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c Centro de Nanociencias y Nanotecnología, Universidad Nacional Autónoma de México, Carretera Tijuana-Ensenada km 107, Apdo., Ensenada, B.C. 22860, Mexico 
d Department of Chemical Sciences and Bernal Institute, University of Limerick, Limerick V94 T9PX, Ireland 
e Department of Materials Chemistry, National Institute of Chemistry, Hajdrihova 19, Ljubljana 1000, Slovenia 
f Department of Physics and Chemistry of Materials, Institute of Metals and Technology, Lepi pot 11, Ljubljana, Slovenia   

A R T I C L E  I N F O   

Keywords: 
Halogens 
Chlorine 
NiO 
CO2 Reduction 
Formate 

A B S T R A C T   

We report the exceptional finding that NiO, a known electroactive catalyst for the reduction of CO2 to CO, can be 
tuned to become an active electrocatalyst for CO2 reduction to formate when chlorine is synthetically incor-
porated into NiO. The CO2 reduction reaction (CO2RR) is carried out on chlorine-containing NiO octahedral 
particles made by a solid-state synthesis method yielding a Faradaic efficiency (FE) of 70 % for formate pro-
duction at -0.8 V vs. RHE with a partial current density of 14.7 mA/cm2. XPS confirms the presence of Ni3+ and 
Ni2+ species, indicating the existence of uncoordinated Ni. The Ni3+/Ni2+ ratio increases with the Cl concen-
trations on NiO. Cl concentrations are also confirmed with STEM-EDX. DFT modeling provides insights into the 
thermodynamic stability and CO2RR mechanism over the Cl-containing NiO surface. It is suggested that Cl can 
occupy the defective sites created by oxygen vacancies on the NiO model with Cl (O-alpha+Cl). The surface 
Pourbaix diagrams constructed from DFT indicate the preferred surface terminations favorable at the operating 
conditions for the CO2RR, which closely agrees with the experimental findings. The O-alpha+Cl has been found 
to promote CO2RR to formate. Our results create new possibilities in the development of earth-abundant elec-
trocatalysts for selective CO2RR   

1. Introduction 

A significant part of the traditional energy value chains uses non- 
renewable fossil fuels as their primary raw material. These fuels are 
carbon-based, and their combustion releases carbon as CO2 into the 
Earth’s atmosphere. The increasing concentration of CO2 in our atmo-
sphere poses a threat to our living environment [1–3]. Capturing CO2 in 
chemical bonds to make useful compounds is an excellent means of 
remediation [4]. Thereby, new alternatives for the chemical trans-
formation of CO2 can contribute to a low carbon climate-resilient future. 

CO2-recycling, such as the electrochemical conversion of CO2, is an 
important technology that can effectively produce high-value chemicals 
using renewable sources. CO2 can be activated at a catalyst surface upon 
adsorption, which, by subsequent proton and electron transfers, allows 
chemical transformations of CO2 to carbon compounds, such as C1 (e.g., 

CO, HCOO− , CH4) and C2 (e.g., C2H4, alcohols) [5,6]. Among the C1 and 
C2 compounds, formate (HCOO− ) is of great interest due to its low 
toxicity and high H2 carrier capacity (53.4g H2/L) [7]. Metal and metal 
oxide catalysts (Bi, Cd, Co, Cu, Hg, In, Pd, Pb, Sn, and Zn) exhibit 
relatively good selectivity for formate at moderate overpotentials 
(Table S1). To our knowledge, there are no earlier reports on 
Cl-containing NiO electrocatalysts for electrocatalytic formate produc-
tion (Tables S1 and S2), demonstrating that the research on NiO elec-
trocatalysts for formate production is still in its infancy. Compared to 
other approaches that directly use halides (I, Br, or Cl) in the electrolyte 
to reduce CO2 [8], an ideal catalyst should contain halide species within 
its structure, as in the case of Cl. The effect of Cl has been showcased by 
increasing Cu stability during CO2RR [9]. Another advantage is that Cl 
or other halogens in metals can selectively direct chemical pathways 
between the competitive processes (i.e., HER and CO2R) [10–14]. 
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Like Cu, NiO is an abundant earth catalyst for CO2RR. Metallic or 
oxidized Ni is well-known for selectively producing CO during CO2RR 
(Table S2) [15,16]. Apart from CO, the electrosynthesis of other 
chemicals such as formate, using Ni or NiO can extend the functionality 
of this environmentally friendly catalyst, especially compared to Bi or 
more expensive metals such as In, Pd, or Sn (Table S1). So far, the 
highest Faradaic efficiency to formate (FEHCOO-) reported for the bare Ni 
electrocatalyst is around 22% at -0.7V vs. RHE, with a partial current 
density towards formate (JHCOO-) of 0.24 mA/cm2 [17–19]. More so-
phisticated systems, such as Ni nanoparticles over MnO2, have achieved 
FEHCOO- = 85% (at -0.85 V vs. RHE) at JHCOO- = 7.2 mA/cm2 [20]. 
However, more simple synthetic routes without additional support 
materials for evaluating the electrocatalytic performance of Ni (or NiO) 
should be assessed [21]. 

NiO is an attractive and unexplored option for the design of eco- 
friendly electrocatalysts (Table S3). A way forward is tuning the 
active sites on NiO. Although active site tunability is challenging, en-
gineering NiO surface defects can aid in increasing the formate con-
version and selectivity. Defect engineering concepts have been applied 
to NiO for catalytic reactions such as water splitting [22], hydrogen 
evolution [23], and recently CO2 photoreduction [24]. It has been 
demonstrated that the electroactivity of NiO can be improved by 
increasing the number of defects in its structure [25–27]. To reach our 
aim of engineering defects in NiO, we considered a synthetic route based 
on electrospinning followed by multiple annealing steps as a potential 
direction to synthesize Cl-containing NiO. We have found that this 
approach leads to octahedral NiO crystallites. NiO octahedra have pre-
viously been produced using several synthetic routes [28–31]. It has 
been reported that there exists a relationship between the shape and the 
addition of halogen or organic ligands to the reaction medium, yielding 
to {111} faceted NiO [32]. Besides the preferential {111} facets 
[33–35], doping of NiO with low valence anions has been reported to 
increase the Ni3+/Ni2+ ratio leading to the formation of 
non-stoichiometric nickel oxide. These non-stoichiometric species are 
uncoordinated species typically induced by defects in the electrocatalyst 
[5]. From this perspective, incorporating Cl into NiO during the syn-
thesis would be an exciting approach for a high FEHCOO- and JHCOO- for 
NiO-based materials. 

In this work, NiO is synthesized using a solid-state chemistry 
approach. As a preparation method, electrospinning of fiber materials is 
carried out using a NiCl2-PVP precursor solution. The rationale behind 
the use of electrospinning is that it produces ca. 100 nm-size composite 
fibers that can act as a nucleation matrix for small and well-defined 
crystals of the desired Cl-containing NiO electrocatalyst after anneal-
ing in air. The functionality of Cl-containing NiO is then tested during 
CO2RR. At 4 h, FEHCOO- results in 70%, while for 24 h, the FEHCOO- is 
63% at -0.8 V vs. RHE with a JHCOO- of ~ 13.7 mA/cm2. In both cases, a 
small amount of CO with Faradaic efficiencies for CO (FECO) ≤ 3% and 
Faradaic efficiency for H2 (FEH2) = 15 % have been observed. The 
density-functional theory (DFT) modeling generates insight into the 
unexplored reaction mechanism during CO2RR to formate over a Cl- 
containing NiO surface. The constructed model shows that the filling 
of oxygen alpha vacancies with Cl play an essential role during CO2RR to 
formate. The defects can be correlated to non-stochiometric Ni3+ and 
Ni2+ species present in the Cl-containing NiO. XPS analysis demon-
strated that the Ni3+/Ni2+ ratio is proportional to the concentration of 
Cl. Cl concentrations have also been confirmed with STEM-EDX map-
ping. For the first time, the results confirm the high electrocatalytic 
activity of an environmentally friendly NiO electrocatalyst during 
CO2RR to formate. 

