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Abstract

We investigated the effect of coverage on the experimental results using Ru and Ru+K for ammonia
synthesis at 0.1 MPa and 380~460°C. Especially for Ru+K, the reaction order changed significantly with
temperature, and the rate-limiting step was also affected by temperature. The apparent activation energy
decreased as the gas flow rate decreased, even when the total pressure was the same. We showed through
experimental techniques that even relatively small changes in experimental conditions on a laboratory scale can
change the coverage and have a non-negligible effect on the reaction order and apparent activation energy.

1. Introduction

Ammonia is an essential compound for human society as a raw material for artificial fertilizers. Its
production is mainly synthesized in large-scale plants at a rate of 150 to 180 million tons per year, increasing by
2.3% per year [1]. Ammonia is also attracting attention as a renewable energy carrier since it can be synthesized
from hydrogen obtained by water electrolysis using surplus electricity from solar and wind power generation [1,
2]. While hydrogen needs to be lowered to about -240°C to liquefy at 1 MPa, ammonia easily liquefies at room
temperature at 1 MPa, thus liquefied ammonia has a higher energy density and is a superior energy carrier.

The amount of carbon dioxide emitted by industrial ammonia synthesis is equivalent to 1.4 % of total human
emissions [3]. In the Haber-Bosch process, a typical method for industrial ammonia synthesis, Fe-based catalysts
have been used for more than 100 years, and the addition of alkali metals enhances their activity [4]. In industrial
processes, iron-based catalysts synthesize ammonia at 400-600°C and 100-300 atm [2, 4]. These severe
conditions are due to the very high binding energy of the N> molecule (945 kJ mol™'). Under these conditions,
the cost of equipment such as a reactor becomes very expensive. Therefore, synthesis plants become massive
and centralized to produce ammonia more cheaply and in large quantities for benefits of scales [5].

Ru-based catalysts, the next generation of ammonia synthesis catalysts, are less susceptible to ammonia
poisoning and more active than Fe-based catalysts [4, 6]. In a volcano plot based on the adsorption energy of
nitrogen molecules versus the reaction rate of ammonia synthesis, Ru is one of the best metals for ammonia
synthesis [7]. On the other hand, Ru-based catalysts are more sensitive to hydrogen partial pressure than Fe-
based catalysts and are more susceptible to hydrogen poisoning; the hydrogen order of Ru-based catalysts is

often negative, while that of Fe-based catalysts is positive [8, 9]. However, Ru-based catalysts, which have


mailto:morimoto.ryusei.86c@st.kyoto-u.ac.jp
mailto:ogawa.takaya.8s@kyoto-u.ac.jp

attracted much attention in recent years, are highly active and durable under surprisingly mild conditions on a
laboratory scale by suppressing hydrogen poisoning of Ru [10-17]. These excellent Ru-based catalysts are
expected to be applied to ammonia synthesis plants that are compact and inexpensive to construct and maintain
[2, 18, 19]. This inexpensive small plant will enable locally produced and consumed ammonia synthesis,
reducing transportation costs and helping to become self-sufficient in resources. In addition, highly distributed
renewable energy can be efficiently used for small-scale ammonia synthesis in rural areas [20].

Reaction conditions in these large and small-scale plants are very different, and conditions at the laboratory
scale are very different from those in industrial production. For example, flow rates, pressures, and temperatures
vary, and catalyst activity is affected accordingly. The percentage of active sites on the catalyst surface occupied
by the reacting molecules, i. e., coverage, is used as an indicator of such effects during the reaction. Coverage
and elementary reactions on heterogeneous catalyst surfaces have been studied using chemisorption and electron
diffraction in ultra-high vacuum, steady-state isotope transient kinetic analysis (SSITKA), and neutron
diffraction (ND) measurements [21-25]. Fitting using the least-squares method has also been used to analyze
and calculate the elementary reactions on the surface without direct observation [26, 27]. Such coverage depends
on temperature and pressure, and even under the same conditions, it varies from catalyst to catalyst.

