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catalysts†
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Direct CO2 hydrogenation to value-added chemicals is a promising path toward realizing the “carbon-

neutral” goal. However, controlling the selectivity of CO2 hydrogenation toward desired products (e.g.,

CO and CH4) using non-precious metal-based catalysts is important but challenging. It is imperative to

explore catalysts with high activity and stability. Herein, boron-doped cobalt nanoparticles supported on

H-ZSM-5 were devised for CO2 hydrogenation to produce CO in a gas–solid flow system. Our results

demonstrate that boron doping not only increases the CO2 adsorption capability of the catalyst but also

optimizes the electronic state of Co for CO desorption during hydrogenation process. As a result, the

boron-doped cobalt catalysts displayed an enhanced CO selectivity of 94.5% and a CO2 conversion rate

of 45.6%, which is much higher than that of Co-ZSM-5 without boron doping. This study shows that the

strategic design of metal borides is important for controlling the selectivity of desired products in the

CO2 hydrogenation reaction.
1. Introduction

Heterogeneous CO2 hydrogenation to value-added chemicals
using green H2 is a promising approach for alleviating the
energy crisis and environmental pollution.1–4 This is because
carbon dioxide functions as a chemical raw material in this
process, producing renewable chemicals without using fossil
fuels.5–7 The hydrogenation of CO2 usually produces C1

compounds, such as CO, CH4, and CH3OH.8–11 Among C1

products, CO is a resource for the synthesis of alcohols, liquid
hydrocarbons, and organic acids using existing syngas conver-
sion infrastructure.12,13 In CO2 hydrogenation to CO (eqn (1)),
namely, reverse water gas conversion reaction (RWGS),
achieving high CO selectivity is a challenge due to the simul-
taneous formation of CH3OH and CH4 as by-products.

CO2 + H2 4 CO + H2O (1)

Great efforts have been made to design catalysts that maxi-
mize selectivity and understand the underlying mechanisms of
CO formation.12,13 When supported metal catalysts are used for
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CO2 hydrogenation, the noble metal usually determines the
efficiency of the catalyst. However, the price of noble metals
oen restricts catalysts from being used in the experimental
stage. Therefore, cost-effective non-precious metal catalysts are
promising alternatives.14–18 Among them, cobalt-based catalysts
have been developed for the hydrogenation of CO2. However, Co
nanoparticles favor methane formation, whereas single-atom
Co catalysts favor CO formation. For example, the Co catalyst
with atomic dispersion on a ZrO2 support achieved a CO
selectivity of more than 95% during hydrogenation.19 In
contrast, the Co nanoparticle/ZrO2 catalyst showed 100%
methane selectivity. The preparation procedure of single-atom
catalysts is very complex, and the poor stability of single-atom
catalysts during the reaction cannot be neglected. Therefore,
it is important to explore a simple method for developing
cobalt-based catalysts with high CO selectivity.

Incorporating transition metal-based materials with boron
offers opportunities for electrocatalytic hydrogen evolution
reactions, electrocatalytic oxygen evolution reactions, CO2

hydrogenation reduction, etc.20–26 For example, a boron-doped
Ru(Co, Ni) metal catalyst exhibited a 578 mmol g−1 h−1

production rate and 99% selectivity to HCOOH during liquid-
phase CO2 hydrogenation owing to the coordination-
unsaturated, electron-enriched, and synergistic active sites,
which promoted the adsorption, activation, dissociation, and
surface reaction of CO2 and H2.27 In the RWGS reaction, CO2

adsorption capacity is one of the most critical factors that can
improve the reaction efficiency. However, in liquid-phase reac-
tions, the strong adsorption of CO2 on the catalyst surface does
© 2024 The Author(s). Published by the Royal Society of Chemistry
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not occur perfectly due to the low solubility of CO2 in water.
Boron can play a signicant role in solving this issue.28 Boron-
doped metal catalysts have unparalleled potential in
improving heterogeneous CO2 hydrogenation reactions.

In our study, B-doped Co catalysts supported on ZSM-5 (CoB/
ZSM-5) with 1–25 wt% of Co were synthesized using a simple
impregnation method and applied to enhance the CO2 hydro-
genation reaction. Compared with the Co/ZSM-5 catalysts,
which produce CH4 mainly, CO2 was highly selectively con-
verted to CO by B-doped Co supported on ZSM-5. At the same
time, the CO2 conversion rate of CoB/ZSM-5 was greatly
improved. The structure of the catalyst was claried using
various characterization methods. The catalytic activity was
measured under different reaction conditions and correlated
with the catalytic performance. Under the optimal reaction
conditions, the CO2 conversion rate of the 20% CoB/ZSM-5
catalyst reached 48.56% with a high CO selectivity of 94.17%.
This work sheds light on the use of boron to modulate the
electronic state of metals to design highly product-selective and
stable catalysts for CO2 hydrogenation.
2. Experimental section
2.1 Materials and reagents