2. Methods 

2.1. Synthesis of NiO octahedra 

NiCl2-PVP (polyvinylpyrrolidone) fibers were used as a precursor for 

NiO octahedral. The NiCl2-PVP precursor solution was prepared by 
dissolving NiCl2.6H2O (ACS grade, Sigma Aldrich) in ethanol (ACS 
grade, Alpha Aesar) until complete dissolution. Then, PVP (MW 
~1,300,000 by LS, Sigma Aldrich) and N,N-Dimethylformamide (DMF, 
anhydrous, Sigma Aldrich) were added to the solutions and stirred 
magnetically overnight. The final concentrations were 0.22 M (as Ni), 
8.09 mM (PVP), and 7.2 M (DMF). The NiCl2-PVP solution was spun 
using a commercial electrospinning system from IME Technologies (The 
Netherlands) at 0.5 mL/h. The electrospinning was operated at 18 kV, 
using a stainless-steel needle of 0.4 mm inner diameter at a separation 
distance of 12 cm from the needle to the aluminum collector plate. The 
NiCl2-PVP fibers were collected at 25 ◦C and relative humidity of 25%. 
After NiCl2-PVP fiber deposition, the fibers were dried in a furnace at 
80 ◦C for 12 h to remove the excess solvent. 

The NiCl2-PVP fibers were annealed (Nabertherm LH 15/12) in air, 
generating NiO octahedra. Two annealing steps were used. First, the 
fibers were annealed at 350 ◦C (ramp-up rate 0.5 ◦C/min) for 3 h to 
remove the organic components and then annealed at 550 ◦C (1 ◦C/min) 
for 1 h to generate crystalline NiO. The sample was named NiO@Cl-9%. 
Second, the NiO@Cl-9% sample was annealed at 550 ◦C (1 ◦C/min) for 
1 h. The sample was then named NiO@Cl-1%. Third, the NiO@Cl-1% 
was annealed at 550 ◦C (1 ◦C/min) for 1 h to evaluate if Cl content varies 
over the next annealing steps. After annealing the NiO@Cl-1% sample, 
the Cl concentration remains similar to the untreated NiO@Cl-1%. In all 
cases, a controlled cooling ramp of 1 ◦C/min was used in both cases. It 
should be noted that during NiO@Cl-9% and NiO@Cl-1% preparation, 
the samples were pressed between two alumina plates (200 g in weight 
each). The rationale was to generate a compressed NiO fiber film to 
allow the formation of NiO octahedra. 

The NiO drop-casting samples presented in the supporting informa-
tion were prepared by directly pouring the NiCl2-PVP electrospinning 
solution into porcelain crucibles and calcined at 550 ◦C (1 ◦C/min) for 1 
h in air. NiO spin-coating samples from the supporting information were 
prepared using a Laurell WS-650-23 spin coater. The particles were 
prepared by pouring 1 mL of the NiCl2-PVP electrospinning solution on 
top of thermally grown SiO2 on Si wafers and using a spin force of 3000 
rpm for 90 s and subsequently at 2300 rpm for 60 s. After spin-coating, 
the wafers were annealed at 550 ◦C (1 ◦C/min) for 1 h in air. Before spin 
coating, all SiO2/Si wafers were cleaned with DI water and ethanol. 
Reduced NiO@Cl-9% (Ni@Red) was used for comparison. Ni@Red was 
prepared by reducing NiO@Cl-9% in H2 (2% in N2, gas flow: 50 cc/h) at 
250 ◦C (5 ◦C/min) for 3.5 h. 

2.2. Morphological characterization 

2.2.1. HR-SEM 
High-resolution scanning electron microscopy (HR-SEM) images of 

samples were taken using a Zeiss MERLIN SEM microscope operated at 
2 kV coupled with High-Efficiency Secondary Electron Detector (HE- 
SE2). Samples NiO@Cl-9% and NiO@Cl-1% were analyzed on top of 
conductive carbon tape with no other preparation. To analyze the sur-
face of the prepared NiO@Cl-9%-CNT-PVDF GDE electrode after 0 h, 4 
h, and 24 h of electroreduction, the electrodes were washed first with 
MilliQ water to remove salts before analysis. After washing, the dry 
electrode was mounted on carbon tape with no further preparation. 
Energy dispersive X-ray (EDX) spectroscopy with a spatial resolution to 
nm range analysis was made using the detector incorporated with the 
HR-SEM. 

2.2.2. STEM 
Scanning transmission electron microscopy (STEM) was performed 

in a JEOL ARM 200 CF system operated at 80 kV. The estimated current 
density during imaging was 14.5 pA while using 68-175 mrad of the 
annular detector’s inner and outer angles. The microscope is equipped 
with an SDD Jeol Centurio Energy-Dispersive X-ray spectrometer and a 
GIF Quantum (Gatan) Dual EELS (Electron Energy Loss Spectroscopy) 
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spectrometer. Samples for TEM were prepared by dispersing 5 mg of 
NiO@Cl-9% and NiO@Cl-1% samples in ethanol and sonicated for 5 
min. The suspension was drop cast on Cu grids. 

2.2.3. X-ray diffraction 
The crystallographic phase of all samples was analyzed by X-ray 

powder diffraction (D2 PHASER, Bruker) using Cu Kα radiation (λ =
1.5418 Å) operated at 30 V, 10 mA, in a range between 10-85◦ 2θ, 
employing a step size of 0.05◦ and a scan speed of 0.1◦/s. Si low back-
ground sample holder (Bruker) was used for the powder samples. 
Commercial NiO (Sigma-Aldrich) is used for comparison. 

2.2.4. Chemical surface analysis 
X-ray photoelectron spectroscopy (XPS) analysis was performed in a 

Quantera SXM machine from Physical Electronics using mono-
chromated Al Kα (1486.6 eV). The samples were fixed on double-sided 
adhesive carbon tape mounted on a stainless-steel holder. Low energy 
electron flood gun was used to supply the missing photo- and Auger 
electrons. Low energy argon ions were used to remove the surplus of 
electrons by the electron flood gun. The electron binding energies were 
referenced to carbon C 1s at 284.8 eV. The collected core spectra were 
analyzed using the PHI Multipak V9.9.0.8 software (Physical Elec-
tronics, Inc.). High-resolution spectra were fitted using a Lorentzian- 
Gaussian line fitting and Shirley type to compensate for the background. 

2.2.5. Raman measurements 
Raman spectroscopy was used to identify the defects present in 

NiO@Cl-9% and NiO@Cl-1%. An Alpha300 R confocal Raman micro-
scope/spectrometer (WITec, Germany) equipped with an MPlan FL N 
100x/0.9 NA air objective (Olympus, Tokyo, Japan) was used. The 
samples were excited using an excitation laser of 532 nm operated at 5 
mW power. The samples were prepared by dispersing 10 mg of a powder 
sample in one droplet of ethanol and drop-cast on top of glass slides. 

2.3. Electrochemical characterization 

2.3.1. Electrochemical flow cell 
The CO2RR was performed in an in-house designed microfluidic flow 

cell using a filter-press cell configuration. Working electrodes were 
prepared by spraying the as-prepared catalyst ink on the carbon gas 
diffusion layer (SIGRACELL 25BC) and dried at 80 ◦C overnight. The ink 
was prepared using 75% of carbon nanotubes and 25% of binder- 
catalyst (i.e., binder-NiO@Cl-9%). In this case, the binder composition 
was PVDF and Nafion 1:1. Then, the binder is mixed 1:1 ration with the 
catalyst. The final loading of NiO@Cl-9% was 1.25 mg/cm2 (geomet-
rical area 1.8 cm2) in all cases studied. Platinum foil and an Ag/AgCl 
electrode were used as the counter and reference electrodes. 