Today, the apparent activation energy and the reaction order are used as indicators of catalyst activity for
Ru- and Fe-based catalysts. Both of them are affected by the coverage in the equation [28]. Therefore, they are
affected by the reaction conditions because the coverage varies with the reaction conditions. In Fe-based catalysts
with alkali metal additions, coverage and reaction order are temperature dependent [29]. First-principles
calculations of the energy on the catalyst surface for Ru-based catalysts have also shown that the coverage and
the reaction order are affected by temperature [30]. Understanding the effect of coverage on catalyst activity is
critical to understanding elementary reactions on catalyst surfaces and creating better catalysts. Nevertheless,
many current studies on lab scale compare catalysts measured under very different conditions.

However, no previous studies have experimentally evaluated how significant changes in coverage affect
the apparent activation energy and reaction order at temperatures such as 400°C, where ammonia synthesis is
generally carried out using Ru-based catalysts. Therefore, in this study, the equilibrium constants of each
elementary reaction were obtained by fitting the experimental results of ammonia synthesis using Ru and Ru+K,
and the coverage was derived from these values to investigate the effect of coverage on the apparent activation
energy and the order of the reaction under various conditions. Two reaction models based on gas molecular
kinetics were compared to select a more accurate reaction model to obtain more detailed coverage. The
magnitude of the coverage effect on the apparent activation energy and the reaction order of Ru-based catalysts
as a function of experimental conditions at the laboratory scale and the method for analyzing this effect was
experimentally demonstrated.

2. Theoretical background and experimental method
2.1 Effect of surface coverage on apparent activation energy and reaction order.
The reactions on the catalyst surface are assumed to be based on the Langmuir-Hinshelwood mechanism,
and the following reaction steps are assumed [31]. The * represents the active sites on the catalyst surface.
N, + %2 N, * (1
H, +2*2 2H * (2)
N, % + %2 2N (3)



N * +H *2 NH * + * (4)

NH * +H *2 NH, * + * (5)
NH, * +H 2 NHj * + = (6)
NH; 2 NHj +x* (7)

If the percentage of active sites on the surface of a given adsorbed species i, i.e., the coverage ratio, is denoted
as 6; then the fraction of empty sites used in the reaction, 0y, is defined as follows.

Oy=1- QNZ — 0y — Oy — Onu — QNHZ - 9NH3 (8)
Assuming that the reverse reaction holds for all reactions and that Step 3 is the rate-limiting reaction, we
can assume from the steady-state approximation that all other reactions reach equilibrium promptly. 6v

can be expressed using partial pressures and equilibrium constants as follows.
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Note that K; isthe equilibrium constant at step i, and k; is the rate constant for the forward reaction in step

i, k_j is the rate constant for the reverse reaction in step j, and P; is the partial pressure of reactant gas molecule
i. Similarly, when step 3 is the rate-limiting step, if the forward reaction rateis r, and the reverse reaction

rate of the is r_, the overall reaction rate is shown below.
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Substituting Eq. 9 into Eq. 10, a model equation for the reaction rate considering the reverse reaction on the

r=ry—r-= k39N29V - k—39N2 = k3K1PN29V2 - k_3< (10)

surface was derived, and this equation was used for fitting. For steps 4-7, the equations for the reaction rate
and 6ywere derived (SI). A model that assumes that the reverse reaction in the rate-limiting step is negligible
and that the ammonia adsorption reaction is also negligible was used for comparison (SI).

The reaction order was derived from the coverage. Although the reaction order includes both the forward
and reverse orders of reaction (SI), only the combined reaction order can be observed experimentally, and what
is obtained is only the "apparent" order of the reaction. When Step 3 is rate-limiting, the order of the reaction is

r=r1, =1 = ks, 0y — k_30y° = kPy, Py PPyy.Y (11)
a is the order of nitrogen, f is the order of hydrogen, and y is the order of ammonia. Hence the order of hydrogen

is
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The order of hydrogen f was calculated in the same way for Steps 4-7 (SI). The PPE, is expressed as follows

—

using the activation energy for the forward reaction E_a) and the activation energy of the reverse reaction E,

Boltzmann's constant kg and temperature T.
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In the equilibrium state, the following equation is obtained.

