moments in their PM states.”* The dual localized-itinerant
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behavior of FM 3d metals indicates that, in fact, none of the
DLM-based or NSP treatments is “exact” for itinerant
paramagnetism.”> As a result, one can only compare the
accuracy and efliciency of these methods rather than judge
their quality and rationality. In practice, the calculations
obtained from these methods should be carefully compared to
experiments,” and whether they can be used to represent the
PM states of itinerant magnets is still an open question.”®
Recently, we have revisited the MCE on the H—B process over
Fe, Co, and Ni metals.”! According to our results, the PM
phases have much lower nitrogen (N,) dissociative energy
barriers (Ey_yn) than their FM counterparts. The atomic
binding energies (Ey and Ey) and molecular adsorption
energies (ENXHY) also decrease with different magnitudes.
Meanwhile, the active sites and scaling relations are conserved
along MCE since the Curie transition is a second-order phase
transition. This indicates that, in principle, our ultimate goal of
discovering an optimal catalyst could be achieved by refining
the picture of MCE.

Approaching the Sabatier optimal needs to release us from
the limited static description of MCE, where only the fully FM
and PM states could be calculated. However, the Curie
transition is a continuous process along a wide temperature
range, e.g., 1400 K for Co. As shown in Figure 1d, the reduced
magnetization (m) will gradually decrease with the increasing
temperature and eventually vanishes at T¢. In our previous
study, the complete phase transition process has been
simplified into two individual points, i.e., the FM as the initial
point and the PM as the final point. In fact, at temperatures
between 0 K and T, the FM material is at a partially DM state
with a 0 < m < 1 (Figure 1b), but all the relative information
was neglected. It is worth noting that the chemical structures of
these DM states are also equivalent to those of the FM state,
which indicates the scaling relations are still conserved. This
inspired us to anticipate that E, 4 of reaction intermediates on
FM catalysts will decrease smoothly along with the collapsing
magnetic order. As shown in Figure le, the temperature
dependence of the MCE could be established. At finite
temperatures, the FM material will be partially DM, and the
intrinsic catalytic performance of the catalyst should be
changed from the FM state to the PM state along the Sabatier
volcano. Then, an interesting question is out: is it possible to
identify a DM state with a superior performance?

This scenario becomes possible if the FM material crosses
over the Sabatier volcano during the Curie transition. By
modulating the reaction temperature T, a proper DM state can
exhibit higher reactivity than both the FM and the PM states
and even approach the Sabatier optimal. Now, we first perform
a qualitative analysis for a case study (the H—B process on Co)
to illustrate the above discussions. As shown in Figure 2, the
nitrogen molecules are hardly adsorbed and activated on the
FM Co (the topmost pink line), indicating that the FM Co is a
weak-binding catalyst for ammonia synthesis. In contrast, the
strong-binding PM Co would be limited by hydrogenation
steps and desorption of the product (the bottommost gray
line). With the simple assumption that Ey will gradually
decrease from the FM state with ™MEy to the PM state with
PME\, an appropriate DM state with optimal nitrogen-binding
energy ("Ey) could exhibit a significant catalytic rate and
eventually achieve the top of the Sabatier volcano (Figure le).
The ultimate Sabatier volcano has been achieved with a
description of the temperature-dependent MCE.
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Figure 2. Calculated free energy diagram (673 K, 100 bar) for
ammonia synthesis on Co at different DM states. The color of the
lines indicates the temperature that could demagnetize the Co to a
specific DM state. Asterisks denote adsorbed surface species, and zero
energy is defined as the total free energy of the respective clean
surface plus reactants in the gas phase.

In principle, modulating MCE is an elegant strategy to achieve
the true optimal of the Sabatier volcano. However, the catalytic
properties for each DM state should be properly described,
which requires techniques other than standard DFT.**** Since
the decrease in m originates from thermal fluctuations, the
issue could be addressed by directly involving the thermody-
namics of ferromagnetism. Considering a magnetic contribu-
tion in thermal excitation energy, the binding energy (E,4) at a
given temperature of T can be represented as

Eads(T) = EM-ads(T) - EM(T)
= [Epp045(0) + Uppags(T)] = [Eyg(0) + Up(T)]