H-ZSM-5 zeolites with different molar ratios of SiO2/Al2O3 of 25,
50, 130, and 300 were obtained from Nankai University Catalyst.
Unless specically mentioned, H-ZSM-5 with a SiO2/Al2O3 ratio
of 300 was used to support CoB. Cobalt(II) nitrate hexahydrate
(Co(NO3)2$6H2O), sodium hydroxide, and sodium borohydride
were obtained from Aladdin Reagents. Unless specied other-
wise, all reagents in this study were analytical-grade products
and used without further purication.
2.2 Catalyst preparation

To synthesize CoB/ZSM-5, a certain amount of Co(NO3)2$6H2O
solution (0.85 M) was added to a 10 mL suspension solution
containing 100 mg H-ZSM-5, followed by impregnation for 12 h.
The solution was dried at 80 °C, and the obtained powders were
calcined at 200 °C for 2 h in air. Then, the calcined samples were
re-dispersed in 10mLH2O, followed by the dropwise addition of
a NaBH4/NaOH (2 M/0.2 M) aqueous solution at 0 °C under
vigorous stirring. The samples were then washed thoroughly
with a mixture of water and ethanol. Finally, the catalysts were
dried at 60 °C for 12 h. The as-prepared samples were desig-
nated as x% CoB/ZSM-5, where x refers to the theoretical mass
ratio of Co deposited on H-ZSM-5. The loading amount of Co
was adjusted by changing the added amount of Co(NO3)2
solution. CoB/SiO2 and CoB/Al2O3 were synthesized using
a similar method where H-ZSM-5 was replaced with SiO2 or
Al2O3, respectively.

For comparison, a Co–H-ZSM-5 catalyst with 20 wt% Co was
synthesized using the following method. H-ZSM-5 was
dispersed in 30 mL H2O and Co(NO3)2$6H2O was added. The
mixture was stirred at room temperature for 1 h. Water was
evaporated under reduced pressure, and the powder was dried
© 2024 The Author(s). Published by the Royal Society of Chemistry
at 150 °C for 12 h, followed by calcination at 500 °C for 3 h in the
air. This catalyst was named Co/ZSM-5.

Pure CoB was synthesized by chemical reduction. Briey, an
aqueous mixture of NaBH4/NaOH (2 M/0.2 M) was added
dropwise to the Co(NO3)2$6H2O solution (0.85 M) at 0 °C under
vigorous stirring. The solution was stirred for 0.5 h until no
bubbles were released. An excess amount of NaBH4 was used to
ensure the complete reduction of the Co2+ ions. The obtained
black precipitate was thoroughly washed with distilled water to
remove soluble boron species and Na+ ions. Finally, the sample
was dried at 60 °C for 12 h.

2.3 Catalyst characterization

The N2 adsorption–desorption isotherms were obtained at 77 K
using a Micromeritics ASAP 2010 instrument, and the specic
surface area (SBET) and pore volume (VP) were calculated by
applying the Brunauer–Emmett–Teller (BET) and Barrett–Joy-
ner–Halenda (BJH) models. Wide-angle X-ray diffraction (XRD)
patterns were recorded on Rigaku Ultimate IV operated at 40 kV
and 40 mA using CuKa X-ray (l = 1.54 Å). X-ray photoelectron
spectroscopy (XPS) was performed using a Thermo Scientic K-
Alpha instrument. Charge correction was performed by adjust-
ing the carbon peak to 284.8 eV. TEM and STEM images were
obtained using a JEOL JEM 2100F atomic resolution electron
microscope at an acceleration voltage of 200 kV. Temperature-
programmed desorption of the catalysts was evaluated in the
presence of mixed CO2–He (CO2 = 10%) on a Micromeritics
AutoChem II Chemisorption Analyzer equipped with a TCD
detector. Before measurement, the samples were pretreated with
He at 300 °C for 30 min, followed by CO2 adsorption at room
temperature for 30 min. Aer purging with He for 30 min, TPD
was performed at a ramp rate of 10 °C min−1.

