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The photocatalytic reduction of CO5 to carbon monoxide, methane and hydrogen (as a valuable byproduct) in the
suspension or solution of various Zn-based forms in an alkaline environment and water, respectively, was
investigated. These are the first results showing homogeneous CO, photoreduction in the presence of Zn-based
photocatalysts in an inorganic environment.

The ZnO photocatalysts were suspended in the alkaline environment, while in water, they completely dis-
solved during at least 6 hours of carbonation, forming a transparent solution. The small crystallite size also
determines a high zinc solubility in an aqueous solution (97.7 % for 14 nm, 92.2 % for 25 nm, and 68.5 % for
crystallites larger than 100 nm). This homogeneous solution showed a slightly lower photoactivity than the
heterogeneous suspension because of a lower concentration of crucial bicarbonate HCO3 ions. In both cases, the
selectivity gives the order Hp>CO>CHy. It was suggested that the photoactive centres in the dissolved ag-
glomerates are the -Zn-O-Zn- hydrous bridges, which can use bicarbonate (HCO3) ions as a transporter of COx.
In addition, the H" ions generated during the ZnO dissolving in water can first participate in the CO» photo-

reduction towards CO and CH4 and, afterwards, involve forming small quantities of hydrogen.

1. Introduction

Carbon dioxide utilisation is becoming one of the most significant
challenges of our time. One of the many directions studied is using
photocatalysis to reduce CO2 and obtain valuable products such as
carbon monoxide, methane, methanol and other hydrocarbons with
selectivity depending on the photocatalyst’s type, composition and
physicochemical properties. The most commonly used photocatalysts
based on TiOy and ZnO are modified and treated in various ways.
Photocatalysts in the form of n-type semiconductors like ZnO with a
wide band gap of 3.37 eV are recommended as very effective, non-toxic,
and stable in the reactions to water purification from organic com-
pounds [1,2]. Patial et al. [3] presented a comprehensive discussion on
the current development and new directions in the engineering of
ZnO-based photocatalysts concerning the reduction of carbon dioxide to
valuable chemicals (i.e. CO, CH4, HCOOH, and CH3OH), including the
mechanisms of CO; reduction reactions to the products mentioned
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above. Adegoke and co-workers [4] emphasized that controlling the
shape and size of preferred ZnO materials and optimal adjustment of
their chemical and physical properties is crucial for their optimal reac-
tivity and selectivity in the photocatalytic conversion of CO,. The au-
thors established that utilizing a hydrothermal method for sample
preparation led to obtaining different ZnO structures (shape, size, and
orientation), significantly affecting the reduction of CO, to valuable
products. Additionally, it is possible to prepare ZnO semiconductors
characterised by a higher population of (001) Zn-polar faces with the
enhanced ability to enhance the photocatalytic activity of COq
photoreduction.

Many papers also discuss the effect of zinc oxide modification with
various compounds on the efficiency of the CO, photoreduction process
[5-10]. The ZnO quantum dots loaded onto KNb3Og nanosheets [5],
constituting form a heterojunction with KNb3Og nanosheets, demon-
strated superior photocatalytic activity with 1539.77 pmol/g/h of
methanol yield. Furthermore, the mechanism of photocatalytic
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reduction of CO; is photogenerated electrons and holes to be consumed
for producing methanol and acetone (from simultaneous oxidation of
isopropanol) separately. An effective approach to obtaining efficient
photocatalysts based on semiconducting metal oxides for CO2 reduction
with remarkable abilities to absorb lights, separating charge carriers and
CO. presented by Li et al. [6]. A hollow structured p-n heterojunction
catalyst, polydopamine (PDA)-ZnO/Cos04, was synthesised by pyro-
lysing bimetallic ZnCo-ZIFs, followed by modification with PDA. The
processes were performed in a mixed solvent of dimethylformamide
DMF with water under UV-Vis light irradiation without any photo-
sensitiser and additional sacrificial reagents. Photocatalyst PDA15/Z-
n0O/Co304 showed a carbon monoxide production rate of 537.5
pmol/g/h with a CO selectivity of 97.7 %. The combination of CdS and
ZnO, forming a CdS/ZnO heterojunction photocatalyst, leads to higher
activity for reducing CO; to fuels than that of CdS under visible light
irradiation [7]. In this heterojunction, the CdS/ZnO structure separated
electrons from ZnO by migrating electrons and capturing them in CdS. In
the mixture of 15 % CO, and 85 % argon and 10 mL of water over the
CdS/ZnO photocatalyst, 35.2 pmol/g/h of CO and 5.9 pmol/g/h of CHy
under the visible lamp and 0.4 MPa pressure during 4 hours of irradia-
tion were measured. Zhang et al. [8] proposed a photocatalytic reduc-
tion mechanism in the presence of ZnO/ZnSe composites containing
heterojunction type II that were prepared by a simple solvothermal
method for photocatalytic CO, reduction. It was concluded that the
photocatalytic activity of the sample containing 3 wt % of ZnO/ZnSe
was significantly higher than that of bare ZnO, and ZnSe 1581.82
pmol/gcar/h of methanol was produced with the use of mentioned ma-
terial. The highest rate of methanol is attributed to the heterojunction
structure in the composite for effectively transferring carriers and
simultaneously inhibiting the recombination of electrons and holes.