(13)
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Kags 1s the adsorption equilibrium constant, and AGags is the change in Gibbs free energy due to adsorption of
gas molecule i. Eq. 12 and 13 show that the reaction order and *PPE, are affected by the coverage. Eq. 14 shows
that the coverage is affected by temperature. These equations are used in the following discussion.

2.3 Catalyst preparation. Ru powder (< 0.3 um, 95% >) was purchased from Tokuriki Honten Co. K/Ru
was prepared using KNO3 aqueous solution (KNO3; 99.9%, Fujifilm Wako Pure Chemical) so that the molar
ratio of K to Ru was 1:1. K/Ru was held in a vacuum at 200°C for 4 hours to evaporate water and NO completely.

2.4 Characterization. The specific surface area was measured from the adsorption equilibrium of nitrogen
at -196°C using the Brunauer-Emmett-Teller (BET) method on an instrument (Tristar II Plus, micromeritics)
after treatment of all samples in a vacuum at 200°C for 2 hours. In addition, powder X-ray structure analysis
(pXRD) was performed using the Cu Ka line (A= 0.15417nm, 40 kV, 30mA).

2.5 Ammonia synthesis. The catalyst activity was measured in a stainless-steel tube reactor CSTR, using
0.05 g of Ru and 0.01 g of Ru+K, placed on quartz wool. All feed gases were high purity (99.9999%), N», Ha,
and Ar. The gases were filtered to remove oxygen and water before being fed to the catalyst. Before the reaction,
all samples were subjected to N, + 3H, at 0.1 MPa and raised to the target temperature at 200 °C h! . Apparent
activation energies were derived based on the Arrhenius equation (see eq. 12), with Ru measured at 380~460°C
and Ru+K at 380~440°C. The reaction order was obtained based on r = kPy, “PHZﬁ PNH3V (see eq. 11). The gas
flow rates (N2, H2, Ar ml min™") were as follows. (20, 60, 0), (15, 45, 0), (10, 30, 0), (5,15, 0) for order of
ammonia measurements, (5, 54, 1), (5, 42, 13), (5, 36, 19), (5, 30, 25), (5, 24, 31) for order of hydrogen
measurements, (27, 24, 9), (22, 24, 14), (15, 24, 21), (10, 24, 26), (6, 24, 30) for order of nitrogen measurements.
All ammonia syntheses were performed at 0.1 MPa. Synthesized ammonia was trapped in a 5 mM H>SO4
solution, and the concentration of NH4" in the solution was measured by ion chromatography (Eco IC, metrohm).
NH; effluents for all reactions were below 30% of equilibrium of NH3 reaction.

2.6 Kinetic analysis. K; ki, and the rate-limiting step were obtained by fitting the reaction order
measurement results to a modeled reaction rate equation (see eq. 10). Fitting was performed using experimental
data and minimizing the following objective function SSE (sum of squared errors), i.e., the method of least

squares.

N
2
SSE = Z (rmodel - rexp) (15)
k=1

N is the total number of data used for fitting, and rmodel and rexp are the calculated and experimental values of
the reaction rate, respectively. rmodel is a function according to Puz, Pn2, and Pnuz with ki, Ki as constants (see eq.
10), ki and Ki were obtained from fitting. Ki was constrained to be 1< K; (i =1,2,3),K; <1(j = 4,5,6,7),
based on density functional theory (DFT) calculations in the work of Banisalman et al [32]. Constrained to be
K > 1 is that the Gibbs energy of the reactant is equal to or less than the Gibbs energy of the product in the reaction,
and K < 1 means that the Gibbs energy of the reactant is the same as or greater than the Gibbs energy of the product

in the reaction. The reaction with the coefficient of determination R? closest to 1 was selected as the rate-limiting step.

When the 7, is the average of 7,,,, the coefficient of determination is defined as follows, and the R* value is used

as an index of the correlation between the modeled reaction rate and the experimental data.



