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1. Ni- and NiO electrocatalysts

Table S1. Ni/NiO electrocatalyst used for formate and other products during CO,RR.

Compound Synthesis Main Electrolyte FE E (vs  Jucoo- T (°C) Reference
Method product RHE) (mA/cm?)

NiO@Cl-9%  Electrospinning  HCOO-  0.IM KHCO; = 70% -0.8 V 14.7 25 1

Ni-N-C In situ Cco 0.1 M KHCO3 | 90% -0.8V 5.0 (for 25 2
carbonization CO)

Ni Pyrolysis CcO 0.5M KHCO3 | 90% -1.0V 57.1 (for 25 &

atomic/carbon CO)

Ni single Electrospinning = CO 0.5SM KHCO3 | 88% -1.0V 308.4 (for 25 4

atoms/CNF CO)

Ni/NiO/g-C3Ns4 | Photocatalytic ‘ CcO 0.5 M NaSO4 | 87% -03V 7.8 25 >
reduction nA/cm?

NiO doped Combustion C,Hy 05M 47% -0.79 V.| N.R. 25 6

Zn* synthesis NaHCO;

Ni-N3 Impregnation,  CO 0.5 MKHCO;  95% -1.0V 27 25 u
ZIF formation

Ni-N doped CVD CcoO 0.5 KHCO3 91% -0.74V | 29 25 8

CNT

Ni single Ball-milling, CO 0.1 KHCO;3 93% -1.3V 16.5 25 2

atoms-N-C pyrolysis

Ni-Nyx-Cx Pyrolysis Cco Humidified 99% 20V 470 25 10

CO,
Co-N-Ni Sonochemistry =~ CO 0.1 MKHCO3  94.6% - 370 1.7 25 2l
mV

Ni/Ni3ZnCo.7- Hydrothermal | CO 0.5 KHCO;3; 92.5% -0.87V | 15.77 25 12

NC

NiNy/NCNT Ball-milling, CO 1 M KOH 99% -0.272V | 85.6 25 =
annealing

Ni-N4in Solvent drying | CO 0.5 KHCO; 95% 0.8V 366 25 14

mesoporus and annealing

carbon

Ni single Pyrolysis CcO 1 M KOH 99% -1.82V | 160 25 &

atom/Ni

NP/MOF

CuZn-Ni Aerogel Cco IM KOH 80% 0.8V 20.0 25 16

aerogel synthesis

Ni-SAC-nano Hydrothermal, @ CO 0.5 KHCO3 90% -1.0V 66.0 25 L

array annealing




2. Sn and SnO; electrocatalysts

Table S2. Sn/SnO; electrocatalyst for formate formation during CO,RR.

Compound Synthesis Main Electrolyte FE E (vs  Jucoo- T Reference
Method product RHE) (mA/cm?)  (°C)
Sn0:-Cl Sonochemistry HCOO"  2M KHCOs3 59.1% 1.3 32.6 25 13
doped
Anodic SnO2 | Anodic oxidation | HCOO™ | 0.5M KHCO3 | 73% 0.8 10 25 19
Mn-doped Hydrothermal HCOO" | 0.IM KHCO3 @ 75% 1.03 21.2 25 &
atomic SnO>
layers
Zn-Sn oxides | Biomineralization | HCOO~ | 0.IMKHCO3 | 70% | -1.1V 8.4 (for 25 z
CO+
HCOOH)
Sn0»/C Impregnation HCOO- 0.5MKHCO; 92%  0.86V 29 25 2
Sn-halogen Hydrolysis HCOO- | 0.5MKHCO;  96% | -09V 62.4 25 B
incorporated
SnO Precipitation HCOO" 1M KOH 94% | 0.7V 330 25 2
nanosheets
Sn0O2/GO Hydrothermal HCOO" | 0.IM KHCO; @ 84.4% | 0.96V 4.5 25 2
VO-rich N- Hydrothermal HCOO™ | 0.IMKHCO; 83% | 0.9V 10 25 &
SnO:
Ov- Thermal HCOO" | 1 M KHCO; 80% -09V 16.6 25 27
engineered treatment
Sn0O:
B-doped Hydrothermal HCOO~ 0.5MKHCOs 95% 1.0V 432 25 Z8
Sn0O:
SnO: Solvothermal HCOO" | 0.1M NaHCO; | 83% 320 mV 16 25 »
nanosheets
Sn0./0C Hydrothermal HCOO  0.IMKHCO;  75% 1.29 V 13.4 25 X
SnOx Deposition HCOO" | 0.5 M KHCOs3 | 69% 1.0 53 25 31
Wavy SnO: Hydrothermal HCOO-  05MKHCO; 22% 10V 87 25 2
Porous SnO2 | CVD HCOO" | 0.5 M KHCOs3 | 94% 051V 18.8 25 33
nanosheets
Chainlike Anodic oxidation = HCOO™ | 0.IMKHCO; 82%  1.06 V 15.3 25 &
Mesoporous
SnO:
Sn0:-GQDs Hydrothermal HCOO" | 0.IM KHCO; | 93% 1.3V 16.2 25 33
SnOx Hydrothermal HCOO | 0.5MKHCOs  77% 125V (vs 11.0 25 %
Nanosheets- SHE)
MWCNTs
Double-shell | Hydrothermal HCOO | 0.5 M KHCOs | 81% .15V 447 25 37
SnO«
nanosphere
1D SnO: Electrospinning HCOO"  0.IMKHCO;  70% 1.29 V 12.0 25 &
Sn/Sn02 Electrospinning HCOO | 0.IMKHCO3; | 82.1% | 1.6 V (vs | 22.9 25 39
nanofiber SCE)