An outline of recent achievements in the classification of metal oxide
defects based on the dimensions of a host crystal lattice was presented by
Raizada et al. [9]. The authors described a surface modification of metal
oxides through OD (point), 1D (line), 2D (planar), and 3D (volume)
defects with their subsequent mechanism and impact on photocatalytic
performance. Additionally, it was pointed out that the electronic
configuration created by defects modulates the electron-hole pair dy-
namics, stability, and active radicals production for various oxides,
including ZnO. Alhebshi et al. [10], on the other hand, widely discussed
extensively advancement in semiconductors and their characteristics
toward the photoreduction of CO,, including ZnO, focused on their
limitation and possibilities of overcoming them by doping and co-doping
to reduce band gap or cocatalyst by noble metals and nonmetals. They
analysed semiconductor advancements concerning quantum dots, het-
erojunction, and sacrificial reagents.

Interestingly, Guo et al. [11] proposed ZnOs-promoted ZnO syn-
thesised via HyO, treatment. The authors revealed that an excess of
ZnO; increased the surface area and enhanced oxygen vacancies,
significantly improving the adsorption capacity of molecular COs. So,
the obtained ZnOs-promoted ZnO photocatalyst showed a 21 times
enhanced ability for CO, reduction to methane and methanol in com-
parison to pristine ZnO.

There are also known porous ZnO nanoplates with vacancy defects
synthesised by annealing ZnS(en)0.5 precursor in the air at a different
temperature [12]. The defect amount in ZnO changes with the annealing
temperature (600-700 °C), resulting in other photocatalytic activity for
CO4 reduction. It was found that the creation of oxygen defects affects
the selectivity of the reduction of CO, and leads to producing only
carbon monoxide. After 4 hours of photoreaction, 3.8 pmol/g of carbon
monoxide was analysed for ZnO obtained at 600 °C. This material also
had the highest content of Vg defects. Additionally, ZnO was found to be
unstable during operation because Zns(OH)(CO3)3 phases appeared on
the surface, which are transient during CO, photoreduction, and its
defects are promoters of the acid-base Lewis interaction. The discussion
on the presence of a Zns(OH)g(CO3)3 form was further developed in the
work by Xin et al. [13]. The authors found that Zns(OH)g(CO3)2 (also
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used in our study as a reference material) strongly adsorbed on the ZnO
nanosheet surface, which is believed to be the active intermediate spe-
cies formed due to Lewis acid-base interactions and finally facilitated the
photocatalytic reduction of CO3 to CO and CHy. The results show that
the porous ZnO nanosheets, with more defect sites, that is, zinc and
oxygen vacancies, exhibit a much higher activity for the photoreduction
of CO, with HoO when compared to ZnO nanoparticles and nanorods.
With the use of prepared ZnO with oxygen vacancies, 1122.69
pmol/gcat/h of Hy, 406.77 pmol/gcar/h of CO, and 20.16 pmol/gcat/h of
CH,4 were produced at 200 °C.

From the point of view of our work, not only the presence of the
Zns(0OH)e(CO3)3 form will determine the efficiency of the photoreduc-
tion of CO; into valuable products, but Since the reaction slurry was
saturated with CO9, an equilibrium CO; between the gas phase dissolved
in water as carbonate and bicarbonate ion should also be considered.
Pang et al. [14] experimentally found an influence of this phenomenon
on the photoactivity of CO, reduction to CO. The HCO3 ions were
beneficial for improving photoactivity and selectivity to CO by
increasing carbon-related species on the surface of the photocatalyst’s
surface, suppressing the backward reaction of CO5 conversion. Using a
solution of NaHCO3 with a pH of 8-10, the photoactivity conversion of
CO5 to CO with bubbling of argon was significantly higher than only
water solution with a pH of 4-5.