_ Zg= 1(rmodel - I'exp)z

?l:l(rexp - r'exp)z

R?=1 (16)

Results & discussion.

3.1 Catalysis Characterization. Surface area values from BET measurements, ammonia synthesis and *’E,
under certain conditions are shown in Table 1. Ru was 4.4 m? g'! and Ru+K was 4.7 m? g! by BET specific
surface area measurement, which were almost the same. The #PPE, were 118 kJ mol'! for Ru and 111 kJ mol™! for
Ru+K. The purchased Ru powder has almost no impurities, and there is no potassium-derived peak in the XRD
results of Ru + K, indicating that potassium is adsorbed as nanoparticles (Figure 1).

Tabel 1. Comparison of the catalysis.

catalyst Surface area (m? g!) NH; formation (umol g! h!) aPEa (kJ mol™)
Ru powder 4.4 2435 118
Ru+K 4.7 4488 111

i) Reaction conditions: flow rate 60 mL min~' (H2/N2 = 3), 0.1 MPa, temperature 460°C.
ii) ?PPE, is the apparent activation energy calculated from Arrhenius plots of the reaction rate in the temperature range of 380-

460°C for Ru, 380-440°C for Ru+K, flow rate 60 mL min™!, under 0.1MPa .
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Figure 1 XRD patterns of Ru and Ru+K.

3.2 Surface coverage and reaction order.

3.2.1 Experimental results of reaction order. As shown in Section 2.1, the formula #PE, and the reaction
order are affected by the coverage. In addition, the coverage is known to be temperature dependent (see eq. 14),
and the reaction order varies with temperature. To demonstrate this experimentally on Ru catalysts, orders of
reaction were measured at 380~460°C. The results are shown in Figure 2. In the case of Ru, the order of H, was
always about 1, and the order of N> was about -1 regardless of temperature. The order of NH3 is negative at high
temperatures and approaches zero at lower temperatures. On the other hand, for Ru+K, the order of NH3, like
Ru, tends to approach 0 as the temperature decreases, but the order of H», unlike Ru, becomes more negative as

the temperature decreases. The order of the reaction shows different dependence on the catalyst.



3.2.2 Fitiing results using experimental data.

The rate-limiting step at each temperature was investigated by performing least-squares fitting (see eq. 15)
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Figure 2. Temperature dependence of reaction order for (a) Ru, (b) Ru+K, total flow rate; 60mL min™! . Red
is order of Ny, blue is order of Hy, and black is order of NHj3.

to the model equation for the reaction rate. Before fitting the rate-limiting step at each temperature, the measured
reaction order at 440°C (Figure 2) was used to select a reaction model that more accurately described the
experimental results and compared according to two models: a model that ignores the ammonia adsorption
reaction and the reverse reaction in the rate-limiting step (Model I) and a model that considers the ammonia
adsorption reaction and the reverse reaction in the rate-limiting step (Model II). The fitted results for Model 1
using Ru's experimental results are shown in Figure 3(i), and those for Model II are shown in Figure 3(ii).
Comparing step 3 in Figure 3(i) and Figure 3(ii), R? is almost unchanged at 0.999 for both models, and the R?
value for each model does not change much. Similarly, the R? values for steps 4, 5, and 6 did not change
significantly. This trend is because the reverse reaction in step 3 can be ignored, which is the rate-limiting step,
and the effect of the ammonia adsorption reaction on the coverage is limited. Figure 4 shows the results of the
same experiment for Ru+K. As in Figure 3, the fitting results for the model without considering the reverse
reaction (Model I) are shown in Figure 4 (i), and the fitting results for the model with the reverse reaction (Model
IT) are shown in Figure 4 (ii). The closest value of R? to 1 for each model is step 6, indicating that the rate-
limiting step is step 6. Comparing Figure 4 (i) and (ii) for step 6, the R? value was 0.712 for the model I and
0.917 for model II. Model IT had a larger R? value than Model 1. Therefore, these results indicate that the model
that considers the reverse reaction and the ammonia adsorption reaction can formulate the reaction rate more
accurately.