= [UM»ads(T) - UM(T)] + Eads(o)
2)

where Ey; and Eyp 4, are the raw DFT calculation energy of
clean metal slab and adsorbate-bound metal slab. The
reference energies of the atomic species are neglected here
for simplicity. The Uy and Uy,4, are the magnetically induced
thermal excitation energy of the corresponding slabs, and thus
U(0) = 0. It is noted that U is a temperature-dependent term
that can be viewed as a magnetic contribution to free energy.
However, to compare the relative performance of a series of
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Figure 3. (a) Schematic illustration of the magnon. The gray dashed arrows and black solid arrows indicate the magnetic moment alignment in a
fully FM state, and a normal mode of spin-wave, respectively. (b) Calculated magnon dispersion spectrum along the (I'—M) path in the first
Brillouin zone of clean Co (pink) and N-binding Co (blue). The side panels represent the frequency response of the magnon modes.
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DM states under the same reaction conditions, we have
embedded U into E 4. The nonmagnetic contribution to free
energy has been considered independently. Then, the variation
in binding energy AE 4, induced by the increasing temperature
can be represented as

AEads(T) = Eads(T) - Eads(o) = UM—ads(T) - UM(T)
3)

Now the remaining question is to specifically express the
magnetic thermal excitation energy Uyy,q,(T) and Up(T). This
can be implemented by directly involving the temperature-
dependent spin fluctuations.”>”” Unlike the high-lying Stoner
excitations, the introduction of magnons can describe the low-
lying collective oscillations among magnetic moments as
shown in Figure 3a.*”°**” The U(T) of the system can be
referred to as the total energy of excited magnons (see
Supporting Information Note 4).

Here, we still focus on the H-B process due to the well-
established reaction mechanism,**™*° where the nitrogen-
binding energy (Ey) is a sufficient descriptor to evaluate the
reactivity of the ammonia production.”'® Then, the Co catalyst
is chosen to illustrate the potential of MCE to reach the
Sabatier optimal of the H—B volcano. We have performed
structural optimization for hcp Co bulk and constructed 4-
layer Co (0001) slabs with and without an atomic nitrogen
binding. The magnon excitation spectrum of clean Co slab
(Co) and N-bonded Co slab (Co—N) has been calculated by
the Liouville—Lanczos-TDDFPT approach.”**> As shown in
Figure 3b, the magnon spectrum of Co is lower than the Co—
N at a low energy range, which indicates that the magnon
properties of clean Co are disturbed by the nitrogen adatom
(Figure 3a).

According to eq 3, the variation in nitrogen-binding energy,
AE\(T) = Ex(T) — Ex(0) = Ucon(T) — Uco(T), has been
calculated. Noteworthy, the calculated AEy at T is 0.366 eV
while the NSP DFT result is 0.356 eV, which indicates the
NSP calculation could provide reasonable predictions for the
itinerant Co. To improve the transferability of the quantity
along different calculations, AEy(T) and T are both reduced to
their value at T by defining Aey(7) = AEy(T)/AEy(Tc) and
7 = T/T¢, and the corresponding results are shown in Figure
4a. As Ey(0) refers to the undisturbed nitrogen-binding energy
of fully FM Co ("MEy), we can observe Agey(0) = 0 since the
thermal excitation energies Ug,(0) = Ug,_n(0) = 0. When T >
0, A&y monotonically increases with T since Ug,(T) is higher
than Ug,_n(T) (Figure S4). At the upper limit T = T, we
have Aey(1) = 1, and similar to Ey(0) = ™MEy, Ex(T() should
be equivalent to "ME,, and hence AEy(T¢) can be represented
by "™MEy — ™Ey. The nitrogen-binding energy can also be
expressed as

Ex(T) = ™Ey + Aey(r)-("MEy — ™Ey) (4)
Herein, Aey(7) can be obtained from the model system, and
FME . — PMEy can be taken from static DFT calculations of the
extended system.

Based on the established Ey—T relationship, we can now
quantitatively analyze the demagnetization of catalysts in the
H—B process. As shown in Figure 2, we have evaluated the free
energy diagram of the FM Co and PM Co, as well as three DM
Co states in between them. For a given temperature, the Ey
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Figure 4. Influence of magnetic excitation energy on catalytic
performance. (a) Calculated temperature-dependent variation in the
nitrogen-binding energy AE\(T). Both AE(T) and T are reduced by
referring to their value at the Curie point T¢. (b) Calculated
temperature-dependent TOF for ammonia synthesis on Co
considering the demagnetization process. The dashed pink and gray
lines represent the TOF of fully FM and PM states, respectively. The
solid line indicates the TOF of partially DM Co. The optimal
temperatures T and T are shown as red dashed lines.

and Ey_y of these DM states are extended from the FM and
PM states according to eq 4, while all other binding energies
and transition energies are determined by the scaling
relations.”' Noteworthy, in Figure 2, we have assumed that
all magnetic states of Co with different m could exist at the
same reaction temperature and compared their intrinsic
reactivities at the same reaction condition. Here, the magnetic
contribution on free energy has been treated under the
corresponding demagnetization temperature, while the non-
magnetic contribution on free energy has been treated under
the reaction temperature (673 K). The free energy diagram for
each state at the corresponding temperature is shown in Figure
S1. Obviously, one of the DM states will maintain a perfect
balance between activation of the reactant and desorption of
the product, which will eventually present an optimal reaction
rate.

