Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2023

Electronic Supplementary Material

Mesoscale Study of Crystal Plane Effects of Ni Catalysts on
CO, Hydrogenation
Xiaolei Wang!, Ning Liu?, Ruinian Xu?, Biaohua Chen®", Chengna Dai?, Ganggiang Yu?
1 College of Life Sciences and Chemistry, Jiangsu Second Normal University, Nanjing 210013,
China
2 College of Environment and Energy Engineering, Beijing University of Technology, Beijing

100124, China

* Corresponding author: Biaohua Chen

Email: chenbh@bjut.edu.cn



Contents

S1. Detailed equations of CO, conversion and CHj selectivity

S2. Calculation method of reaction rate for elementary reaction

S3. Microkinetic modeling

S4. Theoretical CH4 selectivity

Fig. S1. Influence of external diffusion on CO, hydrogenation over Ni-BN at 325 °C.
Fig. S2. Morphologies of Ni synthesized under same temperature of 150 °C and time
of 3 h but various H, pressure: (a) 0 bar, (b) 1 bar, (c) 6 bar, (d) 10 bar, (e) 14 bar, (f)
20 bar.

Fig. S3. Morphologies of 14 bar Ni synthesized under same temperature of 150 °C and
various time: (a) 0.25 h, (b) 0.5 h, (c) 1 h.

Fig. S4. Morphologies of 14 bar Ni synthesized under same time of 3h and various
temperature: (a) 130 °C, (b) 150 °C, (c) 170 °C.

Fig. S5. Activity of CO, hydrogenation of Ni catalysts synthesized at (a, b) various
synthesis time, (c, d) various synthesis temperature.

Fig. S6. Arrhenius plots of Ni-NP and Ni-BN: (a) CHy, (b) CO.

Fig. S7. TPSR-MS profiles for (a) Ni-NP and (b) Ni-BN catalysts.

Fig. S8 In-situ DRIFTS results of CO, hydrogenation reaction on (a) Ni-NP and (b) Ni-
BN catalyst being mixed with inter Si0, with CO, : H, =1 : 4.

Fig. S9. Adsorption energies of all intermediates in CO, hydrogenation reaction on
Ni(111), Ni1(322), Ni(100) and Ni(110) surfaces.

Fig. S10. Top and side view of the preferred adsorption sites of all intermediates in CO,
hydrogenation on Ni(111) surface.

Fig. S11. Top and side view of the preferred adsorption sites of all intermediates in CO,
hydrogenation on Ni(322) surface.

Fig. S12. Top and side view of the preferred adsorption sites of all intermediates in CO,
hydrogenation on Ni(100) surface.

Fig. S13. Top and side view of the preferred adsorption sites of all intermediates in CO,

hydrogenation on Ni(110) surface.



Fig. S14. Reaction potential energy diagrams via formate route: (a) Ni(111), (b)
Ni(322), (¢) Ni(100) and (d) Ni(110).

Fig. S15. Reaction potential energy diagrams via CO, direct dissociate + CO
hydrogenation route: (a) Ni(111), (b) Ni(322), (c) Ni(100) and (d) Ni(110).

Fig. S16. Reaction potential energy diagrams via carboxyl route: (a) Ni(111), (b)
Ni(322), (¢) Ni(100) and (d) Ni(110).

Fig. S17. Reaction potential energy diagrams via C hydrogenation route: (a) Ni(111),
(b) Ni(322), (c) Ni(100) and (d) Ni(110).

Fig. S18. Calculated steady-state reaction rates of step R3, R14 and step R20 over (a)
Ni(111), (b) Ni(322), (c¢) Ni(100) and (d) Ni(110) facets.

Fig. S19. Potential energy diagram of optimal pathway for the formation of CH4 and
CO on Ni(111) and Ni(100) facets.

Fig. S20. Calculated reaction rates of CH, and CO formation over (a) Ni(111), (b)
Ni(322), (c) Ni(100) and (d) Ni(110) facets.

Fig. S21. Comparison of CH, selectivity simulated by microkinetic model and
experimental results.

Table S1 Elementary reaction steps and rate equations of CO, hydrogenation reaction.
Table S2 Preferred adsorption sites and adsorption energies of all intermediates in CO,
hydrogenation reaction on Ni(111), Ni(322), Ni(100) and Ni(110) surfaces.