2.4 Activity measurement

The catalytic activity of the materials toward CO2 hydrogenation
was evaluated in a stainless-steel xed bed ow reactor system.
The products were analysed using an online GC (Agilent,
GC7890B) equipped with TCD and FID detectors. Typically, the
catalyst and 2 g quartz sand were evenly mixed and placed in
a self-made quartz tube (B = 5 mm) held by quartz wool. A
thermocouple was inserted into the reactor to monitor the bed
temperature. In a typical test, the catalyst was arranged in the
raw gas environment at room temperature, and a mass ow-
meter was used to control the ow rate of the raw gas. Aer
30 min of purging with the raw gas, the reactor temperature was
raised to the target reaction temperature. The total ow rate of
the reactant gas was 50 mLmin−1 to maintain the space velocity
at 3000 mL h−1 g−1. The reaction was carried out by reducing
the amount of catalyst and increasing the ow rate under
different space velocities. All feedstock gases contained 25%
argon as an internal standard. The liquid products were
analyzed offline on a gas chromatograph equipped with FID and
liquid chromatography. Unless otherwise stated, the reaction
conditions were as follows: 20% CoB/ZSM-5, 500 °C reaction
temperature, 3000 mL g−1 h−1, the stoichiometric ratio of CO2 :
H2 = 1 : 4, and 3 h reaction period.
RSC Adv., 2024, 14, 6502–6507 | 6503
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3. Results and discussion
3.1 Synthesis and characterization of the catalysts

The morphology and structure of the as-prepared samples were
rst characterized by transmission electron microscopy (TEM).
As shown in Fig. 1, 20% CoB/ZSM-5 mainly comprised nano-
particles in the size range of 15–30 nm (Fig. 1a and inside 1a).
No crystal fringe was observed at the edge of the nanoparticles,
which is a typical feature of an amorphous structure (Fig. 1b).
The EDS spectrum showed uniformly dispersed Si, Al, and O
elements in the ZSM-5 support, and the Co element was mainly
found in the nanoparticles supported on ZSM (Fig. 1c–i).

The phase structure of the prepared samples was determined
by wide-angle X-ray diffraction (XRD). As shown in Fig. 2a, the
diffraction peaks of the CoB/ZSM-5 catalysts impregnated with
different concentrations of Co(NO3)2 were consistent with those
of H-ZSM-5, indicating that the incorporation of CoB did not
change the crystal structure of the carrier ZSM-5. The absence of
Co diffraction peaks in the pattern may be due to the amor-
phous structure of CoB and the high crystallinity of ZSM-5. The
CoB catalysts supported on ZSM-5 carriers with different Si/Al
ratios exhibited similar crystal structures (Fig. S1†). The
contrast samples CoB/SiO2 and CoB/Al2O3 were also measured,
displaying an amorphous CoB structure. The electronic states of
Co and B in 20% CoB/ZSM-5 were then studied by X-ray
Fig. 1 (a and b) TEM image with particle size distribution (inset), and (c–

Fig. 2 (a) XRD patterns of different catalysts; XPS spectra of the (b) Co 2

6504 | RSC Adv., 2024, 14, 6502–6507
photoelectron spectroscopy (XPS). In the XPS spectra of 20%
CoB/ZSM-5 (Fig. 2b), the Co peaks could be tted to the Lor-
entzian–Gaussian model, and the two tted peaks correspond-
ing to Co3+ 2p3/2 and Co3+ 2p1/2 were located at 780.27 eV and
795.64 eV, respectively. The Co(II) peaks corresponding to Co2+

2p3/2 and Co2+ 2p1/2 were located at 781.37 eV and 797.16 eV,
respectively. Then, the Co(II)/Co molar ratio in 20% CoB/ZSM-5
was calculated to be 79.74% from the tted peak area ratio. In
the B 1s spectrum (Fig. 2c), the peak of the B element was found
at 192.1 eV, indicating the formation of B–O.23,25,29–31

The specic surface areas of the as-prepared samples were
also measured from the N2 adsorption and desorption
isotherms (Fig. 3a and Table S1†), revealing a high specic
surface area for H-ZSM-5 and a low specic surface area for CoB.
The large specic surface area of the H-ZSM-5 carrier is bene-
cial to improving CO2 adsorption in gas–solid CO2 hydroge-
nation reactions. Aer CoB loading, the specic surface area of
the CoB/ZSM-5 sample decreased because CoB partially blocked
the micropores of ZSM-5.

Fig. 3b shows the temperature-programmed CO2 desorption
spectra (CO2-TPD) of the supported catalysts. When CoB was
introduced into ZSM-5, several peaks at both low and high-
temperature regions were observed. The desorption peak in the
low-temperature region (100 to 300 °C) is assigned to physically
adsorbed CO2. The desorption intensity increased continuously
i) elemental mappings of 20% CoB/ZSM-5.

p and (c) B 1s levels of 20% CoB/ZSM-5.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) N2 adsorption–desorption isotherms of H-ZSM-5, 20% CoB/ZSM-5, and CoB; (b) CO2-TPD curves of the different as-prepared
catalysts. The number in brackets in the catalyst name denotes the SiO2/Al2O3 ratio in the H-ZSM-5 zeolites.
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with increasing amount of CoB, and a strong CO2 adsorption
peak (>500 °C) appeared. The results show that CoB has a strong
CO2 adsorption capacity, which benets CO2 hydrogenation.
3.2 Catalytic performance evaluation