Step 7, which was not considered in the model I, had an R? of 0.882 as shown in Figure 4 (ii). The fitting
to the model equation assuming that the ammonia adsorption reaction in Step 7 is rate-limiting had not been
examined in the previous study [25]. Therefore, the results of previous studies were fitted to the modeled reaction

rate equations used in this study (SI).
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Figure 3. Best fitting results for reaction rates at 440°C over Ru powder; (i) not considering about ammonia

adsorption reverse reaction (Model I), (ii) considering about ammonia adsorption reverse reaction (Model II)

with respect to the rate equations derived with the rate-limiting step assumed to be (a) step 3 [N2(ad) —
2N(ad)], (b) step 4 [N(ad) + H(ad) — NH(ad)], (c) step 5 [NH(ad) + H(ad) — NHa(ad)], (d) step 6 [NHz(ad)
+ H(ad) — NHz(ad)], (e) step7 [NH23(ad) + H(ad) — NHz(ad)].
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Figure4. Best fitting results for reaction rates at 440°C over Ru + K; (i) not considering about ammonia adsorption
reverse reaction (Model 1), (ii) considering about ammonia adsorption reverse reaction (Model II) with respect to
the rate equations derived with the rate-limiting step assumed to be (a) step 3 [N2(ad) — 2N(ad)], (b) step 4 [N(ad)
+ H(ad) — NH(ad)], (c) step 5 [NH(ad) + H(ad) — NH2(ad)], (d) step 6 [NH>(ad) + H(ad) — NH3s(ad)], (e) step7
[NH»3(ad) + H(ad) — NH3(ad)]
In order to understand the cause of the temperature dependence of the reaction order difference between Ru
and Ru+K (Fig. 2), we fitted a model (Model II) that considers the reverse reaction and the ammonia adsorption

reaction at temperatures other than 440°C. Table 2 shows the coefficients of determination for the experimental



values of the reaction order measurement at 460~380°C. The coefficients of determination for step 3 of Ru, R2
are all > 0.98, and the correlation between the modeled reaction rate and the experimental values is very strong.
The Ru values of step 7, 6, 5, 4, and 3 gradually approached 1 for all temperatures. Therefore, it can be said that
the rate-limiting step for Ru remained unchanged at step 3 even when the temperature was changed. For Ru+K,
the R2 value was closest to 1 at step 6 at 460°C and 440°C, step 4 at 420°C, and step 3 at 400°C and 380°C,
respectively. Therefore, the rate-limiting step was step 6 at 460°C and 440°C, step 5 at 420°C, and step 3 at
400°C and 380°C. Figure 2 and Table 2 show that as the reaction order changes with temperature, the rate-

limiting step also changes with temperature.

Table 2. Coefficient determination of step 3~7 for Ru and Ru+K at 380~460°C.

Ru Ru+ K
Temperature (°C) | Step3 Step4 Step5 Step6 Step7 | Step3 Stepd Step5 Step6 Step7
460 0989 0931 0.701 0.626 0.236 |-0.737 0.189 0.647 0.917 0.882
440 0.999 0.877 0.747 0556 0.223 | 0.001 0.454 0.703 0.858 0.688
420 0997 081 0689 0528 0.252 | 0.905 0.924 0.868 0.682 0.308
400 099 0.781 0559 0509 0.25 | 0.981 0.924 0.836 0.628 0.265
380 0984 0.777 0.668 0.478 0.252 | 0.999 0.849 0.741 0491 0.23