In this study, we hypothesise that such a bicarbonate or carbonate
complex with zinc is the keyway to the photocatalytic reduction of di-
oxide with the participation of ZnO. The second hypothesis is that both a
heterogeneous and homogeneous system based on zinc oxide, adjusted
by changes in pH solution, can be used for the photocatalytic reduction
of CO,. For the experiments illustrating the above-presented hypotheses,
we selected ZnO with two extremely low particle sizes (<26 nm) and
high (<5 pm), as well as the material in the form of basic zinc carbonate
(ZnCO3)2-[Zn(OH),]3 as reference material that plays a crucial role in
CO4, reduction as suggested elsewhere [12-14]. The suspensions of the
above photocatalysts were tested at a slightly acidic pH in water and at
alkaline pH in NaOH solution. In both cases, saturation with CO, was
used before the photocatalytic CO, reduction reaction.

Based on current knowledge, it can be stated that this is the first
article that discusses the reduction of COy by using ZnO dissolved in
water (homogeneous photocatalysis without any organic metal com-
plex). In addition, the homogeneous photocatalytic activity was
compared to a heterogeneous one (tested in alkaline conditions) utilis-
ing the same photocatalysts.

2. Experimental
2.1. Materials

Three various zinc-containing materials were used in photocatalytic
COq reduction processes. They differed in structure and particle size. The
first was ZnO with low particle size, up to 26 nm. It was produced by the
Institute of High Pressure Physics (Polish Academy of Science, Poland)
using methods of microwave solvothermal synthesis as given in the
literature [15]. The second one was ZnO, with a particle size of up to 5
pm (Sigma-Aldrich, USA). The last one was reagent-grade basic zinc
carbonate used as a reference material (ZnCO3)s-[Zn(OH);]3 (Firma
Chempur, Poland).

2.2. Materials characterisation

The surface functional groups of tested samples were determined by
the FT-IR 4200 spectrometer (JASCO International Co. Ltd., Japan)
supplied with DiffuselR accessory (PIKE Technologies, USA). The FT-IR
spectra were examined in the 4000-400 cm™! range.

The phase composition of tested samples was performed on the
Empyrean PANalytical diffractometer (Malvern PANanalytical Ltd.,
United Kingdom) utilising Cu Ka radiation (A Cu Ka= 0.1540 nm,
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measurement range of 10-70°). The HighScore+ softwere and Interna-
tional Center for Diffraction Data PDF4+ 2018 database were used for
the phase identification (00-036-1451 PDF4+ card for ZnO, 01-072-
1100 PDF4+ card for Zns(CO3)2(OH)g and 00-003-0787 PDF4-+ card
for Zny(CO3)(OH)e-H20). The average crystallite size was calculated
from Scherrer’s equation.

The specific surface area (Sggr) was determined in the relative
pressure range of 0.05-0.3 and calculated based on Brunauer-Emmett-
Teller (BET) equation utilising Ny adsorption-desorption isotherms
performed on a QUADRASORB evo™ Gas Sorption automatic system
(Quantachrome Instruments GmbH & Co. KG, USA) at 77 K (—196 °C).
Before the experiment, samples were outgassed at 100 °C under a vac-
uum of 1-107° mbar for 12 h using a MasterPrep multi-zone flow/vac-
uum degasser (Quantachrome Instruments GmbH & Co. KG, USA) to
remove adsorbed species that could intervene in the adsorption
processes.

The surface morphology of the samples was investigated with SEM
Hitachi SU 8020 scanning electron microscope (Hitachi Ltd., Japan).
The images were taken at an accelerating voltage of 5 kV and a
magnification of 50k and 200k.

ImageJ public domain software was used to analyse ZnO particles
from SEM images statistically. Initially, it was necessary to set up the
scale, i.e. the number of pixels at a given distance, at a magnification of
200 000x-200 nm. The surface area was determined by manually
drawing an appropriate figure representing the shape of the particle for
ZnO <26 nm- circle, ZnO <5 pym- polygon, and for (ZnCOs),-[Zn
(OH)2]s- ellipse.

