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Surfactants Used in Colloidal Synthesis Modulate Ni Nanoparticle Sur-
face Evolution for Selective CO, Hydrogenation

Xiangru Wei#, Grayson Johnson?, Yifan Ye*, Meiyang Cui, Shen-Wei Yu, Yihua Ran, Jun Cai, Zhi Liu,
Xi Chen, Wenpei Gao, Ethan J. Crumlin, Xu Zhang, Robert J. Davis, Zhangxiong Wu", Sen Zhang"

ABSTRACT: Colloidal chemistry holds promise to prepare uniform and size-controllable pre-catalysts; however, it remains a
challenge to unveil the atomic level transition from pre-catalyst to active catalytic surfaces under the reaction conditions to
enable the mechanistic design of catalysts. Here we report an ambient pressure X-ray photoelectron spectroscopy (AP-XPS)
study, coupled with operando environmental transmission electron microscopy, infrared spectroscopy, and theoretical cal-
culations, to elucidate the surface catalytic sites of colloidal Ni nanoparticles for CO2 hydrogenation. We show that Ni nano-
particles with phosphine ligands exhibit a distinct surface evolution compared with amine-capped ones, owing to the diffu-
sion of P under oxidative (air) or reductive (CO: + Hz) gaseous environments at elevated temperatures. The resulting NiPx
surface leads to a substantially improved selectivity for CO production, in contrast to the metallic Ni, which favors CHs. The
further elimination of metallic Ni sites by designing multi-step P incorporation, observed via operando probes, achieves unit

selectivity of CO in high-rate CO2 hydrogenation.

INTRODUCTION

Solutions to climate change and energy sustainability of
modern society require the efficient management of car-
bon-based fuels and chemicals.!3 Designating COz, one of
the major greenhouse gases, as a carbon feedstock to pro-
duce commodity chemicals has garnered enormous inter-
est, as it would provide an alternative to non-renewable
petrochemical sources.**> Coupled with renewable H2 and
energy sources, heterogeneous catalytic COz2 hydrogenation
is a promising approach to closing the loop of carbon emis-
sion.®” Under atmospheric pressure, CO is one of the most
appealing products from COz hydrogenation via the reverse
water—gas shift reaction (RWGS, CO2 + H2 - CO + H20),
given its versatile role in the production of liquid hydrocar-
bons and oxygenates through well-established gas conver-
sion technologies (e.g, Fischer-Tropsch synthesis and
methanol synthesis).®® However, the RWGS conversion is
often accompanied by the methanation reaction (COz + 4H:
— CH4 + 2H20), which generates lower-value, gaseous CHy,
making the selectivity control a central challenge of atmos-
pheric COz hydrogenation processes with minimized down-
stream separation cost.10-12

At the core of rational catalyst design for the CO2 hydro-
genation is the atomic-level understanding of catalyst struc-
ture-property relationships. Previous theoretical and ex-
perimental studies suggested that adsorbed CO (*CO) is a
key intermediate in CO2 hydrogenation, and its strong bind-
ing often allows the subsequent methanation to produce
CH4.111314 Guided by this principle, the synthetic tuning of
metal nanoparticle sizes,'> alloy compositions,'®17 and
metal-support interactions,!8-2! has been studied to im-
prove the selectivity for CO production. For example, scaling
down Ru and Pd nanoparticles to the single atom regime
can suppress the CO2 methanation.?224 Despite enormous
efforts, it is still rare to achieve unity selectivity of CO with
high-rate conversion of COx.