3. Ni:Sn metal or metal oxide electrocatalysts

Table S3. Ni:Sn metal or metal oxide electrocatalyst used for formate formation during CO,RR.

Compound Synthesis Main Electrolyte FE E (vs RHE)  Jucoo- T (°C) Reference
Method product (mA/cm?)

N4-Ni-Sn-Ny ‘ Impregnation = HCOOH ‘ 0.5M KHCO; ‘ 86.1%  -0.82V 43.7 ‘ n5 | @

SAC

Ni-doped SnO: | Solvothermal HCOOH 1M KOH 80% | -12V 116 25 |4



4. SnO;-based model

Figure S1. An ASE-GUI representation of the model system for the vibrational analysis. The

constrained atoms are marked with a dashed X, and the unfixed atoms are highlighted in yellow.**

Table S4. Thermodynamic quantities for the gas phase molecules in eV.

298
Eprr ZPE fo C,dT TS G
H, -6.7619 0.27 0.09 0.43 -6.832
H,0 -14.2336 0.56 0.10 0.67 -14.24
CO; -23.0229 0.31 0.10 0.66 -23.273
HCOOH -29.8814 0.89 0.11 1.05 -29.93




5. Morphological inspection for NiO, SnO;, and NiOSnO25NF

Figure S3. SEM image of NiOSnO25NF.



6. Interface structure between NiO and SnQO; nanocrystals

50 nm

Figure S4. Interface structure between NiO and SnO2 nanocrystallites. (a) ADF and EDX map of the
NiO crystallite decorating a nanofiber. (b) Close-up of a NiO crystallite edge laying on the nanofiber
with multiple SnO» nanocrystallites homogeneously assembled. (¢) An interface between two SnO»
nanocrystallites shows that the contact planes for one of the nanocrystallites observed along the zone
axis [111] correspond to 011. (d) ADF and EDX map of a second example of a NiO crystallite sitting
on the nanofiber. (e) A close-up ADF and EDX map showing the interaction on multiple contact points
of the large NiO crystallite with the SnO, nanocrystallites. (f) Interface between the NiO crystallite and
SnO; nanocrystallites. The exposed facets of the observed SnO, nanocrystallites correspond to 220
planes, while the NiO crystallite facet in contact exhibits a surface with multiple steps that are oriented
perpendicular to 200 planes. This illustrates that the NiO crystallite fits a non-sharp interface but is still

aligned with the multigrain arrangement of the SnO; nanoparticles that construct the nanofiber.



7. Electrochemical impedance spectroscopy
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Figure S5. Nyquist plots for NiOSnO75NF without and saturated with CO, at different temperatures in

0.1 M KHCO:3

Table S5. Electric parameters for NiOSnO75NF over various temperatures. For the experimental

results, see Figure S5.

Conditions Rs Ret CPE-P | CPE-T
COz—free (25 °C) 33.16 424.60 0.45191 | 0.00451
COz-saturated (25 °C) 31.12 764.51 0.65253 | 0.00291
COz-saturated (40 °C) 33.74 511.75 0.59552 | 0.00395

The Rct values in Table S5 indicate that NiOSnO75NF has a higher affinity to CO,. In the absence of

COs,, the affinity to H, might be preferred.