To investigate the effect of the temperature dependence of the coverage (eq. 14) of each adsorbed species
on the temperature dependence of the reaction order (Fig 2), the coverage at 380~460°C when (N2, Ha, Ar mL
min") = (5, 36, 19) was calculated. The results for (N2, Hz, Ar mL min'") = (5, 54, 1) and (5, 24, 31) are shown
in SI. O, Oy, and On2 tend to increase with increasing temperature. Oy was also affected by temperature, but not
as significantly. The rate-limiting step for Ru does not change with temperature, as shown in Table 2, so the
abundance ratios of other adsorbed species (0v:0n2:0n) at each temperature are almost unchanged, except for On.
In the case of Ru+K (Figure 4), Ox is smaller at lower temperatures as in the case of Ru. However, the temperature
dependence of the other adsorbed species is significantly different from that of Ru. The ratio of adsorbed species
(0v:On2:01:0nH2:0N) also varies significantly with temperature. Based on Table 2, the abundance ratios of
adsorbed species at 460 and 440°C, where the rate-limiting step is step 6, are close, and those at 400 and 380°C,
where the rate-limiting step is step 3, are close. Thus, the factor affecting the overall reaction, i.e., coverage,

changes as the rate-limiting step changes.

LlZO 1,1\ 120

S 100 Oy MO, MOy, MOy S 100 |0 ®Oy MOk, MOy, M6,
o] o]

55/ 80 @ 80

9&; 60 % 60

— 40 — 40

X X

& 20 S 20

c 0 c 0

- 460 440 420 400 380 - 460 440 420 400 380

Temperature (°C) Temperature (°C)

Figure 5. Temperature dependence of coverage for various species over Ru (i) and Ru+K (ii), gas

flow rate (N2, Ho, Ar) = (5, 36, 19).



3.2.3 Calculated reaction order from In both of the catalysts, the R? values of the steps with the highest R?
values at each temperature are greater than 0.85 (Table 2). However, the fact that the R? value is close to 1
indicates a strong correlation between the model equation of the reaction rate and the experimental results. On
the other hand, it does not complement the plausibility of each parameter, such as equilibrium constants and the
surface coverage in the model equation. Therefore, to confirm the accuracy of the equilibrium constants and
coverage ratios, the hydrogen orders were calculated using the arguments in Equation 12 to see how close they
are to the experimental results. The results are shown in Figure 6. In the case of Ru, the reaction order values
calculated from the coverage tended to become more negative as the temperature decreased but did not perfectly
reproduce the experimental values. In the case of Ru+K, the reaction order values calculated from the coverage
showed a tendency to become more negative with decreasing temperature. The calculated values from the
coverage are very close to the experimental values, which guarantees the coverage accuracy calculated from the
fittings. As shown in Table 2, Ru has the closest R? value to 1 at step R? than Ru+K for all temperatures. However,
Figure 6 shows that the order of hydrogen calculated by the coverage derived from the fitting results is closer to
the experimental value for Ru+K. Therefore, when the R? value is closer to 1, not only there is a strong correlation
between the model equation values and the experimental values, but the K;, k; obtained from the fitting and the
coverage factor 6; calculated from them are also obtained at an appreciable level.

The experimental coverage on the catalyst surface obtained using SSITKA was compared with the coverage

values calculated using our method in Supporting Information.
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Figure 6. Calculated and measured order of hydrogen for Ru (i) and Ru+K (ii).

3.3 Apparent activation energy.

3.3.1 Experimental result of apparent activation energy. To investigate the effect of coverage on *PPE,, *PE,
was measured by varying the reactant gas flow rate. Figure 7 shows that the lower the gas flow rate, the smaller
the #PPE,. Coverage significantly affects *PE, with the very small change in reaction conditions. The lower the
flow rate, the higher the ammonia concentration (vol%). This tendency is consistent with previous studies [30].
When overall flow rates are lower, the number of adsorbed species derived from the feed molecules decreases
and the relative concentration of product ammonia increases, increasing the ammonia partial pressure and
facilitating the adsorption of ammonia-derived adsorbed species on the catalyst surface and increasing the

coverage (Figure 5, Table 2). Therefore, the lower the flow rate, the lower the *PPE,, because the increased



product-derived coverage makes the reverse reaction more likely to occur, and because ammonia synthesis is an

exothermic reaction, the reverse reaction is more likely to occur at higher temperatures (Figure 7).
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Figure 7. Flow dependence of *’PEa over Ru.
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3.3.2 Coverage effect on ?PPE,. To further illustrate the relationship between coverage and *PE,, the

relationship between *PPE, and coverage for each adsorbed species is shown in Figure 8, based on the results for

Ru shown in Figure 2 and Figure 5. On the other hand, ?PE, increases as O increases. This indicates that

hydrogen poisoning of Ru increases *PE,, while an increase of 8y and 6n2 on the surface decreases #PPE.. In

Figure 5, it was difficult to see the temperature variation of On, but Figure 8(ii) shows clearly that OH is smaller

at higher temperatures. In addition, it was experimentally shown that *PPE, is affected by the coverage as well as

the reaction order for Ru-based catalysts.
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Figure 8. Coverage dependence of #PE,.