Another obstacle to the mechanistic understanding of het-
erogeneous catalysis is the structural complexity of many
catalysts.?> Recent advances in colloidal chemistry have al-
lowed us to prepare monodisperse nanoparticles with well-
defined surfaces and structures that are employed as sim-
plified model systems.?631 But these well-defined

nanoparticle catalysts may involve surface structure evolu-
tions sensitive to the post-treatments (e.g., the removal of
surfactants through thermal annealing) and catalytic condi-
tions. Therefore, in-situ/operando characterizations are re-
quired to bridge the knowledge gap between as-synthe-
sized nanoparticle pre-catalysts and the real catalytic struc-
tures. For example, we used ambient-pressure X-ray photo-
electron spectroscopy (AP-XPS) and environmental trans-
mission electron microscopy (TEM) to probe a catalyst un-
der reactant gases and uncovered the structural transition
of monodisperse CoPd alloy nanoparticles to Pd-CoOx quasi-
core/shell structures under CO oxidation conditions.3?2 We
envision that such a multimodal, in-situ/operando investi-
gation will provide unprecedented opportunities to eluci-
date the catalytic structures for active COz hydrogenation
catalysts.

This article highlights the significant impact of capping lig-
ands on colloidal Ni nanoparticle surface evolution and re-
construction in COz hydrogenation. Ni is a well-known cata-
lyst for the CO2 methanation reaction.3335 36 Our studies us-
ing colloidal Ni nanoparticles with different capping ligands
reveal that switching from amine (oleylamine) to phosphine
(tributylphosphine or trioctylphosphine) ligands results in
a drastic product selectivity change from CH4 to CO under
the same CO2 hydrogenation conditions. Using AP-XPS and
operando environmental TEM, the surface evolution land-
scapes of the catalysts are identified under different gas
conditions and temperatures. As illustrated in Fig. 1, in con-
trast to amine-capped Ni that provides conventional



b. Tributylphosphine or Trioctylphosphine-capped Ni

i. Calcination in air iii. Secondary iv. Calcination in air co,
ii. Catalytic condition P decoration v. Catalytic condition co
(CO,+ Hy) (CO,+ Hy)

As-synthesized nanoparticle NiP, + Ni catalytic surface

NiP, catalytic surface

Figure 1. Schematic illustration of capping ligand governed Ni nanoparticle surface evolution. a, Oleylamine (OAm)-capped Ni
nanoparticles provide a catalytic surface of metallic Ni after a calcination in air (to remove the bulky surfactant) and a reduction
under CO2 hydrogenation conditions. b, Phosphine (TOP or TBP)-capped Ni nanoparticles present a transition to generate a NiPx
dominant surface, and the metallic Ni site can be completely removed via a secondary phosphine treatment.

metallic Ni sites for CO2 methanation, we find that phos-
phine-capped Ni undergoes an evident, partial transition to
NiPx under catalytic conditions, which suppresses metallic
Ni surface sites and delivers a selective CO production (60-
90% depending on the size of Ni nanoparticles). Further-
more, secondary phosphine modification of the Ni catalyst
makes it possible to completely eliminate the metallic Ni
species, leading to a unit selectivity of CO (100%) with high
reaction rate and durability. Density functional theory
(DFT) calculations and operando diffuse reflectance infra-
red Fourier transform spectroscopy (DRIFTs) validate that
the NiPx surface is beneficial to the selective CO production
through the weakened *CO binding strength.

RESULTS AND DISCUSSION

Synthesis and Characterization of As-Synthesized Ni Na-
noparticles. Ni nanoparticles capped with amine or phos-
phine ligands were synthesized by the reduction of nickel
acetylacetonate (Ni(acac)2) in the presence of OAm or TBP
surfactants, according to the reported colloidal methods.3*
35 The obtained nanoparticles are labeled as Ni-4.2 and Ni-
P-4.2, and both are highly uniform with an average size of
4.2 + 0.4 nm as shown in the TEM images in Fig. 2a and Fig.
S1. By using the bulkier ligand, TOP, instead of TBP, the
sizes of Ni-P were tuned to be 8.7 + 0.4 (Ni-P-8.7), and 12.0
+ 0.5 nm (Ni-P-12), as indicated in Fig. S2. The TOP func-
tions to decrease the number of nuclei in the colloidal syn-
thesis, allowing more atoms to be used in the particle
growth to form larger nanoparticles, which is consistent
with our previous report.3* For the subsequent catalytic
testing, all as-synthesized nanoparticles were loaded onto
commercial TiO2 (P25) powders through sonication-as-
sisted physical adsorption, with the Ni metal loading ratio
controlled to be 2 wt.% (confirmed with inductively cou-
pled plasma-optical emission spectrometer (ICP-OES)).