8. Linear scan voltammetry
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Figure S6. (a) Linear scan voltammetry (LSV) and (b) Tafel slopes derived from LSV in the absence
and presence of CO; at 25 °C (black line/closed square circles and red line/closed triangles), 40 °C (green

line/closed green circles), and 45°C (blue line/blue asterisks) for NiOSnO75NF in 0.1 M KHCO:s.

Table S6. Tafel slopes for NiIOSnO75NF over various temperatures. For the experimental results, see

Figure S6.
Conditions Tafel Slope
(mV/dec)
COZ-free (25 °C) 210
COZ-saturated (25 °C) 302
COz—saturated (40 °C) 293
COz—saturated (45 °C) 278




9. Electrochemical measurements and HCOOH fragments
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Figure S7. Chronoamperogram of NiOSn50NF and NiOSnO75NF in the presence of CO, over

various temperatures and applied cell potentials of -0.85 vs. RHE.
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Figure S8. CV characteristic for NiOSnO75NF at 25 °C in the absence of CO,. The mass signal is also

shown as a function of the applied potential (1 mV/s) for m/z =2, m/z = 16, m/z =28, and m/z = 29.
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Figure S9. The mass signal of HCOOH for m/z = 45, m/z = 30, and m/z = 29 fragments.
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10. Chemical characterization with STEM-EDX

Figure S10. Representative STEM-ADF and STEM-EDX maps for NiOSnO75NF after 2 h (a) and 22

h (b) of CO; electrolysis.
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11. Raman
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Figure S11. Representative Raman spectra for NiOSnO75NF and NiOSnO75NP

In Figure S11, the Raman spectrum is shown. The first peak at 1359 cm™ is identified as a defective or
disordered carbon lattice.** The peak at 1596 cm™ correlates with graphitic carbon species.*** The

results demonstrate that NIOSnO75NP retains more carbon remnants than NiOSnO75NF.
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12. STEM-ADF micrographs for NiOSnO75NF with and without surfactant

Figure S12. STEM-ADF micrographs of (a-b) NiOSnO75NF and (c-d) NiOSnO75 with surfactant.
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13. CO2RR for NiOSnO75NF with surfactant
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Figure S13. Product distribution for NiOSnO75NF with surfactant at -0.85 vs. RHE for 2 h over various

temperatures, i.e., 25, 30, 35,40 °C.
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14. Computational Insights

Cohesive Energy: Cohesive energy is considered a well-known descriptor to estimate the stability of
surface slabs for bulk structures.*® The relative stabilities of Ni-doped SnO; are examined from the SnO»

and NiO bulk structures. The cohesive energy (E.qp,) for an undoped SnO,(hkl) slab can be expressed as

follows:

SnO SnO
E _ Esnop k) =(Nypice Epun) (1)
Coh (a+b)

where Ego, (hki) Egﬁgj are the energies of a pristine SnO, slab and bulk SnO; in a tetragonal lattice,

SnOZ

respectively. N .2,

a and b are the number of SnO, per unit formula, Sn and O atoms, respectively.

Furthermore, the cohesive energy for Ni-doped SnO; systems can be computationally determined:

SN0, SN0, | \NiO ©NiO
Eni@sno, k) = (Nynits Ebuik T NunitsEbuik) + 0-5No, Eo,

(@a+b+0c)

Econ =

2

where Enj@sno, (hki)» 18 the total energy of the doped SnO; surface slab, and E{)\I&?k, Eq, are the energies
of bulk NiO in a cubic lattice and O, gas molecule, respectively. The factors a, b, and c are the number
of Sn, Ni, and O in the Ni-doped systems. The more negative the cohesive energy is compared to pure
Sn0O», the more stable the doped phase.*” The cohesive energy per atom increases in the order 2Ni@SnO»
> Ni@SnO; > SnO; (Table S7). As the concentration of the Ni increases, the cohesive energy becomes

more negative, implying the desirable formation of Ni-doped phases.