The slight difference in crystallite/particle size and specific surface
area determined by experimental methods (X-ray diffraction and low-
temperature Ny adsorption-desorption, respectively) and that obtained
by modelling with ImageJ software is, i.e. due to the introduction of an
assumed form factor for the modelling method. However, it should be
noted that, regardless of the method of measurement/modelling, the
results obtained show a high level of agreement.

2.3. Photocatalytic performance

The experiments were conducted in two different environments for
each sample, using a 0.2 M solution of NaOH or distilled water. The
reactor scheme used in experiments with a working capacity of about
766 cm® (Heraeus Noblelight GmbH, Germany) was presented in our
previous paper [16]. It was also equipped with a quartz cooler supplied
with water, where a medium-pressure mercury lamp TQ 150 Z3 (Her-
aeus Noblelight GmbH, Germany) was placed. The lamp’s power was
150 W and had a wide range of UV-Vis radiation (mostly UV-A and
UVv-Q).

200 mg of the tested powder was placed in the reactor. Then,
500 cm?® of distilled water or 0.2 M aqueous sodium hydroxide solution
was added. The pH was equal to 6.9-7.2 and 11.5 for water with dis-
solved samples and ZnO and basic zinc carbonate suspended in 0.2 M
NaOH solution, respectively. The system was rinsed with pure COy
(Messer Polska Sp. z 0.0., Poland) for 16 hours. It caused a decrease of
pH to 5.6-5.8 for an aqueous environment containing dissolved zinc-
based compounds and 8.0 for an alkaline environment. For compari-
son, pure redistilled water used in the experiments had a pH of 5.8, and
after 16 hours of CO4 saturation, the pH decreased to pH 4.17.

Finally, it was closed, and the lamp was turned on. During the pro-
cess, the gas phase was stirred using the pump with a flow rate equal to
1.6 dm®/h, and the liquid phase was also continuously mixed with a
magnetic stirrer at 400-600 rpm. The system was placed in the ther-
mostatic chamber to ensure a stable process temperature of 20 °C and
cut off any external light sources. The processes were carried out for 6 h,
and the gas samples for analysis were collected every 1 h.

The gas phase composition was analysed with a Master GC gas
chromatograph (DANI Instruments S.p.A., Italy) equipped with a 4 m
Shincarbon ST 100/120 micropacked column. The detectors used were
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TCD and FID with the methanizer. The carrier gas was argon. The gas
pressure on the column was 6 bars. The volume of the tested gas sample
was 1 cm®. The content of individual components in the gas phase in
subsequent measurements was calculated based on the calibration
curve.

After the process, the zinc content in the liquid phase was determined
by the ICP-OES technique using the Avio™ 500 spectrometer (Perki-
nElmer Inc., USA). A certified TraceCERT® Ultra zinc standard for ICP
(NIST- and BAM-CRM traceable, Sigma-Aldrich, Switzerland) with an
initial concentration of 1000 mg/dm>+ 2 mg/dm? was used to prepare a
calibration curve.

3. Results and discussion

In all three samples’ FT-IR/DR spectrum (Fig. 1), a broad peak
ranging from 2900 to 3700 cm™ is attributed to the characteristic —-OH
stretching vibration chemisorbed on synthesised ZnO nanoparticles’
surface [17,18]. Though the FT-IR/DR spectrum of all tested samples
shows similar peak positions for the -OH band, the intensity of this peak
differs and is related to the particle size of the sample. The intensity
increases with the decrease in ZnO particle size [15]. The ~OH groups
are also represented by stretching vibration modes of isolated hydroxyl
groups, C-O stretch in hydroxyl groups and -OH bending vibration
peaks located around 3695, 1089 and 894 cm’l, respectively [15,18].
Some characteristic peaks for ZnO are observed for ZnO <5 pm and ZnO
<26 nm samples. Thus, the low intensive bands between 2854 and
2926 cm™! are assigned to the C-H stretching vibration of alkane groups
from organic compounds applied to the synthesis [19]. Additionally,
C—O0 and C-H vibration bands related to partially transformed aldehyde
or ketone groups from the zinc source acetate ions and the glycol
functional group coatings are observed at 1416 and 1644 cm™! [20]. A
significant vibration band located in the region from 300 to 680 cm™ is
assigned to the characteristic stretching mode of the ZnO bond [21]. The
two intensive peaks at 1412 and 1564 cm™! observed for (ZnCO3)2:[Zn
(OH);]3 sample are ascribed to the asymmetric v CO%’ stretching mode
[22,23], while v4 CO%’ and vy CO%’ are located at 749 and 851 cm™!,
respectively [24]. The peaks characteristic of the ZnO bond are
observed, similar to ZnO <5 pm and ZnO <26 nm samples, between 300
and 680 cm ™.