Catalytic Performance of Nanoparticles in COz Hydrogena-
tion. The TiOz-supported Ni and Ni-P nanoparticles were pre-
treated in air at 400 °C to remove the organic ligands. The cal-
cination in an oxidative gas environment has been widely used
to remove surfactants with long hydrocarbon chains for

colloidal nanocatalysts, but often causes surface oxidation of
nanoparticles. The calcined samples were subsequently an-
nealed in reductive gas conditions (1 vol.% CO2z + 4 vol.% Hz +
95 vol.% N2, same as the COz hydrogenation experimental con-
ditions) at 400 °C to activate the nanoparticle surface for cata-
lytic reactions {Experimental section in Supporting Infor-
mation (SI)}. The TEM image in Fig. 2b confirms that the sup-
ported nanoparticles well preserve their sizes and morpholo-
gies after the pretreatment. For the Ni-P sample after calcina-
tion, we can confirm its amorphous structure based on aberra-
tion corrected scanning TEM high-angle annular dark field
(STEM HAADF) images (Fig. $3). We also used STEM electron
energy loss spectroscopy (STEM EELS) to analyze the Ni-P sam-
ple after the calcination, which clearly indicates incorporation
and homogeneous distribution of P in the treated sample (Fig.
2c¢).
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Figure 2. (a, b) TEM images of as-synthesized Ni-P-4.2 nano-
particles (a) and TiOz-supported Ni-P-4.2 after calcination (b).
(c) STEM HAADF image and EELS mapping of the TiOz-sup-
ported Ni-P-4.2 after calcination. (d, e) Catalytic performances
of the TiOz-supported Ni-4.2 (d) and Ni-P-4.2 (e) catalysts for
CO2 hydrogenation as a function of temperature (1 vol.% CO2 +
4 vol.% Hz + 95 vol.% N2 with a space velocity of ~30,000 mL
gcat1 h-1 at ambient pressure).

Fig. 2d and 2e summarize the catalytic performance of Ni-
4.2 and Ni-P-4.2 for ambient-pressure CO2 hydrogenation.
The Ni-4.2 exhibits a typical methanation catalyst behav-
ior,3637 with COz being completely converted into CHs at
temperatures lower than 400 °C. Although high tempera-
ture is known to favor CO production, the CO selectivity
over Ni-4.2 catalyst is still lower than 30% at 500 °C. A sig-
nificantly improved selectivity towards CO was observed on
Ni-P-4.2 catalysts, which was consistently in the range of
90-93% at 250-500 °C. The Ni-P-4.2 catalyst delivers a high
conversion of COz at 55.5% at 400 °C. Moreover, there is lit-
tle product selectivity change for both Ni-4.2 and Ni-P-4.2
catalysts when the CO:z conversion is lowered by tuning the
feed gas space velocity and reaction temperature (Fig. S4
and S5). Based on the kinetic measurements, we observed a
lower apparent activation energy (Ea) for CO productionon
the Ni-P-4.2 (36.2 + 1.1 k] mol!) than Ni-4.2 catalyst (82.6 +
1.4 k] mol1) for CO2 methanation (Fig. $6).38 These results
suggest that the Ni and Ni-P provide distinct catalytic sites,
which enables the selectivity modulation of CO2 hydrogena-
tion product.