Table S3 Reactions energies (E,) and active barriers (AE) in CO, hydrogenation
reaction on Ni(111), Ni(322), Ni(100) and Ni(110) surfaces.

Table S4 Reaction rate (s') of CH4 and CO formation at different temperatures.

Table S5 Comparison of experimental and calculated reaction rate (s™') of CH4 and CO

formation.



S1. Detailed equations of CO, conversion and CHj, selectivity

After gas chromatography, it was found that the gas phase products were CH4 and
CO, and the liquid was H,O. The correction factors for carbon monoxide and methane
relative to argon were 1.04 and 2.15, respectively. The CO, conversion (X4) and CH,4

selectivity (S;) were calculated as

0_ 0/ 40
X, =000 = Al A AT A 600, (S1)
nA A s
AXF
S, = s % 100% (S2)
Ai XF;/S + Aj X}?j/s

where AS / ASO was the peak area ratio of CO, and internal standard Ar in the reaction

raw material gas, and 4,/ A, was the peak area ratio of CO, and internal standard Ar

in the mixed gas after the reaction. 4; and 4; represented the peak areas of CO and CHy,
respectively, and Fj;, and Fj, represented the relative correction factors of CO and CHy,
respectively.

The turnover frequency (TOF) was evaluated using 0.02-0.1 g catalyst, and the gas

velocity was adjusted to keep the CO, conversion rate below 20%.

X XF
TOF(s™)="2 <% (S3)
m(f{ll XMY

Fco; represented the flow rate of carbon dioxide in the feed gas (s!), and M, was the
number of active sites per unit mass of the catalyst. The active sites were measured via
CO chemisorption, assuming that one CO molecule was adsorbed on one single Ni
site.[1-3]

The activation energies of CO, conversion or CH4 generation were calculated from
the slope of Arrhenius plot ‘InTOF~1000/T’ in Fig. S6. Compared with the Arrhenius
equation below, the activation energy Ea (kJ-mol-!) should be the slop of Arrhenius plot
multiplied by R.

In7TOF =ln A— £,
RT

(S4)

In which A4 presented the pre-exponential factor, Ea meant the activation energy and

R meant the gas constant R (8.314 J-(mol-K)!).



S2. Calculation method of reaction rate for elementary reaction
The forward / reverse pre-exponential factors (v, and v;,) for reaction X+Y—Z

were determined as

3N-1

3N
IS s
v =117 111
i=1 j=1 (SS)

3N 3N-1
_ FS TS
Vrev_llvi /IIV].
i=1 Jj=1

(S6)

N FS s
V. V. . . . c . V.
where ' and ' were vibrational frequencies at initial and final state, and 7/ was

vibrational frequencies at transition state[4].

Thus the rate constant (k,) was calculated as

k,=vexp(-E, / k,T)

(S7)
where E, was the activation energy barrier and kz was Boltzmann constant.
For the adsorption process, the rates would be written as[5]
k., =s,PA /\2zmk,T (S8)

where s, P; (Pa) and m; (kg) were the sticking coefficient, partial pressure and
molecular mass of species I, respectively; 4; (m?) was the area of adsorption site.
For the desorption process, the rates were calculated based on the harmonic

transition state theory (HTST) and it could be derived as Arrhenius equation[6, 7]:

o™ A,S2 (P° _
kdes = ICB_Tenl P_ eXp — ( ) exp( Ea ]
h RT R RT 9)

8,87 (P)=55 (P° )-S5 (P°) (S10)

where n and n; represented the coefficient amount of the reactants and the coefficient

amount of the gaseous reactants. For the condensed phase reaction, the value of n; was

1. » and R were Plank constant and gas constant, respectively. The entropy

ASI(PY) o . . L
contained three contributions, translational, rotational, and vibrational

distributions, which was obtained from the frequency calculations with DFT at 1 atm

and 298.15 K.