A previously activated cation exchange membrane (Nafion 115) was 
used between both compartments, and 0.1M KHCO3 was used as the 
electrolyte on both sides, recirculated at 15 mL/min. Cyclic voltamme-
try (-1.1 to 0 V vs. RHE at 10 mV/s) was taken before and after each 
potentiostat experiment to know the catalyst’s stability. The gas product 
detection was performed using gas chromatography analysis (490 Micro 
GC equipment from Agilent technologies) of gas sampled from the 
headspace during the electrolysis. The system was equipped with two 
channels - Molsieve 5 Å and the PoraPLOT - to analyze the following 
reaction products: hydrogen (H2) and carbon monoxide (CO), methane 
(CH4), ethane (C2H6), ethane (C2H4) as well as detection of CO2. NiO- 
based catalyst produced H2 and CO as main gas products, quantita-
tively detected in the Molsieve channel with 0.370 min and 1.642 min as 
retention times. The injector temperature was 110 ◦C, and the column 
temperature was set at 80 ◦C in both channels. The carrier gas was Ar at 
200kPa and He at 150 kPa for Molsieve and PoraPLOT channels. In-
jections were sequentially performed every 5 min, being an injection 
time 30 ms. The calibration of the equipment for H2 and CO was 
determined separately by injecting known quantities of pure gas. At the 

end of the bulk electrolysis, the catholyte was analyzed to quantify the 
liquid products by HPLC (AMinex column HPX-87X from Bio-Rad). The 
eluent used was 5 mM of H2SO4 with a 6 mL/min flow rate value at 
60 ◦C. Typically, 10 mL of collected catholyte was mixed with 4M H2SO4 
to decrease from pH 6.86 to pH 1–3, corresponding with formic acid 
formation. It should be noted that all current densities are expressed as 
cathodic currents. Thus a negative value is used in the manuscript. The 
Faradaic efficiency for the products was calculated according to the 
following equation: 

FE (%) =
(Nr)(n)(F)(V)

Q 

Nr is the number of electrons involved in obtaining the product r 
(2e− for the formate, CO and H2), n corresponds to the number of r moles 
generated, F is the Faradaýs constant (96,485 C/mol), and Q is the total 
charge passed during electrolysis. 

2.3.2. Electrochemical surface area 
The electrochemical surface area of the NiO@Cl-9% in supporting 

information was determined by determining the electrochemical 
double-layer capacitance by CV. 

The double-layer capacitance (Cdl) measurement can be determined 
for all catalysts from the slope of the linear relationship between the 
current density obtained in the non-Faradaic region of the CVs at several 
scan rates. For that, the catalyst was immersed in 0.1 M KHCO3, 
continuously purged with N2, and CVs were obtained at scan rates within 
the range from 5 mV s− 1 to 80 mV s− 1. 

2.4. Mechanistic insights with density-functional theory 

2.4.1. First-principles calculations 
We have investigated the CO2 reduction with and without Cl atoms 

using non-collinear spin-polarization first-principles total-energy cal-
culations. Although the NiO nanoparticles show different facets, SEM 
and TEM images have shown that the most common is the (111) 
termination. Therefore, we have used the NiO(111) surface to model the 
CO2 reduction reaction. Total energy calculations were performed in the 
Density Functional Theory (DFT) framework as implemented in the 
Vienna Ab initio Simulation Package (VASP) [36–39]. 
Exchange-correlation energies have been treated according to the 
generalized gradient approximation (GGA) with the 
Perdew-Burke-Ernzerhof (PBE) parameterization [40]. Also, since Ni 
has d-orbitals with highly correlated electrons, we have included the 
Hubbard correction (GGA+U) [41]. Previous reports have demonstrated 
that a value of U = 6.3 and J = 1 eV describes the NiO physical prop-
erties very well [42,43]. Therefore, we have used these values in our 
calculations. The electronic states have been expanded using the 
projector-augmented wave basis (PAW) [44,45] with an energy cutoff of 
425 eV. Van der Waals (VdW) forces have been considered using the 
Grimme-D3 correction [46,47]. The NiO(111) surface has been simu-
lated employing the supercell method with a 2 × 2 periodicity. Each 
supercell was formed by a slab and a vacuum space larger than 20 Å to 
avoid interactions between adjacent slabs; the slab was constructed with 
9 atomic layers, where the lower layers were frozen in their ideal po-
sitions to simulate the bulk-like environment. In optimizing the geom-
etries, we have required all forces to be less than 0.01 eV/Å and energy 
differences less than 1 × 10− 4 eV. Integration of electronic states in the 
Brillouin zone has been performed using a Monkhorst-Pack mesh of 5 ×
5 × 1 k-points [48]. 

2.4.2. Surface formation energy formalism 
In order to investigate the stability of different surface terminations 

with different numbers of atoms and chemical species, we have used the 
Surface Formation Energy (SFE) formalism adapted to our system, 
following Refs. [49–53]. In the SFE formalism, we consider thermody-
namic equilibrium between the surface and the bulk: 
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μbulk
Ni + μmol

O − ΔHf = μbulk
NiO = μNi + μO  

with 

μbulk
Ni ≤ μNi  

and 

μmol
O ≤ μO 

Where μi is the chemical potential of the ith atomic specie, and ΔHf is 
the enthalpy of formation. Our calculated value of ΔHf is 3.01 eV in 
good agreement with previous reports [8]. We can write the surface 
formation energy as follows: 

Ef = Eslab − Eref −
∑

Δniμi 

Where, Eslab is the total electronic energy of the system, and ni is the 
number of atoms of the ith species, Eref is the total energy of an arbitrary 
reference, which in this case is the ideal Ni-terminated surface, and Δni 

is the excess or deficit of atoms of the ith species in comparison with the 
reference. We plot the SFE as a function of the chemical potential from 
O-rich conditions (μO = μmol

O ) and (μNi = μbulk
NiO − μbulk

Ni ) to Ni-rich condi-
tions (μNi = μbulk

Ni ) and (μO = μbulk
NiO − μmol

O ). According to our formalism, 
the most stable surfaces have lower formation energies. 

2.4.3. Surface Pourbaix diagram 
The thermodynamic stability of the NiO(111) model upon hydro-

genation can be described by surface Pourbaix diagrams, which are 
constructed at the relevant USHE (Standard Hydrogen Electrode at 
pH=0, PH2 =1 bar, T=300 K) and pH for the stable surfaces. For the 
study, adsorption of up to 1ML of H atoms on the O-alpha and O- 
alpha+Cl surfaces is considered. The hydrogens are adsorbed consecu-
tively on the surfaces as given below: 

x
2

H2 + ∗→xH∗

Where * represents the adsorbent while x represents the number of 
hydrogens adsorbed on the NiO(111) model system. 

At constant potential and pH, change in free energy of hydrogenation 
reaction on various absorbate configurations as a function of the number 
of H atoms adsorbed (n), is given by: 

ΔG = nUSHE + nkBTpH + ΔGH∗ − G∗ −
1
2

nGH2 TpH 

Where ΔGH∗ and G∗denote the change in Gibbs free energy upon 
adsorption of hydrogen on the surface and free energy of the adsorbed 
state, respectively. ΔGH∗ can be further written as follows: 

ΔGH
∗ ≈ ΔEH∗ + ΔFvib 

Here, ΔEH∗ represents the electronic energy difference while Fvib is 
the Helmholtz vibrational energy which can be calculated based on the 
zero-point vibrational energy contribution EH∗ ,ZPE and the vibrational 
entropy Svib: 

Fvib = EH∗ ,ZPE − T.Svib =
1
2
∑

i

{

hvi + 2kBTln
[

1 −
(

−
hvi

kBT

)]}

Where vi represents the wavenumbers obtained from the vibrational 
frequencies of hydrogen atom(s) over the surface. 

3. Results and discussions 

3.1. Preparation, morphology, and composition of electrocatalysts 

Electrospinning is extensively used to produce nanofibers of different 
materials, but in this work, it is employed as a deposition method of 
NiCl2-PVP nanofibers (Fig. S1). The NiCl2-PVP nanofibers are used as 

precursors for the solid-state synthesis of Cl-containing NiO. The final 
shape of the NiO depends strongly on the deposition method (Fig. S2). 
Electrospinning results in the most suitable deposition route for the 
formation of NiO octahedral crystallites (Fig. 1a) when compared with 
drop casting or spin coating, for which octahedral crystals are not 
formed (Fig. S2). We propose that the formation of the NiO octahedra 
Cl-containing named NiO@Cl-9% (i.e., NiO with 9%at of Cl) is achieved 
via the coalescence of NiCl2-PVP nanofibers (Fig. S1). NiCl2-PVP nu-
cleates at 550 ◦C with Cl and PVP acting as ligands, yielding octahedral 
particles. Under the same conditions, a second thermal treatment is 
applied to the NiO@Cl-9% leading to the catalyst named NiO@Cl-1% (i. 
e., NiO with 1at% of Cl) in Fig. 1d. Morphological analysis for NiO@Cl- 
9% and NiO@Cl-1% can be seen in Fig. 1a and d. The images show the 
formation of polydisperse NiO octahedra with edge sizes of 1.7 ± 0.6 
µm. Morphological variations of NiO@Cl-1% are evidenced in Fig. 1d. 
Most NiO@Cl-1% octahedral crystals show heavy grooves that origi-
nated during the second thermal treatment, most probably due to the 
removal of Cl. Our hypothesis is compared with other synthetic ap-
proaches where the decomposition of the precursors leads to defective 
NiO crystals [54]. It should be noted that changes in NiO morphology 
might be expected at higher temperatures than 550 ◦C [55]. 