Surface Formation Energy: The surface formation energy (y) is the energy needed to create a surface
with (hkl) termination from its bulk and is often used as a descriptor for surface stability.*3* Herein,
model systems with a (110) termination of SnO; are studied because it is the most abundant surface in
all experimental samples studied, as identified by experimental XRD data (Figure 3). A surface with

low y implies a stable surface. The surface formation energy for the (110) terminated SnO; is given as:

Sn0, .SnO
Vsn0y(110) = 57 (Esno, — NonicEpui)

3)

16



Here, A represents the surface area multiplied with a factor 2 because of the assumption of symmetric
terminations of the SnO,(110) model. Note that for the SnO,(110), there are several possible
terminations, and herein, we considered the O-terminated surface as it has garnered significant interest
in previous theoretical investigations.’*>? However, in the case of Ni doping, the terminations will
become asymmetric, and the surface formation energy of the Ni-doped side of the model system can

then be defined as:

Y = VYNi@sn0,(110) — Ysn0,(110)

“4)

where Yyi@sno,(110) a0d Vsno,(110) are the surface formation energies of the Ni@SnO; and pristine
SnO; model systems (in Table S2 and Figure S11-13, y or surface formation energy of the modified

surface is displayed). Yni@sno,(110) 18 calculated as:

1 Sn0, .Sn0 i i
Ni@Sn0,(110) = 7 \ENi@Sn0,(110) — uﬁits bElk units “bulk . 0,50,
% 7 (B (N2ERT2 4 NNIO ENIO Y +0.5Ng Ep.)

&)
Table S7 shows the surface formation energies of Ni-doped and pristine SnO, systems. Like the
cohesive energy, the surface energies of the Ni-doped system are low (and negative) compared to SnO»,
representing a stable surface for the doped systems. Overall, the cohesive and surface energies from the
bulk oxides and O, confirm the higher stability of the Ni-doped SnO»(110) phases over pristine

SnO»(110) phases.

Table S7. Cohesive (in eV/atom) and surface formation energies (in eV/A?) of the slabs studied.

Surface Formation
Econ (in eV/atom)
Energy (eV/A?)
Sn0,(110) 0.16 0.09
Ni@SnO(110) 0.06 -0.02
2Ni@Sn0,(110) -0.04 -0.21
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15. Computational Insights on NiO/SnQ; Interface

The stability of the interface between the NiO and SnO, is investigated by constructing a large 3x2
supercell of the existing SnO»(110) model with four SnO, layers as previously used. Due to the
complexity of the large supercell models (~450 atoms), we performed non-spin polarized calculations
with the Brillouin zone sampling restricted to the ['-point, keeping all other parameters unchanged. The
surface formation energy (SFE) of various Ni-containing surfaces on both pristine and reduced SnO-
(SnO/Sn0») are calculated using equation (4) and (5). It should be noted that the surface Pourbaix
diagrams in Figure 6 indicate that the surface tends to reduce under experimental conditions, making it

crucial to consider reduced SnO, surface models when describing NiO/SnO; interfaces.

The different Ni-containing systems considered are: (1) Ni at adatom positions, (2) Ni doped at six-
coordinated Sn surface positions (position 1), and (3) Ni doped at five-coordinated Sn surface positions
(position 2). We have also constructed a NiO (Ni3203,) nanocube adsorbed and a system with all surface

Sn atoms replaced by Ni atoms (NiO/SnO, and NiO»/SnO).

18
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Figure S14. Optimized geometries of different Ni-containing systems over SnO. and their

corresponding surface formation energies in eV/A? calculated using Eq. 4. Color codes: Sn (yellow), O

(red), and Ni (grey).
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Figure S15. Optimized geometries of different Ni-containing systems over reduced SnO, (SnO/Sn0O,)
and their corresponding surface formation energies in eV/A? calculated using Eq. 4. Color codes: Sn

(yellow), O (red), and Ni (grey).

From Figure S14 and S15, it is observed that Ni lowers the surface formation energy with respect to
pristine SnO», where the Ni atoms pull and compress the surrounding atoms from their lattice positions,
similar to the small models discussed previously. The surface formation energy of 1.00 ML NiO
overlayer on a reduced surface (NiO /SnO,) was the lowest observed, with —0.347 eV/A? compared to
the various Ni-containing systems studied (Figure S16). The same configuration on the pristine SnO»
(NiO,/Sn0y) also exhibited a lower surface energy (0.049 eV/A?), the least among the Ni-containing
systems with pristine SnO;. Overall, the formation energies are an indication of the plausibility for a
NiO phase supported by SnO, under the electrochemical conditions, corroborating experimental

observations (Figure S4).
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16. Gibbs Free Energy Vs Potential (pH=0)
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Figure S17. Gibbs free energy profiles as a function of Usyr diagrams at pH = 0 for the studied

SnO,(110) models.
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