Model II is also important for the discussion of coverage, since it allows an accurate evaluation of Onux (X

=0, 1, 2, 3) by considering the reverse reaction in the rate-limiting step and the ammonia adsorption reaction.

For example, if step 3 is the rate-limiting step, then Onux = 0 in Model 1. The effect of these adsorbed species on

aPE, and the reaction order cannot be understood. On the other hand, Model II allows us to know the effect of



Onmx on PPE, and reaction order, and also allows us to describe a more accurate model when fitting the reaction
rate to the model equation (see fig 3 and 4).

It can be added from Figure 2 and Figure 6 that these differences in models change the coverage and affect
the experimental results. In the case of Ru, the reaction order calculated from the coverage is closer to the
experimental value for the model that does not consider the reverse reaction (Model I), but there is not much

difference except for the hydrogen order at 460°C (Figure 9).
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Figure 9. Calculated and measured order of hydrogen for Ru.
In the case of Ru+K, on the other hand, the model considering the reverse reaction was closer to the experimental
value (SI). This is because the rate-limiting step in Ru is nitrogen dissociation which makes it difficult for the
reverse reaction to occur. The rate-limiting step in Ru+K is NH3* formation (step 6) at high temperatures, which
makes the reverse reaction more likely to occur. There are also advantages of adopting a model that considers
the reverse reaction in the rate-limiting step and ammonia adsorption reaction not only for Ru+K but also for Ru.
As shown in Figure 10, the coverage calculated based on Model II (i, ii) shows a clear temperature dependence,
i.e., the higher the temperature, the smaller the coverage. In contrast, Model I (iii) invert the results measured at
380°C and 400°C (ii). In other words, the accuracy of the fitting is better when the inverse reaction is taken into
account, as it clearly shows the temperature dependence of the coverage. As shown in Figure 5, the calculated
reaction order for Ru+K is relatively close to the experimental value, while for Ru the calculated value deviates

from the experimental value, suggesting room for improvement in fitting.
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Figure 10. Coverage dependence of *PPE,.

Under the conditions generally employed for lab-scale ammonia synthesis rate measurements, coverage is



affected by partial pressure and temperature (Figure 5), and changes in coverage affect the reaction order and
aPE, (Figures 6, 8). The fact that these experimental conditions affect *P°E, and reaction order indicates that when
comparing catalysts, those two indicators can be very different under the same conditions, or that there is a risk
that performance can rapidly worsen by changing pressure or temperature for the same catalyst.
4. Conclusion

The surface coverage (and its partial pressure dependence) obtained from fittings on Ru-based catalysts
was found to reproduce the experimental results. In particular, it was shown for the first time that the reaction
order varies depending on the coverage not only for Fe-based catalysts but also for Ru-based catalysts, even
within the range of reaction conditions commonly used in the literature. The *PE, is also affected by the coverage
as well as the reaction order. When comparing the catalyst of interest with catalysts measured under different
conditions and highlighting the differences, the differences in *PE, and reaction order might be small when
measured under the same conditions. This suggests the risk that the performance of the catalyst of interest can
change significantly with changes in conditions such as temperature, pressure, flow rate, and reactor volume. In
addition, it was shown that the influence of coverage can be elucidated by analyzing the reaction kinetics of
ammonia synthesis from a kinetic point of view without using experimental techniques such as chemisorption.
On the other hand, the fittings used in the analysis are not perfect, and this method may replace other

experimental methods for the evaluation of adsorbed species on catalyst surfaces in the future.
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