A closer inspection with STEM bright-field (BF) at the surface of the 
crystallites from NiO@Cl-9% and NiO@Cl-1% is shown in Fig. 1b and e. 
The relatively low magnification STEM images show a side view of the 
octahedral crystallites. A significant number of steps and grooves over 
the NiO@Cl-1% surface (Fig. 1e) caused by the thermal treatment can be 
seen. Even though it is possible to find smaller crystals with similar 
features and roughness in NiO@Cl-9% (Fig. 1a), most of the roughness 
in NiO@Cl-1% is found prominently over average size crystals (Fig. 1d). 
Similarly, it is possible to find flat facet octahedra in NiO@Cl-1%, 
although they are very rare and of small dimensions. In Fig. 1c, the high 
resolution (HR)-STEM annular dark field (ADF) image for NiO@Cl-9% 
shows part of the edge of the crystal oriented along [101] with lattice 
planes of spacing 2.3 Å and 2.1 Å that correspond to the (111) and (020) 
crystallographic planes of the face-centered cubic structure of NiO. [56] 
This agrees with the crystallographic characteristics of NiO shown in the 
XRD results displayed in Fig. S3a. 

The Cl amount in NiO@Cl-9% and NiO@Cl-1% bulk samples is semi- 
quantified considering Ni and Cl ratio in SEM-EDX and STEM-EDX. Both 
methods give similar Cl relative content; therefore, in Table 1, we only 
display the Cl relative content for NiO@Cl-9% and NiO@Cl-1% as 
analyzed from STEM-EDX. A 2-fold reduction in Cl atomic concentration 
is observed for NiO@Cl-1%. The result confirms that part of the Cl is 
removed during the annealing of the NiO@Cl-9% sample. The Cl- 
distribution over the NiO octahedra can be appreciated in the STEM- 
EDX mappings of NiO@Cl-9% and NiO@Cl-1%, displayed in Fig. 1f–i 
and j–m. As can be observed, Cl is distributed mostly over the NiO 
crystallites, although with a significant reduction in the case of NiO@Cl- 
1%. A yellow arrow in Fig. 1j highlights the roughness observed in the 
NiO@Cl-1% surface. 

The chemical composition of NiO@Cl-9% and NiO@Cl-1% is inves-
tigated with XPS to understand the role of Cl in NiO. High-resolution 
XPS spectra and the corresponding fitted curves for NiO@Cl-9% (top 
panel) and NiO@Cl-1% (bottom panel) are presented in Fig. 2. The XPS 
spectra correspond to (a) Ni 2p, (b) O 1s, and (c) Cl 2p. In Fig. 2a, the 
observed binding energies for Ni 2p3/2 are 854.0 eV and 853.9 eV for 
NiO@Cl-9% and NiO@Cl-1%, corresponding to lattice Ni2+ in NiO [57, 
58]. Ni3+ species are found in NiO@Cl-9% and NiO@Cl-1%, with 
binding energy at 855.8 and 855.6 eV attributed to uncoordinated Ni, 
most probably from defective NiO. Similar binding energies for Ni3+ in 
Ni2O3 or NiOOH could be expected [59–62]. The corresponding Ni 2p1/2 
split-orbit peaks appear at + 17.5 eV from Ni 2p3/2 signal. The results 
agree with NiO-based materials using similar precursors (i.e., NiCl2) and 
other synthetic approaches [63,64]. Raman measurements also confirm 
Ni2+ and Ni3+ species in NiO (Fig. S5). 

The fitted peaks for Ni2+ and Ni3+ within the 850-860 eV region for 
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NiO@Cl-9% and NiO@Cl-1% are integrated for comparison. The ratio 
between the integrated values is presented in Table 1. It is clear from this 
table that NiO@Cl-9% has the highest amount of Ni3+ species with a 
Ni3+/Ni2+ ratio of 4.6. In the case of NiO@Cl-1%, Ni3+/Ni2+ is close to 

1.2, indicating a lower amount of Ni3+ species in NiO. A more detailed 
analysis to explain the relation between Ni3+ and Cl is discussed in the 
DFT section. Fig. 2b shows the XPS spectra and fitted curves for O 1s. 
The O 1s peaks at binding energies of 529.4 and 529.3 eV for NiO@Cl- 
9% and NiO@Cl-1% are assigned to oxygen in the NiO lattice [65]. The 
O 1s peaks at 531 eV label as Ni-O for NiO@Cl-9% and NiO@Cl-1% are 
associated with Ni-OH, Ni2O3, or non-stoichiometric NiO, probably from 
oxygen defects [66–69]. The O 1s peak at 532.2eV for NiO@Cl-1% 
corresponds to surface OH− groups, which has been observed before for 
NiO [59,66–69]. The remaining O 1s signal at 532.9eV for NiO@Cl-9% 
is assigned to C-O species [59,70]. No nitrogen is detected in all cases, 
indicating that PVP has been decomposed to oxidized carbon species 
(Fig. S6) with a total carbon content of 14 at% in NiO@Cl-9% and 
NiO@Cl-1%. No graphitic carbon has been found, as shown in Figs. S5 

Fig. 1. NiO@Cl-9%: (a) SEM image showing crystallites with flat octahedral morphology, (b) STEM BF side view of one of the crystallites with flat facets, and (c) 
high-resolution STEM ADF image of a NiO crystal edge. The red dashed box indicates the location of the processed fast fourier transform (FFT) inset, which exhibits 
lattice planes and the zone axis of the oriented NiO crystal. The spaced solid black lines on the image represent the measured interplanar distances. NiO@Cl-1%: (d) 
SEM image of crystallites with an octahedral shape, however displaying signs of surface roughness, (e) STEM BF side view of a crystallite surface having grooves and 
irregular topography. (f-i) and (j-m) STEM-ADF and STEM-EDX maps of NiO@Cl-9% and NiO@Cl-1%, respectively. Ni signal in red, (h,l), Cl signal in green, and (i,m) 
overlay of Ni and Cl signals. The O signal can be found in Fig. S4. The arrow in (j) illustrates the features of roughness observed in the SEM images. 

Table 1 
Cl content (at%) for NiO@Cl-9% and NiO@Cl-1%, as estimated with STEM-EDX. 
Relative Cl content (at%) determined with XPS for NiO@Cl-9% and NiO@Cl-1%. 
Ni3+/Ni2+ ratio determined with XPS for NiO@Cl-9% and NiO@Cl-1%.   

STEM-EDX XPS XPS  
Cl content (at%) Ni3þ/Ni2þ

NiO@Cl-9% 1.2 9 4.6 
NiO@Cl-1% 0.7 1.5 1.2  
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Fig. 2. XPS spectra for NiO@Cl-9% (top panel), NiO@Cl-1% (bottom panel). XPS spectra recorded for (a) Ni 2p, (b) O 1s, and (c) Cl 2p.  