S3. Microkinetic modeling

As shown in Fig. S7 and Table S1, the reaction network was divided into 31
elementary reaction steps. Here in, according to the actual experimental condition, the
partial pressure of H, and CO, (p1l and p2) were set to be 60,000 Pa and 15,000 Pa,
respectively. The reaction rates of elementary reactions have been expressed by ki, pi
and y(i), and the parameters y(i) would obtained by solving 22 equations below.
Therefore the steady state reaction rate of each elementary step and the intermediate

surface coverage ratios could be calculated by the MATLAB program.

y(i) Represented coverage y(i) Represented coverage
y(1) o. y(12) BOuucons
y(2) O y(13) O,
y(3) Oco,» y(14) Oco-
y(4) Bhcoor y(15) 0,.
y(5) 1,00 y(16) O
y(6) O,coons y(17) Ocne
y(7) Oh,co y(18) Ocoon=
y(8) Oone y(19) O
y(9) Gicoon y(20) Oconon
y(10) Gcor y(21) Ociy
y(11) O, con y(22) 1,00

Reaction rate equations in MATLAB program:
rl =klpl*y(1)"2 -k 1*y(2)"2;

r2 =k2p2*y(1) - k 2*y(3);

3 =k3*y(3)*y(2) - k_3*y(4)*y(1);

r4 =k4*y(4)*y(2) - k_4*y(5)*y(1);

15 = k5*y(5)*y(2) - k_5*y(6)*y(1);



16 =k6*y(6)*y(1) - k_6*y(7)*y(8);

17 =k7*y(4)*y(2) - k_T*y(9)*y(1);

18 = k8*y(9)*y(1) - k_8*y(10)*y(8);

19 =k9*y(10)*y(2) - k_9*y(7)*y(1);

r10 = k10*y(7)*y(2) - k_10*y(11)*y(1);
r11=k11*y(10)*y(2) - k_11*y(12)*y(1);
r12 = k12%y(2)*y(12) - k_12%y(11)*y(1);
r13 =k13*y(11)*y(1) - k_13*y(13)*y(8);
r14 = k14*y(3)*y(1) - k_14*y(14)*y(15);
r15 =k15%y(14)*y(2) - k_15%y(10)*y(1);
r16 = k16*y(14)*y(1) - k_16*y(16)*y(15);
r17 =k17%y(16)*y(2) - k_17*y(17)*y(1);
r18 = k18*y(17)*y(2) - k_18*y(13)*y(1);
r19 =k19%y(12)*y(1) - k_19*y(17)*y(8);
120 = k20*y(3)*y(2) - k_20*y(18)*y(1);
r21 =k21*y(18)*y(1) - k_21*y(14)*y(8);
122 = k22*y(14)*y(2) - k_22*y(19)*y(1);
r23 =k23*y(18)*y(2) - k_23*y(20)*y(1);
124 = k24*y(20)*y(1) - k_24*y(19)*y(8);
125 =k25%y(19)*y(2) - k_25%y(12)*y(1);
126 = k26*y(13)*y(2) - k_26*y(21)*y(1);
127 = k27*y(21)*y(2);

128 = k28*y(15)*y(2) - k_28*y(8)*y(1);
129 = k29*y(8)*y(2) - k_29*y(22)*y(1);
130 = k30*y(22);

r31 =k31*y(14);

Equations to be solved in MATLAB program:
dy(2)=2*1-13-14-15-17-19-1r10-r11-r12-115-1r17 -r18 - 120 - 122 - 123 - 125
-126-127 - 128 - 129;



dy(3) =12 -13 -r14 - 120;

dy(4) =13 -14 -17;

dy(5) =14 - 15;

dy(6) =15 - 16;

dy(7) =16 +19 - r10;

dy(8) =16 +r8 +r13 +r19 + 21 + 124 + 28 - r29;
dy(9) =17 - 18;

dy(10) =18 - 19 - r11 + r15;

dy(11)=r10 +rl2 - r13;

dy(12) =r11-r12 - r19 +125;

dy(13) =r13 +rl8 - r26;

dy(14) =r14 - r15 -r16 + 121 - 122 -r31;

dy(15) =r14 +rl6 - r28;

dy(16) =rl6 - 17,

dy(17) =r17 - r18 +r19;

dy(18) =120 - r21 - 123;

dy(19) =122 + 124 - 125;

dy(20) =123 - 124,

dy(21) =126 - 127;

dy(22) =129 - 130;

dy(1) =- dy(2) - dy(3) - dy(4) - dy(5) - dy(6) - dy(7) - dy(8) - dy(9) - dy(10) - dy(11) -
dy(12) - dy(13) - dy(14) - dy(15) - dy(16) - dy(17) - dy(18) - dy(19) - dy(20) - dy(21) -
dy(22);