Besides discussing the relative catalytic performance of
different magnetic states of Co, we can also describe the whole
process from a more realistic viewpoint. At absolute 0 K, the
Co is fully FM, i.e., m(0) = 1, and the nitrogen bind energy is
Ex(0) = ™E\. At 0 < T < T, the Co could be partially DM
into a DM state with 0 < m(T) < 1, as well as "™MEy < Ex(T) <
FME . At temperatures above T, the Co is fully DM into the
PM state with m(T) = 0, while Ex(T¢) is equivalent to "™Ey.
Thus, the reactivity of Co at finite temperatures should be
determined with energetics for the corresponding DM state.
Furthermore, within the temperature-dependent reactivity, an
optimal reaction temperature °*T which demagnetizes the Co
into m(°"'T) = °*m can be determined.

As shown in Figure 4b, we calculated the overall temper-
ature-dependent reactivities of Co, where a magnetic term is
included in the temperature dependence of free energies
(Figure S1). Since the simulation temperature range is as high
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as 1000 K, thermal excitations of phonons and vibration modes
are very important. Here, we have introduced the temperature
dependence of spin-wave stiffness constant D to implicitly
include the phonon-magnon, as well as phonon—phonon,
magnon—magnon interactions (see Supporting Information
Note 4), while the vibration modes of adsorbates themselves
have been taken into account in the free energy and MKM.
Noteworthy, the MKM predictions on reaction kinetics,
especially the value of TOF, may be quantitatively inaccurate
at sufficiently high temperatures due to the thermal
fluctuations on the catalytic interface, and thus the number
of active sites, the reaction pathway, and the apparent
activation barrier can be significantly changed.”” However,
our article focused on emphasizing the relative performance
between the DM states and the PM states. Since the working
condition of our targeted DM state is quite close to the T¢, we
believe our main conclusion will not be affected by the
consideration of all aforementioned discussions.

According to the results, the omission of the demagnet-
ization process greatly underestimates the reactivity of Co at a
high-temperature scope. We can determine an optimal
temperature °*'T as 1315 K, which can appropriately
demagnetize the catalyst so that it can be exactly located at
the top of the Sabatier volcano. At temperatures below ‘T,
the reaction rate gradually increases to the theoretical limit r,,
= r(°P'T) = 14.7 X 10* s! and then decreases to the reactivity
of the PM phase until the reaction condition reaches T¢.
According to Figure 1d, the reduced magnetization of Co at
°P'T can be evaluated as m = 0.45, which indicates that 1 — m =
55% DM Co could be the exclusive Sabatier optimal for
ammonia synthesis. Although the predicted °*T for the H-B
process on Co is dramatically high, it is worth mentioning that
the mechanism we demonstrated in this work is universal for
FM materials. In more ideal systems where "Ey and "MEy are
located almost symmetrically along the °Ey, or the T itself is
near room temperature, the *'T could be relatively lower. In
general, any FM material that crosses over the Sabatier volcano
during the Curie phase transition has the potential to be the
optimal catalyst at a reaction temperature that is right below its
Te.

In this work, we first theoretically refine the physical picture
and the working mechanism of the MCE. Then, we discuss a
specific case with the FM state at the weak-binding and PM
state at the strong-binding legs of the Sabatier volcano, which
opens an exciting avenue to achieve a genuine Sabatier optimal
by partially demagnetizing the FM catalysts. Here, we
developed a simple procedure to determine the temperature
dependence of the adsorbate binding energies of the FM
catalysts. The issue is addressed by directly involving the
magnetically induced thermal excitation energy via the magnon
spectrum calculated from TDDFPT. Using ammonia synthesis
as the model reaction, we demonstrate the activity of the Co
catalyst at each DM state, where 55% DM Co is identified as
the Sabatier optimal. We believe our demonstrations not only
thoroughly conclude the physical basics, fundamental working
mechanism, and theoretical potential of MCE, but also
dramatically extend its practical applications in heterogeneous
catalysis. We anticipate that our case study will provide a new
possibility for rational catalyst design.
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Computational Methods, the data that support the plots within
this paper, and other findings of this study are available in
Supporting Information. The code used to perform the
microkinetics modeling of this work is available at https://
github.com/SUNCAT-Center/catmap.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c0078S.

Computational methods, Supporting Information Notes
1-5, and Supporting Information Figures S1—SS are
available in the text (PDF)
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