Fig. 3. (a) SEM images of (a1) NiO@Cl-9%, (a2) NiO@Cl-1%, and (a3) Ni@Red. (b) FE and partial current densities after 4 h at -0.8 V for NiO@Cl-9%, NiO@Cl-1%, 
Ni@Red, and NiO with CNT sprayed over GDE. (c) SEM images of NiO@Cl-9%-CNT electrodes with PVDF: (c1) as prepared, (c2) after 4 h, and (c3) after 24 h of 
electroreduction. (d) FEs and partial current densities of NiO@Cl-9%-CNT-PVDF-GDE for H2 (4 h), CO (4 h), and HCOO− (4 h) at -0.6, -0.8, and -1.0 V. Note that 
during CO2R, the pH of the bulk electrolyte remained at 6.8. 
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and S6. Additionally, Na (0.6 at%) and Ca (0.5 at%) have been found in 
this set of samples. The XPS Cl 2p3/2 spectra and fitted peaks are pre-
sented in Fig. 2c. The peaks at 199.1 eV (NiO@Cl-9%) and 198.6 eV 
(NiO@Cl-1%) are typically associated with chlorine [67,71]. The low 
binding energy value for NiO@Cl-1% could indicate an increased elec-
tron density due to the Cl loss [67,71,72]. The peak located around 201 
eV is likely related to the presence of Cl-organic bonds [73]. 

3.2. Evaluation of formate production via electrochemical CO2RR 

The functionality of the NiO@Cl-9% is investigated during the 
CO2RR to formate. NiO@Cl-1%, reduced Ni (Ni@Red), and commercial 
NiO (NiO) are used as controls to generate insights into the formate 
formation mechanisms in NiO@Cl-9%. Fig. 3a shows a high resolution 
(HR)-SEM image of the NiO@Cl-9% (Fig. 3a1), NiO@Cl-1% (Fig. 3a2), 
and Ni@Red (Fig. 3a). SEM-EDX for NiO is shown in Fig. S7. No Cl is 
observed for the commercial NiO. The Faradaic Efficiencies (FE) and 
partial current densities of the different reduction products are pre-
sented in Fig. 3b. For these experiments, 1.2 mg/cm2 of the NiO@Cl-9%, 
NiO@Cl-1%, Ni@Red, and NiO catalyst is mixed with carbon nanotubes 
(CNT) and sprayed over a gas-diffusion electrode (GDE) to overcome 
CO2 mass transport issues during CO2RR [74]. Each prepared GDE is 
mounted in a continuous flow electrochemical cell in 0.1M KHCO3 
connected to an online gas chromatograph (GC) to analyze the gas 
products and ex-situ HPLC to analyze the liquid products. 

In Fig. 3b, continuous flow electrochemical measurements under 
constant voltage have been assessed using various potentials (-0.6, -0.8, 
and -1.0 V (vs. RHE)). The rationale behind these potentials is that above 
-0.6 V vs. RHE, hydrogen evolution reaction or CO2R seems to occur 
(Fig. S8). For simplicity, -0.8 V (vs. RHE) is presented in Fig. 3b. Here, 
the highest JHCOO- is found for NiO@Cl-9%. The NiO@Cl-9% shows 
JHCOO- of 2.9, JH2 of 2.6, and JCO of 0.2 mA/cm2 (see a closed: red circle, 
blue rectangle, and up gray triangle). For NiO@Cl-1%, the JH2 is 4.5, and 
0.17 mA/cm2 for JCO. Followed by Ni@Red with JH2 = 1.5, and JCO =

0.1 mA/cm2. Control experiment using NiO, shows a JH2 = 4.6, and JCO 
= 0.3 mA/cm2. The FEHCOO- for NiO@Cl-9% is 44% (Fig. 3b), while the 
FEH2 reaches 39%. Additionally, FECO for NiO@Cl-9% is close to 3%. 
Similar FECO have also been found for NiO@Cl-1% and Ni@Red. Besides 
FECO, the only additional product obtained for NiO@Cl-1% and Ni@Red 
is hydrogen, achieving FEH2 = 78% and FEH2 = 73%, respectively. This 
might be related to Cl content. NiO@Cl-1% and Ni@Red have a ca. 1.5 
at% Cl and a ca. 1.7 at% Cl (estimated by XPS). For the NiO used as 
control, FEH2 = 88.6% and FECO = 6% are observed. For NiO, no Cl has 
been found by SEM-EDX in Fig. S7. Overall, the total FEs (FET) obtained 
in Fig. 3b are 86% for NiO@Cl-9%, 81% for NiO@Cl-1%, 76% for 
Ni@Red, and 94.6% for commercial NiO. 

The FEHCOO- is increased further by incorporating polyvinylidene 
fluoride (PVDF) into the NiO@Cl-9% GDE (i.e., NiO@Cl-9%-CNT- 
PVDF), as presented in Fig. 3c and d. The rationale behind PVDF is that 
it can act as a blocking proton agent, which affects the proton avail-
ability and proton transfer rates [75]. In Fig. 3c1, an SEM image of 
pristine NiO@Cl-9%-CNT-PVDF is included, indicating no changes in 
the morphology of NiO@Cl-9% on CNT-PVDF. An SEM of the 
NiO@Cl-9%-CNT-PVDF electrode is shown after 4 h of electroreduction 
at -0.8 V (Fig. 3c2). No changes in morphology are found. Chro-
noamperometry of NiO@Cl-9%-CNT-PVDF is also performed to 
demonstrate the NiO stability in Fig. S9. 

The partial current densities displayed in Fig. 3d show at -0.6 V, a 
JHCOO- of -4.6 mA/cm2, JH2 of -1.8 mA/cm2, and JCO of -0.2 mA/cm2 

achieving a total current density (JT) of -6.6 mA/cm2. At -0.8 V, the 
JHCOO- is -14.7, JH2 is -3.3, and JCO is -0.6 mA/cm2 with a JT of -18.6 mA/ 
cm2. Finally, at -1.0 V, the JHCOO- is -6.9 mA/cm2, JH2 is -25.1 and JCO is 
-1 mA/cm2, and JT of -33.3 mA/cm2. The results demonstrate that 
JHCOO- reaches a maximum when a potential of -0.8 V vs. RHE is applied. 
Low potentials may not provide enough energy for the reaction to pro-
ceed since we see an increase in JHCOO- at -0.8 V. When the potential 

exceeds -0.8 V, the hydrogen evolution reaction (HER) is preferred [65], 
decreasing the number of available sites to transform CO2 in HCOO− . 
The results align with the observations in Fig. 3b and cyclic voltammetry 
measurements for NiO@Cl-9%-CNT-PVDF in Fig. S8. For CO, the pro-
duction remains similar between the various applied potentials, such as 
-0.8V in Fig. 3d. From these results, we can say that the potential win-
dow for formate is relatively small compared to Sn (Table S1). However, 
our results widen the applicability of NiO towards formate, with the 
advantage of NiO being less costly than Sn and more environmentally 
friendly than Bi (Tables S1 and S2). To this end, when comparing the 
total FE (FET) for the various applied potentials, -1.0 V remains the 
highest with 91.0%. Other FET are 88% (-0.8 V) and 86% (-0.6 V). 

Since we aim to demonstrate the functionality of NiO@Cl to produce 
HCOO− , hereafter, the main emphasis is on the synthesized NiO@Cl-9% 
catalyst, which achieved the highest FEHCOO- (ca. 70%) at -0.8 V. 
Focusing now on the electrochemical results from NiO@Cl-9% in Fig. 3b 
and d, it is evident that the highest FEHCOO- and JHCOO- is found when 
PVDF is present. The results agree with previous studies, where PVDF 
acts as a blocking proton agent, which could affect the proton avail-
ability and proton transfer rates, stabilizing the CO2 intermediates [75]. 
It is important to mention that the presence of PVDF does not change the 
electrochemical surface area (ECSA) as the NiO@Cl-9%-CNT-PVDF re-
veals similar Cdl for NiO@Cl-9% and NiO@Cl-9%-CNT-PVDF in Fig. S10 
and Table S4. 

