recht M (‘C C Debye Institute for

l’llVel'S lty Materials Chemistry Nanomaterials Science

and Catalysis

CS

Metal Hydride nanocomposites as transition metal free
catalysts for ammonia synthesis

Juliette C. Verschoor

P. Ngene, P.E. de Jongh

j.c.Verschoor@uu.nl 12t of March, 2025 NCCC, Noordwijkerhout

4N\ - .:
@amBHER [ e,




. . W
Ammonia as an energy carrier %@g Utrecht University
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Ammonia is increasingly recognized as a highly viable chemical energy carrier.
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N, + 3H, & 2NH,; AH°= -92 kJ mol! AS°= -198 J k1 mol-1

For high ammonia yield: low temperature and high pressure
(from thermodynamics)

For fast ammonia formation: high temperature
(from kinetics)

Catalysts Efficient ammonia production
Reaction at temperatures as low as possible
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~ consumes 2% global energy production

. !E | Haber-Bosch process KAAP Process
i (Fe based catalyst) 525 to 325 °C (Ru based catalyst)

I
L7

L8l 1%generation — 2nd generation
252" (Haldor Topsoe) 350 to 100 bar (BP)
eSS Fe,0, + AlLO; + K,0 + Ca0 / Ru-Ba-K/AC
350-525 °C, 100-300 bars /" 325-450 °C, < 100 bars
1913 1970 1992/2000 2012 2017 2022

Alkali metal Ru

Co-Mo-N .
(Aika) Transition metal free

(Aika & Jacobsen) Ru /e"i’ectride
(Hosono)

3d transition metal-alkali hydride 4
(Ping Chen)
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Alkali hydride mediated ammonia synthesis U
—=1000 o —e—
12000 - = g < 40004 ~® KHXEM
% 0. 'O —@—5wt.% Ru/MgO
10000{ 5 07 [ 1T
E 400- =
o~ o 200 = St
© 8000+ 2 3 O
: g 9 — e O
E’ 400 450 500 s
S 6000+ —m—yN-LiH T(K) S 20004 / o
3 1 —0—CrN-LiH . © ®
o 4000{ ——Mn-LiH 3 s
© | —A—Fe-LiH 2 10004 ® :
2000 — Co-LiH \ - e =
| —A—=Ru/MgO ‘ ; cal \ e prd 1 ./. ./
NN —. O ot O e a o on
350 400 450 500 550 60 650 225 250 275 300 325 350 375 400

T (K) Temperature (°C)

* 3d TM+LiH composite catalysts achieved ammonia synthesis at a temperatures as low as 150°C
 KHC nanocomposites catalysts achieved ammonia synthesis at temperatures as low as 250°C

5

NH; synthesis catalyzed by different catalysts under the conditions of 1
MPa, 1N,:3H, and flow rate = 60,000 (left) — 36,000 (right) mL gt ht

Woang, Peikun, et al. Nature chemistry 9.1 (2017): 64-70.
Chang, Fei, et al. Nature Catalysis 5.3 (2022): 222-230.
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Are other alkali metal (hydride) carbide
nanocomposites also active for ammonia synthesis?

How does the synthesis method affect the activity?

Chang, Fei, et al. Nature Catalysis 5.3 (2022): 222-230.



Alkali hydride carbide: melt infiltration %% Utrecht University

Turbostratic graphite (C) +

[
I

20wt%KH/C

400°C

Potassium hydride (KH)

Melt infiltration

(200°C, Ar, 10h) 5
S 285°C
2
e Z) M
9 200°C
E !
)h | 100°C
Intercalation e A Ao
Graphite
(400°C, Ar, 2h) KH | I|| |.| . . I] |l . . | I.
20 30 40 50 60 70
2 Theta (°)
KH,C,

Chang, Fei, et al. Nature Catalysis 5.3 (2022): 222-230.
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AH-Carbon for ammonia synthesis U L University
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Besides KH, NaH & LiH based catalysts are also active towards ammonia synthesis

NH, synthesis catalyzed by different catalysts under the conditions of 1 MPa, 300-400 °C, 1N,-3H, and flow rate = 60,000 mLg_, 1 h"?
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Intercalation might not be required for ammonia synthesis activity.

NH, synthesis catalyzed by different catalysts under the conditions of 1 MPa, 300-400 °C, 1N,-3H, and flow rate = 60,000 mLg_, 1 h"?



Alkali hydride carbide: ball milling %Utr&cbtvnivﬂsiw

® «“ Turbostrati hite (C) +
IR urbostratic graphite (C) 20wt% KH/C - 500rpm ball milling
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KH-C: BM effect on 20wt%KH
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BM can be used to synthesize KHC ammonia catalyst, but prone to destruction

11

NH, synthesis catalyzed by different catalysts under the conditions of 1 MPa, 300-400 °C, 1N,-3H, and flow rate = 60,000 mLg_, 1 h"?
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KH-C: BM effect on 20wt%KH

20wt% KH/C

Pore volume NH; activity
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BM can be used to synthesize KHC ammonia catalyst, but prone to destruction

12

NH, synthesis catalyzed by different catalysts under the conditions of 1 MPa, 300-400 °C, 1N,-3H, and flow rate = 60,000 mLg_, 1 h"?
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NaH-C: BM effect on 10wt%NaH %TZ% Utrecht University
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BM can be used to synthesize NaH/C ammonia catalyst, less prone

to destruction in contrast to KHC 13
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NaH-C: BM effect on 10wt%NaH

10wt% NaH/C
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BM can be used to synthesize NaH/C ammonia catalyst, less prone

to destruction in contrast to KHC 14



AH-C: ball mill vs melt infiltration %Utmhmﬂimiw
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15
NH, synthesis catalyzed by different catalysts under the conditions of 1 MPa, 300-400 °C, 1N,-3H, and flow rate = 60,000 mLg_, 1 h"?
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Conclusion N

1. In addition to KH, NaH and LiH based catalysts are also active towards
ammonia synthesis.

2. Both ball milling and melt infiltration are suitable synthesis methods for the
synthesis of alkali hydride-based ammonia catalysts from alkali hydrides and
graphitic carbon materials.

3. Intercalation might not be required for ammonia synthesis activity.

16
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Graphite: XRD & N, physisorption

N
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KH-GIC: BM 30wt%KH
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19

NH, synthesis catalyzed by different catalysts under the conditions of 1 MPa, 300-400 °C, 1N,-3H, and SV = 60,000 mL g_,* h'*
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e Alternating e Distal e Dissociative

The associative-alternating pathway is the most favourable pathway 20
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