S4. Theoretical CH4 selectivity

The theoretical selectivity of CH4 was obtained by equation S11:

7

cH

Sen, =————x100%
Ten, T 7o

(S11)

.. I 7 .
‘Ui was the selectivity of CHy, M+ and "CO represented the generation rate of CH,



and CO, respectively.
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Fig. S2. Morphologies of Ni synthesized under same temperature of 150 °C and time
of 3 h but various H, pressure: (a) 0 bar, (b) 1 bar, (c) 6 bar, (d) 10 bar, (e) 14 bar, (f)
20 bar.



Fig. S3. Morphologies of 14 bar Ni synthesized under same temperature of 150 °C and
various time: (a) 0.25 h, (b) 0.5 h, (c) 1 h.

Fig. S4. Morphologies of 14 bar Ni synthesized under same time of 3h and various
temperature: (a) 130 °C, (b) 150 °C, (c) 170 °C.
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Fig. SS. Activity of CO, hydrogenation of Ni catalysts synthesized at (a, b) various

synthesis time, (¢, d) various synthesis temperature.
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Table S1 Elementary reaction steps and rate equations of CO, hydrogenation reaction.

No. Elementary reaction steps Reaction rate equations

R1 H,(g)+2* <> 2H* n=kPy 60> -k 6,

R2 CO,(g)+* <> CO, * 1y =kyPro 0. =k 4000«

R3 CO, *+H* <> HCOO *+* 1y = k300,40 — k 3041000+ 0-

R4 HCOO *+H* <> H,COO * + * 7 = kyBco0:Orue — kO ool
RS H,COO *+H* <> H,COOH *+ * 75 = k5O coorOur — k5O coon-O-
R6 H,COOH * +* <> H,CO * +OH * 7y = kO coonsO- — k_oOuy co-Oom
R7 HCOO *+H* <> HCOOH * + * 7y = k361c00+ O = k_1OucoonsO-
RS HCOOH *+* <> HCO*+0OH * 1y = kyOucoonO- — k_3GncorOons
RO HCO *+H* <> H,CO*+* Ty = koOiicorOur — k 3Oy o0
R10 H,CO *+H* <> H,COH *+ * ho = kioBu,conBrpn — K_10Ou consO-
R11 HCO *+H* <> HCOH *+ * 1 = k1 Gncorbie — k1 OyconOs
R12 HCOH *+H* <> H,COH * + * ta = k12 Ocon-Oue — k1,0, conO-
R13 H,COH*+* <> CH, *+OH * B, = kHHHZCOH*H* - k7130CH2*6’0H*
R14 CO, *+* <> CO*+0* tia = k14Oc0, 0. — k_1,000.65.
RI15 CO*+* <> HCO* +* tis = Ki50conOypr = k_ 56300
R16 CO*+* > C*4+0* tig = ki68corl — k_ 00O
R17 C*+H* <> CH*+* 7y = k130000 — k110010,
R18 CH*+H* <> CH, *+* tig = kigOcpysOps — k130040,
R19 HCOH * +* <> CH* +OH * tio = kioOriconOr = k_190ci1-Oop+
R20 CO, *+H* <> COOH*+* Tao = k30000, O — k_200c00m+6
R21 COOH *+* <> CO*+OH * Ty1 = k1 OcoonsOs =k _510c0-Oous
R22 CO*+H* <> COH*+* Tyy = K3y 0004 Oy — k35 Ocop-0.
R23 COOH * +H* <> COHOH * + * Foy = ky30coon+Ons = k_230conon+0-
R24 COHOH *+* <> COH *+OH * Tos = ks OonionsOr — K 2400011-Oope
R25 COH *+H* <> HCOH *+ * 15 = ky5Oco s — k_ysOcon-O.
R26 CH, *+H* <> CH, *+* Ty = k266’CH2*0H* - kﬁzﬁewlﬂ*
R27 CH, *+H* — CH, (g)+2* Py = Ky Oy O

R28 O*+H* ¢<> OH*+* Tog = kngOouO — K 2500,1.0.
R29 OH*+H* <> H,O*+* Tyo = Ko Oppribrys — kﬁzgeHlo*&;
R30 H,0* - H,O0(g)+* Ty = k306’H20*

R31 CO* > CO(g) +* 7y = kyy O




Table S2 Preferred adsorption sites and adsorption energies of all intermediates in CO,

hydrogenation reaction on Ni(111), Ni(322), Ni(100) and Ni(110) surfaces.