Finally, the long-term stability of NiO@Cl-9%-CNT-PVDF is investi-
gated for 24 h at -0.8 V (Fig. S11). The FET remains close to 90% at a JT 
= 21 mA/cm2. FEHCOO- reveals an 8% reduction, i.e. FEHCOO- = 63% 
with a JHCOO- = 13.3 mA/cm2. FE and partial current densities for H2 
and CO have been found close to FEH2 = 20% with a JH2 = 4.2 mA/cm2, 
and FECO = 6.5% with a JCO = 1.3 mA/cm2 after 24 h. Morphological 
analysis with SEM is carried out to corroborate possible morphological 
changes in the NiO@Cl-9%-CNT-PVDF GDE after 24 h exposure to 
electroreduction (Fig. 3c3). It is observed that the NiO octahedra are 
etched. For comparison, SEM of NiO octahedra as-sprayed over the GDE 
and after 4 h of operation are presented in Fig. 3c1, c2. This observation 
indicates that variations in morphology can be attributed to the reduc-
tion of NiO to Ni and the loss of Cl during CO2RR [76]. Loss of Cl in 
Fig. 3c3 could lead to similar structural changes as in NiO@Cl-1%. 
(Fig. 3a2). Loss of Cl might also affect the presence of Ni3+, similar to 
either NiO@Cl-1% (Table 1) or Ni@Red (Fig. S12). It should be noted 
that Cl losses are complicated to measure in solution at such low catalyst 
concentrations. However, structural analysis before (Figs. 3 and S13) 
and after 24 h reaction (Figs. S14–S16) provide insights into morpho-
logical changes after CO2RR. The comparison reveals that NiO 
morphology is affected when applying a cathodic potential. The Cl 
concentration in NiO remains close to 0.4 at% after 24h (Fig. S15). The 
results evidence a lower Cl concentration, approximately 0.3 at%, than 
the electrode at 0h (Table 1 and Fig. 3c). XRD analysis does not exhibit 
structural changes between 0 h and 24 h (Fig. S3). 

The reduction of the catalyst is demonstrated with XPS (Fig. S12). 
Although the Ni@Red (Fig. 3a3) has been exposed to air after its 
reduction in H2, it is fair to say that it retains features from reduced Ni. 
The results indicate that surface species greatly affect the electro-
reduction of CO2. Ni2+ and reduced Ni species profoundly affect FEHCOO- 
(Fig. 3b). Therefore it is important to understand the type of active site 
in NiO@Cl-9%. XPS analysis of NiCl2 and Ni(ClO4)2 generates insights 
on the surface species on NiO@Cl-9% (Fig. S17). NiCl2 is the main 
precursor of the NiO@Cl-9% octahedra, and Ni(ClO4)2 discriminates 
between NiCl or NiOCl species on the NiO catalyst. Fig. S16 suggests 
that Cl is not coordinated as in Ni(ClO4)2, and it has more similarities 
with NiCl2. More evidence is provided in Figs. S18 and S19. In Fig. S18, 
the EELS signal shows the presence of Cl at the surface of the NiO 
crystallites. In Fig. S19, the Ni L23 edge is used to obtain the L3/L2 ratio 
and determine the chemical environment of Ni-species in NiCl2, 
NiO@Cl-9%, and NiO@Cl-1%. The measurement shows that for 
NiO@Cl-9%, more points have a lower L3/L2 ratio relative to Ni2+, 
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indicating a higher fraction of Ni3+ than NiO@Cl-1%. Note that NiCl2 is 
used as a reference for the determination of Ni+2 . Furthermore, elec-
trodes at 0 h and after 24 h of electroreduction from Fig. 3c are analyzed 
with XPS in Fig. S20. The Ni 3p is used because the Ni 2p overlaps with 
the F Auger lines of the PVDF. The XPS analysis for Ni 3p confirms the 
presence of Ni2+ and Ni3+ species before and after CO2RR (Fig. 3c). A 
shift to lower binding energy has also been observed in Fig. S20. The 
shift to lower binding energy might indicate the loss of Cl. Alternatively, 
the results indicate the reduction of the NiO due to the applied cathodic 
potential, which can explain the morphological changes in Fig. 3c. We 
do not discard the possibility that the produced H2 might also reduce 
NiO to Ni during the application of the cathodic potential [77]. How-
ever, considering Faraday law, FE losses due to NiO reduction are esti-
mated to be close to 4% or lower. These losses have not been taken into 
account in Figs. 3 and S11. Our findings indicate that Cl species can be 
allocated in defects, such as oxygen vacancies forming three-fold coor-
dination with Ni in the NiO (Fig. 4). 

3.3. Modeling of the electrocatalyst surface, thermodynamics, and 
CO2RR mechanism 

To gain mechanistic insights on how Cl-containing NiO surfaces 
promote CO2 reduction to formate, spin-polarized DFT calculations are 
carried out. The model accounts for defects present in the NiO (111). The 
surface formation energy (SFE) for various NiO (111) surfaces is 
assessed using DFT (Figs. 4 and S21). SFE plots are shown as a function 
of the chemical potential in a range of chemical potentials varying from 
-3.0 eV (O-rich conditions) to 0.0 eV (Ni-rich conditions) structures 
(Fig. 4a). It should be noted that Fig. 4 shows the most stable surface 
terminations considered. Other NiO surface terminations studied are 
presented in Fig. S21. From Fig. 4a, b, it can be seen that the only stable 
structures are the ones with a vacancy (O-alpha model) [78] under 
oxygen-rich conditions and the octopolar reconstruction (which is 
formed by a pyramidal-like structure) at intermediated and Ni-rich 
conditions. [79] Since we are dealing with an environment rich in ox-
ygen, the NiO surfaces are modeled using the O-alpha model. We show 
the electrostatic potential isosurfaces (EPIs) of the NiO surfaces with and 
without Cl to demonstrate the reactivity created by Cl substitution of 
surface hydroxyl groups in Fig. S22. Moreover, the addition of water to 
the surface should lead to the vacancy configuration for the octopolar 
reconstruction. Surfaces with vacancies are very reactive, and when Cl 
interacts with the vacancy is adsorbed on it, forming three-fold coor-
dination with Ni (2 × 2-O alpha + Cl model), which is stable at O-rich 

and intermediated conditions (gray line) (Fig. 4a and c) over extended 
pH ranges (Fig. 5). Previous work from Xu et al. has shown that Ni va-
cancies in a NiO bulk structure result in the presence of Ni3+ [59]. We 
investigated in detail the possible relationship between the presence of 
Cl and the amount of Ni3+ in the structure through the Bader charge 
analysis [80]. We calculated the Bader charge in pristine NiO bulk as a 
reference. Our calculations show that the Ni donates 1.28 e to its 
neighbor O atoms. When a Ni vacancy is present, its neighbor Ni atoms 
donate 1.37 e to their neighboring O atoms, just as in the case reported 
in [59]. As previously demonstrated, Cl atoms adsorb on the O vacancy 
sites. Therefore, when higher Cl content exists on the samples, more 
NiO-terminating O and OH sites will actually be substituted with Cl. 
However, increasing the number of O vacancies also requires the pres-
ence of Ni vacancies in the octopolar structure. We have calculated the 
Bader charges of a Cl-covered O-alpha and a Cl-covered O-alpha with a 
Ni vacancy at different sites. A Ni vacancy is more stable in the third 
layer than on the surface. The charge donated by the Ni atoms close to Cl 
and close to the Ni vacancies are 1.25 e and 1.35 e, respectively, showing 
that Ni vacancies drive Ni3+ species. Calculations have also been per-
formed for the octopolar structure, finding similar results: the vacancy 
becomes more stable at inner layers, and Ni atoms close to it donate 
more charge (Ni3+ is observed around the Ni vacancy). These results 
explain the increase of the Ni3+/Ni2+ ratio at the surface structures with 
higher Cl content. 

Surface Pourbaix diagrams shown in Fig. 5 are constructed to assess 
the thermodynamic stability of favorable surfaces with hydrogen 
adsorbed as a function of pH and potential [81,82]. In this case, the 
O-alpha and O-alpha with a chlorine atom on the vacant site 
(O-alpha+Cl) are chosen because they result in the most stable surface in 
SFE plot in Fig. 4. The O-alpha without Cl is assessed first. The thermally 
stable surfaces on the defective O-alpha structure upon adsorption of H 
atoms at different coverages are shown in Fig. 5 as a function of pH and 
potential. The H coverage is defined as the number of hydrogen atoms 
adsorbed per total number of surface oxygen atoms. The Pourbaix dia-
gram shows three terminations to be most favorable in the potential 
range of -1 to 2.5 V. At potentials over 2.05 V and low pH, the O-alpha 
surface without the H atoms is found to be stable. The formation of 
0.33ML of H atoms is likely from 2.05 to 1.34 V. A large potential range 
of 0.51 to -1 V favors complete coverage of H atoms over the oxygens in 
the first layer, as shown in Fig. 5a. On moving to an alkaline medium 
(pH=14), with a slope of -59 meV per change in pH of 1, these three 
favourable terminations occur at lower potential ranges. It must be 
noted that the structure with 1.00 ML of H atoms falls over the potential 

Fig. 4. (a) SFE plot vs. the chemical potential for different NiO (111) surface reconstructions. (b) O-alpha model, (c) O-alpha model with a Cl atom filling the 
vacancy, (d) side view of the model system. 
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required for oxygen reduction and hydrogen evolution reactions 
indicted in dashed lines. Furthermore, H2O and NiHX formation might 
be possible in the area of the Pourbaix diagram where H2 is produced. 