The performances of 20% CoB/ZSM-5 and the reference
samples were evaluated in catalyzing the thermal CO2
Fig. 4 Performance of the catalysts in CO2 hydrogenation. (a) Conver
catalysts and reference sample at different reaction temperatures; (b) pe
20% CoB/ZSM-5 at different space velocities, and (d) stability of 20% Co

© 2024 The Author(s). Published by the Royal Society of Chemistry
hydrogenation reaction in a stainless-steel xed-bed reactor.
First, all potential products of thermal CO2 hydrogenation ob-
tained in the presence of 20% CoB/ZSM-5 were investigated,
and only CO and CH4 were found to be formed (Fig. S2†). The
carbon source in the product was tracked through 20% CoB/
ZSM-5 activity tests under different environments (Table S2†).
The results suggest that catalysts and other possible carbon
sources triggering the products of CO2 hydrogenation were
sion rate, selectivity, and space-time yield (STY) with x% CoB/ZSM-5
rformance of 20% CoB/ZSM-5 at different temperatures, (c) activity of
B/ZSM-5.

RSC Adv., 2024, 14, 6502–6507 | 6505
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excluded. The impact of supports with different molar ratios of
Ai: Si on the performance was also investigated, as shown in
Fig. S3,† suggesting that the Si/Al ratio greatly affects the CO
selectivity (36.17–48.56%). However, there were no obvious
changes in the CO2 conversion rate. According to the above
study, we selected H-ZSM-5(300) as the optimal carrier.

We further investigated the catalytic performance of the x%
CoB/ZSM-5 catalysts with different amounts of CoB. The CO2

conversion rate was only 8.53%, and the CO selectivity was
98.84% at 500 °C when 1% CoB/ZSM-5 was applied as the
catalyst (Fig. 4a). The CO2 conversion rate and CO yield gradu-
ally increased as the amount of CoB increased, and the 20%
CoB/ZSM-5 catalyst exhibited the highest conversion rate and
CO STY of 48.56% and 2.99 mmol g−1 s−1, respectively. However,
CO selectivity decreased slightly to 94.17%. Moreover, excess
CoB loading on ZSM-5 also resulted in poor CO2 conversion and
CO STY owing to the aggregation of the CoB nanoparticles at
high temperatures. It should be noted that methane was the
main product when the Co/ZSM-5 catalyst was not doped with B,
implying that B optimizes the Co electronic structure to support
CO generation. In addition, the CO2 conversion rate of the Co/
ZSM-5 catalyst is also lower than that of CoB/ZSM-5, probably
owing to the enhanced CO2 adsorption capability.

The performance of the 20% CoB/ZSM-5 catalyst was also
investigated as a function of the reaction temperature from 200
to 500 °C. As shown in Fig. 4b, the reaction temperature not only
affected the product selectivity of the reaction but also the
conversion rate. At lower temperatures, only 0.36–5.03% of the
conversion rate was achieved below 300 °C. With a continuous
rise in temperature, the conversion rate of CO2 and CO STY
signicantly increased in the range of 300–500 °C. At lower
temperatures, the dispersed CoB particles selectively formed CO
on the catalyst, whereas, at higher temperatures, further
hydrogenation resulted in methane.

Fig. 4c shows the effect of space velocity on the catalytic
performance of 20% CoB/ZSM-5, indicating strong tolerance
toward high space velocity, which is attributed to the high
intrinsic activity of CoB.

Finally, the stability of the 20% CoB/ZSM-5 catalyst was
evaluated under the optimum condition of 3000 mL h−1 g−1 at
500 °C. As shown in Fig. 4d, both the CO2 conversion rate and
STY were stable over a time of 48 h. Therefore, the high
performance of the supported CoB catalysts under various
conditions is attractive. The activity of 20% CoB/ZSM-5 is better
than those of the non-noble-metal catalysts reported in the
literature and is comparable to those of noble-metal-based
catalysts (Table S3†).

4. Conclusions

In conclusion, we have presented a simple approach for
exploring highly efficient CO2 hydrogenation catalysts using the
impregnation method. Compared with 20% Co-ZSM-5, 20%
CoB/ZSM-5 exhibited enhanced CO2 conversion and high CO
selectivity. Under the optimal condition of 3000 mL h−1 g−1 at
500 °C, the CO2 conversion rate of the 20% CoB/ZSM-5 catalyst
reached 48.56%, and the CO selectivity was 94.17%. The key to
6506 | RSC Adv., 2024, 14, 6502–6507
this improved performance is B incorporation, which results in
the formation of an amorphous phase and modulates the
electronic state of Co, providing abundant active sites for CO2

adsorption and avoiding strong coordinate bonding to CO,
respectively. This work highlights that boron doping is impor-
tant to maximize CO2 conversion and selectivity to desired CO2

hydrogenation products.
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