. Ni(111) Ni(322) Ni(100) Ni(110)
termediates e E® sie B s E® sie BN
H Fcc 048 H 053 Bri -050 H  -035
C Hep 666 H  -7.71 H 810 H  -736
) Fee 701 H 710 H 735 H  -6.90
OH Fcc 369 Bri 414 H 391  Bri  -4.07
H,O Top -0.23 Top -0.45 Top -0.32 Top -0.41
co Hep -187 H  -194 H  -192  Bri  -1.88
CO, Bri 020 B -036 H  -027 H  -052
HCOO Bri  -293  Bri  -3.65 Bri  -327  Bri  -3.65
COOH Bri  -250 B  -293 H 303 B  -2.89
H,COO Bri  -349  Bri 419 H  -481  Bri = -425
HCOOH Top -040 B 072 B  -051 Top  -0.71
COHOH Top -2.01 Bri -2.03 Bri -2.10 Bri -1.99
CH Fec 667 H 667 H 733 H  -677
CH, Fce 468 H 494 H 506 H  -479
CH;, Fcc 243  Bri 275 Bri 238 H  -193
CH, Fec  -021 H 027 H  -021 H  -020
HCO Fee 252 H 276 H  -309 Bri 277
H,CO Fec 063 H 09 H  -133  Bri  -11I
H,COOH Bri  -216 Bri  -282  Bri  -246 Top  -2.78
COH Hep 472 H 476 H 508 H  -430
HCOH Bri -286 H 323 H 307 H  -323

H,COH Fcc -1.94 Top -2.49 Bri -2.08 Bri -2.32




Table S3 Reactions energies (E,) and active barriers (AE) in CO, hydrogenation
reaction on Ni(111), Ni(322), Ni(100) and Ni(110) surfaces.

Ni(111) Ni(322) Ni(100) Ni(110)
Reaction

E, AE E, AE E, AE E, AE
R1 0.0 -0.96 0.0 -1.06 0.0 -1.00 0.0 -0.70
R2 0.0 0.20 0.0 -0.36 0.0 -0.27 0.0 -0.52
R3 0.88 -0.15 0.82 -0.32 0.89 -0.18 0.72 -0.41
R4 1.78 1.69 2.47 1.46 1.24 0.74 1.63 1.28
RS 0.16 -0.20 0.65 -0.16 1.47 1.03 0.43 -0.27
R6 0.49 -0.22 0.10 -0.37 0.36 -0.87 0.55 -0.22
R7 0.76 0.65 0.93 0.81 1.09 0.92 0.94 0.84
R8 0.91 0.21 0.39 -0.45 0.46 -0.54 0.33 -0.45
R9 0.78 0.56 0.61 0.52 0.61 0.32 0.57 0.19
R10 0.88 0.37 0.99 0.31 1.41 0.96 0.83 0.36
R11 1.12 0.79 0.78 0.73 1.64 1.13 1.02 0.53
R12 0.67 0.18 0.64 0.37 0.51 0.14 0.54 0.06
R13 0.57 -0.47 0.48 -0.59 0.99 -0.49 0.38 -0.78
R14 0.14 -0.99 0.86 -0.56 0.29 -0.87 1.04 -0.07
R15 1.47 1.33 1.30 1.17 1.14 0.71 1.18 1.06
R16 2.96 1.76 2.49 1.75 1.82 0.05 2.02 1.11
R17 0.62 -0.59 0.53 -0.43 0.69 0.22 0.57 0.00
R18 0.53 0.36 0.56 0.23 0.59 0.55 0.55 0.20
R19 0.47 -0.66 0.47 -0.99 0.27 -1.52 0.07 -1.07
R20 0.88 0.13 0.95 0.26 0.77 -0.09 0.91 0.21
R21 0.36 -0.95 0.57 -1.10 0.61 -0.69 0.36 -0.90
R22 1.95 1.06 1.91 1.10 1.58 0.65 2.16 1.45
R23 1.02 0.62 1.37 1.05 1.46 1.09 1.26 0.82
R24 0.94 -0.24 0.60 -1.07 0.44 -0.86 1.00 -0.34
R25 1.13 1.05 0.88 0.85 1.42 1.11 0.22 0.11
R26 0.57 -0.05 0.52 -0.08 0.62 0.30 0.80 0.51
R27 0.89 0.02 0.99 0.45 0.84 0.09 0.65 0.08
R28 1.05 0.17 0.98 -0.16 1.36 0.43 0.47 -0.43
R29 1.17 0.39 1.01 0.69 1.27 0.47 1.18 0.48
R30 0.23 0.0 0.45 0.0 0.32 0.0 0.41 0.0