The Pourbaix diagram for the NiO O-alpha vacancy with Cl is pre-
sented in Fig. 5b. The vacant site generated by removing oxygen from 
oxygen terminated nickel oxide (O-alpha) is occupied with a chlorine 
atom (O-alpha+Cl). The surface is thermally stable surfaces upon H 
adsorption at varied pH and potential. The non-hydrogenated clean 
surface is most stable beyond 2.02 V at acidic conditions, while at 
pH=14, the range reduces up to 1.19 V. Interestingly, with a decrease in 
potential, hydrogenation over the clean surface is highly favored, 
leading to adsorption of 1.00 ML of H atoms in the potential range of 
2.02 to -1 V at pH=0. The observations from Fig. 5a and b clearly 

indicate the stability of chlorine-containing O-alpha surface compared 
to the bare O-alpha upon hydrogenation. 

An effective catalyst should be highly stable at USHE=0. Thus we 
examined the stability of these hydrogenated surfaces with and without 
chlorine as a function of pH at USHE of 0 [83]. In Fig. S23, the bottom 
line corresponds to 1.00 ML of H terminated O-alpha+Cl state. The re-
sults demonstrate the stability acquired by O-alpha model upon incor-
porating Cl atoms in its vacant site. The hydrogenated O-alpha and 
O-alpha+Cl surfaces are favorable at experimental conditions of U =
-0.8 and pH=6.8 (highlighted with a black square in Fig. 5). It might be 
plausible that the local pH at the electrode might further increase during 
the reaction. O-alpha+Cl surface remains favorable over a wide pH 
range. 

Fig. 5. Surface Pourbaix diagram derived from DFT of thermodynamically stable hydrogenations on (a) O-alpha and (b) O-alpha with chlorine atom doped model. 
The color code in our model is grey for Ni, red for O, green for Cl, and red for H. The black boxes indicate the optimal experimental conditions (U=-0.8(± 0.05)V and 
pH=6.8(± 0.2) used in this work. 
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The stability of the O-alpha+Cl is demonstrated in Figs. 4 and 5; 
further mechanistic insights for CO2RR are generated for O-alpha and O- 
alpha+Cl in NiO. Since the oxygen atoms of the surface are very reactive 
and the surface is exposed to hydrogen protons, the oxygen atoms of the 
substrate are passivated by hydrogen atoms. Therefore, hydrogenated 
surfaces at the initial step of the reaction are used. The energetics and 
geometries of some particular states are studied to describe the CO2 
reduction reaction in the substrate without Cl (Fig. 6). This includes (i) 
the initial state in which the molecule and the substrate are not inter-
acting (ZS), (ii) the state in which the CO2 molecule is physisorbed (we 
call it the intermediate state or IS), (iii) the final state in which the 
formate is formed after abstracting an H atom, and it is chemisorbed in 
the oxygen vacancy of the substrate (final state 1 FS1), and the second 
final state in which the formate and the substrate are not interacting 
(final state or FS2). The minimum energy path is calculated to consider 
the kinetics of the reaction. As shown in Fig. 6a, b for NiO, there is an 
increase in the energy of 0.26 eV, going from ZS to IS. In fact, there is no 
energy barrier to arrive at this intermediate state. As the reaction 
evolves, a hydrogen atom from the environment has to bond with the 
molecule carbon atom, forming an adsorbed formate on the surface 
(FS1). In this case, there is an energy barrier (call transition state or TS) 
of 0.19 eV, and the system gains 3.58 eV in energy. However, a large 
energy barrier of 3.93 eV allows the formate to desorb and reach FS2. 
Therefore, it prefers to stay on the surface, and our calculations clearly 
explain why we do not observe formate in our experiments as in the case 
of NiO@Cl-1% (low Cl), NiO@Red (low Cl), and commercial NiO (no Cl) 
in Fig. 3b. Once on the substrate, the formate may react with other 
atoms or molecules to form other compounds (we did not further 
investigate all possibilities) [84]. However, insights on CO2 reduction to 
CO are discussed below. 

The minimum energy path for the CO2RR in the presence of chlorine 

is studied, as shown in Fig. 6a and c. The situation is now different since 
Cl atoms occupy the oxygen vacancies. In this case, the CO2 molecule is 
physisorbed on top of the Cl atom, gaining 0.22 eV (IS). To show how Cl 
interacts with the CO2 molecule to promote its electroreduction, the 
non-covalent interaction index (NCI) between chlorinated surfaces and 
the CO2 molecule is plotted in Fig. S24. It has been found that the pri-
mary interaction of the molecule is with the O-alpha+Cl in NiO. To 
continue with the reaction, a hydrogen atom from the environment has 
to form a bond with the carbon atom of the molecule, resulting in a 
formation of physisorbed formate on the surface. This reaction step 
shows a very small energy barrier (TS) of 0.05 eV, and the system gains 
0.86 eV (FS1). To desorb formate from the surface, 0.96 eV (FS2) is 
needed, much smaller than 3.93 eV without chlorine. These results 
explain why we have experimentally observed formate in NiO@Cl-9%, i. 
e., the sample with more Cl present (Table 1). This sample also has the 
highest Ni3+/Ni2+ suggesting the presence of defects, such as oxygen 
vacancies (Fig. 4). The energy barrier for the formation of formate 
without the substrate is 0.31 eV, demonstrating the importance of the Cl- 
filled vacancies in the NiO surface. In addition to the CO2RR to formate 
on the chlorinated NiO surfaces, CO formation is considered. CO is ob-
tained through the reaction: CO2 + H2 → CO + H2O. The first reaction 
step occurs when an H atom of the medium interacts with the O of the 
CO2 molecule. However, this configuration is less stable (by 0.45 eV). 
Therefore, since the CO formation is energetically less favorable 
(Fig. S25), we only focus on the CO2 to formate pathway. 

4. Conclusion 

Cl containing NiO octahedra are synthesized using a solid-state 
method. The NiO functionality is demonstrated during CO2RR, 
yielding to a FEHCOO- = 70%, FEH2 = 15%, and FECO = 3%, at -0.8 V vs. 

Fig. 6. (a) DFT calculations of the energetics of the optimized reaction coordinate for the reduction of CO2 into formate on the O-alpha surface (b) in the absence of 
Cl (black) and (c) with Cl (red). 
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RHE with a total current density of -21 mA/cm2 over 4 h operation. Over 
longer-term operation (i.e., 24 h), the FE to formate lowers to ca. 63%, 
and the amount of H2 and CO production remains close to 20 and 6.5% 
with nearly no changes in the total current density. XPS confirms the 
presence of Ni2+ and Ni3+ species in the NiO, and with increasing Cl 
concentration, the Ni3+/Ni2+ ratio also increases. It is found that Cl 
plays a key role in introducing Ni3+ species. DFT is used to provide in-
sights into the reaction mechanism by comparing NiO and chloride- 
containing NiO. It is found that Cl can occupy defect sites, such as ox-
ygen alpha vacancies, thereby aiding in the promotion of CO2RR to the 
selective production formate over CO. The results are the first attempt 
toward chlorine-mediated defect engineering in NiO for selective 
formate production. From a broader perspective, our work opens up new 
possibilities for the next generation of halogenated catalysts for CO2R. 
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[25] E. Arciga-Duran, Y. Meas, J.J. Pérez-Bueno, J.C. Ballesteros, G. Trejo, Effect of 
oxygen vacancies in electrodeposited NiO towards the oxygen evolution reaction: 
role of Ni-Glycine complexes, Electrochim. Acta 268 (2018) 49–58, https://doi. 
org/10.1016/j.electacta.2018.02.099. 