a 400 °C in air (20% O, + 80% N), pretreatment condition

b 300 °C in 1% CO, + 4% H, + 95% N,, catalytic condition

7

c 400 °Cin 1% CO, + 4% H, + 95% N,, catalytic condition

Figure 3. Operando observation of the structures of Ni-P-4.2
nanoparticles supported on TiO2 during the pretreatment and
the catalytic reactions. TEM images collected at (a) 400 °C in air
(20 vol.% Oz + 80 vol.% N2) for 40 minutes, (b) 300 °C in reduc-
tive environment (1 vol.% CO2 + 4 vol.% H2 + 95 vol.% N2) for
30 minutes, and (c) 400 °C in reductive environment (1 vol.%
CO2 + 4 vol.% Hz + 95 vol.% N2) for 90 minutes.

Operando environmental TEM characterization. To un-
veil the possible nanoparticle size, morphology, and disper-
sity changes during the reaction, we carried out operando
environmental TEM measurement on TiOz-supported Ni-P-
4.2 nanoparticles with a gas cell simulating both the pre-
treatment and catalytic conditions (SI). As shown in Fig. 3,
the Ni-P nanoparticles can be readily distinguished from the
TiO2 support due to their Z contrast difference. Although the
gas-cell configuration and heating-induced sample shifting

limit the environmental TEM resolution, it is evident that
nanoparticle size, morphology, and dispersity are well
maintained at the elevated temperatures, regardless of the
oxidative or reductive conditions. It is further corroborated
by ex-situ TEM images of the used catalyst in Fig. S7a. In ad-
dition, the STEM HAADF image indicates that the used Ni-P
catalysts preserve their amorphous nanoparticle structure
(Fig.S7b). Previous studies reported that metallic nanopar-
ticles, such as Ru, can be disintegrated into single atoms or
clusters due to strong metal-support interactions, which
promote the CO selectivity in CO2 hydrogenation.'®> Our op-
erando and ex-situ TEM studies enable us to exclude size
and morphology changes in our catalytic materials, and in-
deed motivate us to further reveal the molecular-level ac-
tive surface sites for Ni-P catalysts using AP-XPS.

Surface evolution of Ni-P nanoparticles under the pre-
treatment and catalytic conditions. The as-synthesized
Ni-P-4.2 shows an intense C 1s XPS signal originating from
the surfactant layer on the nanoparticles (Fig. $8). It also
presents metallic Ni 2ps,2 (at binding energy BE = 852.6 eV)
and P 2ps/2 (BE = 129.3 eV) peaks (Fig. 4a).3%4° An addi-
tional P 2p signal at 132.1 eV is assigned to the oxidized
phosphine ligands attached on the nanoparticle surface.*!
To elucidate the surface evolution of catalyst, we monitored
the Ni-P-4.2 AP-XPS spectra while exposing the sample in a
sequence of different gaseous environments that mimic the
pretreatment (0.1 mbar of Oz and 0.4 mbar of Nz at 400 °C)
and reaction conditions (0.1 mbar of CO2 and 0.4 mbar of H2
at 100°C, 200 °C, 300 °C, and 400 °C). There is almost no C
signal that can be detected after the pretreatment, indicat-
ing the hydrocarbon chain of organic ligand is decomposed
and removed (Fig. $8). The oxidative pretreatment leads to
the dominant NiO surface in the Ni-P sample, evidenced by
NiO fingerprint signals at 853.7 eV in the Ni 2p spectrum
and at 529.1 eV in the O 1s spectrum (Fig. 4a).#2 It is worth
noting that the P 2p signal vanishes after the pretreatment,
also confirming the surface dominance of NiO. Such a NiO
surface is maintained in the CO: hydrogenation reaction
gases at low temperatures (100 °C and 200 °C).