R31 1.87 0.0 1.94 0.0 1.93 0.0 1.88 0.0




Table S4 Reaction rate (s'') of CH4 and CO formation at different temperatures.

Temperature / °C 300 325 350 375 400 425 450
) rema/ s 2.62E-7  7.89E-7 2.18E-6 5.59E-6 1.34E-5 3.02E-5 6.47E-5
Nath rco/s'  3.51E-7 1.11E-6 3.21E-6 8.63E-6 2.16E-5 5.10E-5 1.14E-4
. rema/ 81 2.69E-3  6.25E-3  1.35E-2 2.76E-2 5.34E-2 9.83E-2 1.73E-1
NE22) rco/s'  1.03E-5 295E-5 7.74E-5 1.89E-4 431E-4 931E-4 191E-3
) reua/ s 2.05E-4  4.15E-4 7.37E-4 1.21E-3 1.89E-3 2.84E-3 4.16E-3
oo rco/s'  1.79E-4 4.18E-4 8.51E-4 1.58E-3 2.76E-3 4.58E-3 7.32E-3
. rema/ st 1.97E-2 3.13E-2 4.79E-2 7.09E-2 1.02E-1 1.43E-1 1.96E-1
Mo rco/st  1.29E-6 3.34E-6 8.01E-6 1.80E-5 3.84E-5 7.76E-5 1.50E-4
_ rcua/s'  6.67E-4  1.09E-3 1.71E-3 2.57E-3 3.76E-3 536E-3 7.45E-3
NN rco/st  6.59E-5 1.54E-4 3.14E-4 5.86E-4 1.03E-3 1.71E-3 2.76E-3
) rema/ 81 2.66E-3  6.17E-3  1.34E-2 2.73E-2 5.27E-2 9.70E-2 1.71E-1
NIBN rco/s'  1.13E-5 3.16E-5 8.16E-5 1.96E-4 442E-4 9.47E-4 1.93E-3




Table S5 Comparison of experimental and calculated reaction rate (s™') of CH4 and CO

formation.
Temperature / °C 300 325 350 375 400 425 450
rema/ 80 2.19E-4  1.04E-3  4.55E-3 7.02E-3
Ni-NP
rco/st  736E-5 422E-4 1.63E-3 3.83E-3
Exp.
rcua /s 2.07E-3  494E-3  1.39E-2 2.61E-2 1.60E-2
Ni-BN
rco/st  3.14E-4 1.05E-3 3.46E-3 1.13E-2 1.79E-2
rema/ 81 6.67E-4 1.09E-3 1.71E-3 2.57E-3 3.76E-3 5.36E-3 7.45E-3
Ni-NP
rco/s'  6.59E-5 1.54E-4 3.14E-4 5.86E-4 1.03BE-3 1.71E-3 2.76E-3
Miro.
rcma/ 81 2.66E-3  6.17E-3  1.34E-2 2.73E-2 5.27E-2 9.70E-2 1.71E-1
Ni-BN
rco/st  1.13E-5 3.16E-5 8.16E-5 1.96E-4 4.42E-4 947E-4 1.93E-3
Ni(110)  rcpe/s'  1.62E-4 2.77E-4 4.71E-4 7.15E-4 1.03E-3 1.48E-3 2.05E-3
kMC
Ni-bn  reps/s?t 9.31E-3  1.66E-2 247E-2 3.40E-2 4.52E-2 5.27E-2 6.06E-2

Exp.: Experiment

Miro.: Mirokinetic modeling

kMC: kinetic Monte Carlo
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