[26] J. Bao, X. Zhang, B. Fan, J. Zhang, M. Zhou, W. Yang, X. Hu, H. Wang, B. Pan, 
Y. Xie, Ultrathin spinel-structured nanosheets rich in oxygen deficiencies for 
enhanced electrocatalytic water oxidation, Angew. Chem. 127 (2015) 7507–7512, 
https://doi.org/10.1002/ange.201502226. 

M.A. Rodriguez-Olguin et al.                                                                                                                                                                                                                 

https://doi.org/10.1016/j.apmt.2022.101528
https://doi.org/10.1038/s41558-020-0797-x
https://doi.org/10.1038/s41558-020-0797-x
https://doi.org/10.1016/S0301-4215(03)00147-2
https://doi.org/10.1016/S0301-4215(03)00147-2
https://doi.org/10.1016/j.ijhydene.2013.10.060
https://doi.org/10.1038/s41467-020-16998-9
https://doi.org/10.1038/s41467-020-16998-9
https://doi.org/10.1016/j.joule.2018.09.021
https://doi.org/10.1016/j.joule.2018.09.021
https://doi.org/10.1016/j.trechm.2019.05.004
https://doi.org/10.1016/j.trechm.2019.05.004
https://doi.org/10.1039/d0ra03152f
https://doi.org/10.1039/d0ra03152f
https://doi.org/10.1021/acscatal.7b01416
https://doi.org/10.1002/anie.202102606
https://doi.org/10.1021/jacs.9b10061
https://doi.org/10.1021/jacs.9b10061
https://doi.org/10.1021/acscatal.7b03807
https://doi.org/10.1021/acscatal.7b03807
https://doi.org/10.1021/acsami.9b22811
https://doi.org/10.1021/acsami.9b22811
https://doi.org/10.1039/d0cs00030b
https://doi.org/10.1021/acsnano.9b08528
https://doi.org/10.1021/acsnano.9b08528
https://doi.org/10.1038/s41467-020-14402-0
https://doi.org/10.1039/c7gc00398f
https://doi.org/10.1039/c7gc00398f
https://doi.org/10.1021/jp210408x
https://doi.org/10.1021/jp210408x
https://doi.org/10.1149/1.2221599
https://doi.org/10.1021/acs.jpcc.7b06895
https://doi.org/10.1021/acs.jpcc.7b06895
https://doi.org/10.1039/c8ta07687a
https://doi.org/10.1021/acscatal.8b01340
https://doi.org/10.1039/C9NJ05940G
https://doi.org/10.1038/s41467-018-06456-y
https://doi.org/10.1002/CSSC.202100677
https://doi.org/10.1002/CSSC.202100677
https://doi.org/10.1016/j.electacta.2018.02.099
https://doi.org/10.1016/j.electacta.2018.02.099
https://doi.org/10.1002/ange.201502226


Applied Materials Today 28 (2022) 101528

12

[27] T. Zhang, M.Y. Wu, D.Y. Yan, J. Mao, H. Liu, W. Bin Hu, X.W. Du, T. Ling, S. 
Z. Qiao, Engineering oxygen vacancy on NiO nanorod arrays for alkaline hydrogen 
evolution, Nano Energy 43 (2018) 103–109, https://doi.org/10.1016/j. 
nanoen.2017.11.015. 

[28] B. Liu, H. Yang, A. Wei, H. Zhao, L. Ning, C. Zhang, S. Liu, Superior photocatalytic 
activities of NiO octahedrons with loaded AgCl particles and charge separation 
between polar NiO {111} surfaces, Appl. Catal. B Environ. 172-173 (2015) 
165–173, https://doi.org/10.1016/j.apcatb.2015.02.007. 

[29] Y. Lv, K. Huang, W. Zhang, S. Ran, F. Chi, B. Yang, X. Liu, High-performance gas- 
sensing properties of octahedral NiO crystals prepared via one-step controllable 
synthesis route, Cryst. Res. Technol. 49 (2014) 109–115, https://doi.org/10.1002/ 
crat.201300309. 

[30] Y. Ye, Y. Zhao, L. Ni, K. Jiang, G. Tong, Y. Zhao, B. Teng, Facile synthesis of unique 
NiO nanostructures for efficiently catalytic conversion of CH4 at low temperature, 
Appl. Surf. Sci. 362 (2016) 20–27, https://doi.org/10.1016/j.apsusc.2015.11.213. 

[31] W. Cai, S. Zhang, J. Lv, J. Chen, J. Yang, Y. Wang, X. Guo, L. Peng, W. Ding, 
Y. Chen, Y. Lei, Z. Chen, W. Yang, Z. Xie, Nanotubular gamma alumina with high- 
energy external surfaces: synthesis and high performance for catalysis, ACS Catal. 7 
(2017) 4083–4092, https://doi.org/10.1021/acscatal.7b00080. 

[32] W. Zhou, M. Zhou, J. Hu, H. Dong, Y. Ou, L. Yang, X. Wei, P. Xiao, Y. Zhang, Shape- 
controlled synthesis of Ni nanocrystals: via a wet-chemistry strategy and their 
shape-dependent catalytic activity, CrystEngComm 21 (2019) 1416–1422, https:// 
doi.org/10.1039/c8ce01915k. 

[33] B. Liu, M. Wang, S. Liu, H. Zheng, H. Yang, The sensing reaction on the Ni-NiO 
(111) surface at atomic and molecule level and migration of electron, Sen. 
Actuators B Chem. 273 (2018) 794–803, https://doi.org/10.1016/j. 
snb.2018.06.102. 

[34] X.Y. Yu, L. Yu, H. Bin Wu, X.W. Lou, Formation of nickel sulfide nanoframes from 
metal-organic frameworks with enhanced pseudocapacitive and electrocatalytic 
properties, Angew. Chem. Int. Ed. 54 (2015) 5331–5335, https://doi.org/10.1002/ 
anie.201500267. 

[35] Y. Liu, C. Gao, Q. Li, H. Pang, Nickel oxide/graphene composites: synthesis and 
applications, Chem. A Eur. J. 25 (2019) 2141–2160, https://doi.org/10.1002/ 
chem.201803982. 

[36] G. Kresse, J. Hafner, Ab initio molecular dynamics for liquid metals, Phys. Rev. B 
47 (1993) 558–561, https://doi.org/10.1103/PhysRevB.47.558. 

[37] G. Kresse, J. Hafner, Ab initio molecular-dynamics simulation of the liquid- 
metalamorphous- semiconductor transition in germanium, Phys. Rev. B 49 (1994) 
14251–14269, https://doi.org/10.1103/PhysRevB.49.14251. 

[38] G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals 
and semiconductors using a plane-wave basis set, Comput. Mater. Sci. 6 (1996) 
15–50, https://doi.org/10.1016/0927-0256(96)00008-0. 

[39] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set, Phys. Rev. B Condens. Matter Mater. 
Phys. 54 (1996) 11169–11186, https://doi.org/10.1103/PhysRevB.54.11169. 

[40] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made 
simple, Phys. Rev. Lett. 77 (1996) 3865–3868, https://doi.org/10.1103/ 
PhysRevLett.77.3865. 

[41] V.I. Anisimov, F. Aryasetiawan, A.I. Lichtenstein, First-principles calculations of 
the electronic structure and spectra of strongly correlated systems: the LDA + U 
method, J. Phys. Condens. Matter 9 (1997) 767–808, https://doi.org/10.1088/ 
0953-8984/9/4/002. 

[42] G. Peng, L.R. Merte, J. Knudsen, R.T. Vang, E. Lægsgaard, F. Besenbacher, 
M. Mavrikakis, On the mechanism of low-temperature CO oxidation on Ni(111) 
and NiO(111) surfaces, J. Phys. Chem. C 114 (2010) 21579–21584, https://doi. 
org/10.1021/jp108475e. 

[43] W.B. Zhang, B.Y. Tang, Stability of the polar NiO(111) surface, J. Chem. Phys. 
(2008) 128, https://doi.org/10.1063/1.2835544. 
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