Once treating the sample in the COz hydrogenation reaction
gases at 300 °C, the NiO surface is reduced, as indicated by
the downshift of Ni 2p peak to 852.6 eV and the disappear-
ance of the O 1s peak at 529 eV (Fig. 4a). Interestingly, we
observed that the Ni 2p at this condition showed a satellite
peak with BE ~ 6.2 eV higher, which is clearly larger than
that of the metallic Ni (~ 5.7 eV). It is established that NiPx
often presents an indistinguishable Ni 2p main peak with
metallic Ni, but its satellite features are sensitive to P con-
tent in NiPx*3 Therefore, the Ni-P-4.2 surface species under
CO2 hydrogenation reaction is primarily NiPx rather than
metallic Ni. It is also confirmed by the re-emergence of P 2p
signals at elevated temperatures, with two peaks corre-
sponding to NiPx and POx species. The P 2p signal intensity
is further increased at 400 °C, demonstrating the further en-
richment of P content on the surface.

The surface structure under different conditions is associ-
ated with the robustness of P against ligand removal in the
calcination, and its migration and redistribution within the
Ni-P nanoparticles. This process produces the NiPx surface
in the reductive gas condition of COz hydrogenation, which
probably underpins the distinct catalytic property



(a) Surface evolution of Ni-P catalyst under the pretreatment and catalytic conditions
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Figure 4. Surface evolution of Ni-P nanoparticles. a, b, AP-XPS measurements of the Ni-P-4.2 nanoparticles in different con-
ditions from as-synthesized Ni-P-4.2 catalyst (a) and secondary P-treated catalyst (b). Ni 2p, P 2p and O 1s spectra were obtained
under 0.5 mbar of mixtures of Oz and N3, or under 0.1 mbar of CO2 and 0.4 mbar of Hy, at different temperatures. The spectra
were acquired in normal emission geometry using a monochromated Al Ka emission source (hv = 1486.6 eV).

compared to metallic Ni. While the NiPx is proposed as the
active catalytic species for CO production, we still observed
a certain portion of CHs in the product (7-10%) over Ni-P-
4.2 catalyst. Considering that P is solely from the phosphine
ligand bound to the nanoparticle, we hypothesize that such
amonolayer P source cannot completely remove the surface
metallic Ni sites in the catalyst, causing the undesirable
methanation reaction. This point was corroborated by using
Ni-P-8.7 and Ni-P-12 nanoparticles. With a larger size, the P
source from the monolayer of phosphine ligands becomes
further inadequate in the metal phosphorization. As a re-
sult, the CO selectivity decreases to 78.5% and 68.8% for Ni-
P-8.7 and Ni-P-12 catalysts, respectively (Table. S1).

Secondary P modification to optimize the catalyst selec-
tivity. The used Ni-P catalyst was stirred in the solution of
TOP (1 mM in ethanol) to allow for the secondary phosphine
ligand binding. Followed by the similar treatment

(calcination in air to remove organic hydrocarbon and then
in reductive gas), the secondary P incorporation was de-
signed to phosphorize the remaining surface metallic Ni, as
described in Fig.4b. The resulting Ni-P catalysts showed a
100% selectivity for the CO product (Fig. 5a). Even for Ni-
P-12, CH4 was completely undetectable, which confirmed
the efficacy of secondary P incorporation. We also found
that the obtained catalyst was highly durable. With a 65%
conversion of COz and a 100% selectivity for CO product, the
Ni-P-4.2 exhibits a CO production rate of 28 mmol gcar? h-?
at 400 °C and well maintains the performance in a 150-hour
stability test (Fig. 5b).

Fig. 4b summarizes the AP-XPS spectra of the Ni-P-4.2 sam-
ple related to secondary P modification process. A major
change we observed in the oxidative conditions at 400 °C is
that Ni 2p signal is at 857 eV, which is clearly different from
the original Ni-P-4.2 sample (BE = 852.6 eV).#** Meanwhile,



the NiPx peak in the P 2p spectra substantially attenuates,
while a strong POx signal is detected. The O 1s spectrum
shows a peak at BE 531.7 eV, much higher than that of NiO.
These changes clearly demonstrate that the surface is dom-
inated by Ni(POx)y species rather than NiO, after the second-
ary P incorporation. The excess amount of P enables the ef-
fective metal phosphorization that couples with the oxida-
tion process to generate Ni(POx)y. It is also found that the
oxidized sample still has a small proportion of NiPx on the
surface, with weak peaks at lower BE regions on both Ni 2p
and P 2p spectra. Bypassing the NiO formation, the second-
ary P treated Ni-P-4.2 sample displays unaltered spectra un-
der reductive CO2 hydrogenation condition from room tem-
perature to 300 °C. The transformation from Ni(POx)y to
NiPx can be observed at 400 °C, which generates more active
sites for CO2-to-CO selective conversion. The direct compar-
ison of the APXPS spectra of Ni-P catalyst before and after
secondary P modification allows us to conclude that the in-
corporation of P, left by phosphine ligand decomposition, is
the cornerstone to minimize the metallic Ni sites and thus

decreases along with the rise of temperature, while new
peaks attributed to adsorbed formate species appear at
2980 and 2939 cm-1.16 Formate has been claimed as a possi-
ble intermediate for CO: methanation in previous re-
ports.t146 The similar feature of bicarbonate-to-formate
transition on our Ni and Ni-P catalysts suggests that formate
is an intermediate for both CO and CH4 formation, but not
the key to determine the catalyst selectivity. Most interest-
ingly, we found a very different CO adsorption behavior
over the Ni and Ni-P catalysts. On Ni, a peak at 1845 cm! is
detected at 300 °C, which is correlated with multi-centered
*CO on multifold hollow Ni sites (Fig. 5¢).!! This multi-cen-
tered *CO band is accompanied by a gaseous CH4 peak (at
3017 cm') whose intensity increases with the tempera-
ture.20 In contrast to the Ni catalyst, the primary *CO on Ni-
P is linear *CO on the atop site with a stretching band at
2,071 cm! (Fig. 5d).1° In addition, the adsorbed CO mole-
cules diffusing from the Ni to the Ti sites can be identified at
2168 cm™ at 400 °C for Ni-P catalyst, but the gaseous CHs
peak is negligible.*748
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Figure 5. Catalytic performance and the NiPx site properties. a, comparison of activity and selectivity on various catalysts
before and after secondary P modification (1 vol.% CO2z + 4 vol.% Hz + 95 vol.% Nz at ambient pressure, 400 °C). b, catalytic
stability of secondary P modified Ni-P-4.2 (1 vol.% CO2 + 4 vol.% Hz + 95 vol.% Nz at ambient pressure, 400 °C). ¢, d, Operando
DRIFT spectra following exposure to feeding gas at 50 °C and subsequent stepwise heating to 400 °C under the same flow for Ni-
4.2 (c) and Ni-P-4.2 (d). e, DFT calculation results of CO binding energies on Ni and various NiPx surfaces.

to optimize CO product selectivity.

The role of NiPx catalytic sites. Operando DRIFTS was
used to understand the COz hydrogenation pathways over
Ni and Ni-P catalysts under flow reaction conditions. Once
the model reaction gas (2 vol.% COz + 8 vol.% Hz + 90 vol.%
Nz) is fed into the cell at room temperature, both Ni and Ni-
P catalysts display the characteristic bands of bicarbonate
(1381, and 1689 cm) that results from the reaction be-
tween COz and the hydroxyl group on the TiO2 support (Fig.
5c and 5d).*> The bicarbonate peak intensity gradually

We also investigated the *CO binding strength on Ni and Ni-
P catalysts by using temperature-programmed desorption
(TPD) DRIFTS. The CO-saturated samples were flushed with
Ar under a series of temperatures with TPD DRIFTS spectra
being recorded. As shown in Fig. §9, Ni-P showed a com-
plete CO desorption at room temperature. The multi-cen-
tered *CO is much more stable and still present on the sur-
face of Ni at 450 °C and 500 °C. Based on these results, it is
clear that Ni-P catalyst can effectively decrease the binding
strength of *CO by diminishing multi-centered CO



adsorption. It is also in an excellent agreement with the cat-
alytic performance of Ni and Ni-P catalysts; i.e., Ni-P is fa-
vorable for the CO desorption and avoids the deep hydro-
genation (methanation) to produce CHa.

DFT simulations demonstrate that the P incorporation in Ni
effectively alters the CO binding energy (Es, co). Given the
fact that our Ni-P catalyst has an amorphous structure, we
simulated a series of Ni-P surfaces, including NizP (0001)-
(2 terminations, A and B), NizP (1010), NizP (1011), NisP4
(0001)-(3 terminations, A, B, and C), NiP (001)-(2 termina-
tions, A and B), NiP (010), NiP (100), NiP (101), and Ni12Ps
(001) surfaces, to encompass possible adsorption sites for
CO. These results were compared to the CO adsorption
models on the Ni (001), Ni (111), and Ni (211) surfaces. Es,
co for the most stable adsorption site is aggregated in Fig.
5e against the P:Ni ratio and tabulated in Table S2. CO ad-
sorption on Ni surfaces is strongest in the hollow sites with
binding energies of -2.05 eV, -1.92 eV, and -1.92 eV on Ni
(001), (111), and (211) respectively, which are consistent
with previous DFT calculations.#-52 After the P is incorpo-
rated, the Eg, co is strongly surface dependent, varying from
-2.05 eV on NisP4+ (0001) to -0.86 eV on NiP (001), with most
presenting a lower Es co than Ni. More importantly, we
found that Eg, co is strongly dependent on the coordination
number of surface adsorption sites. The average Es, co of sin-
gly coordinated CO molecules over NiPx is -1.21 = 0.27 eV,
which is much lower than that of the multi-coordinated CO
adsorption being -1.91 + 0.14 eV. Indeed, P primarily acts to
reduce the CO binding strength by acting as a temperature
stable means of breaking up multi-coordinated binding
sites to leave singly coordinated binding sites as the remain-
ing option. Experimentally, this was demonstrated by the
appearance and dominance of atop site (singly coordinated)
in the infrared at 2071 cm on the NiPx rather than the
multi-coordinated CO at 1845 cm! (computed infrared fre-
quency is shown in Table S2). Moreover, the improvement
of CO selectivity with the second P incorporation step,
which would further break up the Ni multi-binding sites, is
consistent with this conclusion.

CONCLUSION

In summary, we report a full description of the surface evo-
lution of colloidal Ni nanoparticles under the COz hydro-
genation conditions, by combining the AP-XPS and comple-
mentary operando spectroscopic and microscopic probes.
The mono-layer phosphine ligands encapsulating Ni nano-
particles results in P incorporation in the real catalyst at the
elevated temperature, which diffuses into the interior of the
nanoparticles under oxidative gas atmosphere, leaving a
NiO surface, and returns the nanoparticle surface to form
NiPx under reductive CO2 hydrogenation conditions. Such a
ligand-induced surface evolution is responsible for the sig-
nificantly improved selectivity to CO production owing to
the decreased *CO adsorption strength over the NiPx sur-
face, while amine-capped Niremains a CO2 methanation cat-
alyst. Furthermore, the secondary P modification drives the
complete phosphorization of NiO (under oxidative atmos-
phere) and metallic Ni (under reductive atmosphere) sur-
face sites, which generates a catalyst with a 100% CO selec-
tivity in CO2 hydrogenation. Given the fact that phosphine is
one of the most representative surfactants in the colloidal
nanoparticle library, we anticipate that the P diffusion and

incorporation effect will likely modulate many other nano-
particle catalyst properties, providing a new controlling
knob for governing reaction that are critical to energy and
environmental sustainability.
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