It is clear from Fig. 2 that the samples labelled as Zn <26 nm and ZnO
<5 pm consist of only hexagonal zincite (00-036-1451 PDF4+ card),
whereas the occurrence of two forms was established for basic zinc
carbonate: Zns(CO3)2(OH)g (01-072-1100 PDF4+ card) and Zn4(CO3)
(OH)g-H20 (00-003-0787 PDF4+ card).

SEM imaging of ZnO <26 nm samples (Fig. 3a-c) showed that zinc
oxide exists in oval particles, often spheres, that create more oversized
agglomerates, marked in Fig. 3c with a dashed line. Using ImagingJ
software, the cross-section area of particles seen in Fig. 3b was
measured, and assuming that the particles have a shape similar to a
sphere, their equivalent diameter was determined. A histogram shown
in Fig. 3d was plotted on this basis. Determined particle size distribution
(PSD) can be described with Gaussian distribution, where the mean
value (n) of equivalent diameter was 24 nm (very close to average
crystallite size determined with XRD method listed in Table 1) and
standard deviation (c) was 3.65 nm. According to these values, it can be
stated that 95.5 % of particles have equivalent diameters in the range of
16.7-31.3 nm and 99.7 % in the range of 13.05-34.95 nm. Based on the
PSD for ZnO <26 nm sample, the model surface area was calculated to
be as high as 45 m?/g, while the specific surface area determined with
the Sger method is 29 mz/g (see Table 1). These values are comparable,
and the difference between them is probably due to the agglomeration
process. If 35 % of the particle surface were blocked by sticking with
other particles, then the model and specific surface areas became the
same.

The zinc oxide sample described as ZnO <5 um in SEM images shows
a much smaller size, where the biggest seen in Fig. 3e-g does not exceed
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Fig. 1. FTIR/DRS spectra of (a) ZnO <26 nm and ZnO <5 pm and (b) (ZnCO3),-[Zn(OH),]3.

1 um, while the smallest one is 25 nm (Table 1). Observed objects have
the shape of prisms with different shapes, bases and heights. Using
ImageJ software, the cross-section area of over 120 objects seen in
Fig. 3g was estimated, and a histogram was plotted (Fig. 3h).

Zn(COs3)2¢[Zn(OH)2]13 has plates with different diameters and very
similar heights close to 14 nm (see Fig. 3i-k). They stick together to form
various structures, porous sponges if they touch each other perpendic-
ular, or very tight and concise when plates are lying on themselves
parallel. The cross-section area of particles was estimated using the same
software. Next, assuming the shape of the plates was a flattened ellipsoid
with a smaller diameter to be constant, 14 nm and varying larger
diameter, the distribution of equivalent diameter was determined, and
then Gaussian distribution was also fitted (Fig. 31). The mean equivalent
diameter, Do, is 43 nm with standard deviation (c) equalled 10.5 nm, so
95.5 % of particles have an equivalent diameter from 22 to 64 nm, and
99.7 % in the range 11.5-74.5 nm. The model surface area calculated
based on PSD for Zn(CO3)2e[Zn(OH),]3 sample was over 71 mz/g, while
the specific surface area was 40 m?/g (see Table 1). To equal these two
values, 44 % of the particle surface must be in touch with others, like in a
parallel plate structure.

After 4 h of CO, saturation, it was observed that the (ZnCOs3)o-[Zn
(OH),]3 suspension in the water has changed to a colourless and trans-
parent aqueous solution without any suspended particles causing
turbidity. Also, ZnO <26 nm and ZnO <5 pm materials behaved simi-
larly. Carbonation was carried out for 16 h overnight to ensure the
complete dissolution of samples. In the case of the same samples placed
in an alkaline solution and similarly saturated with carbon dioxide, no
turbidity changes were observed before saturation and after 16 h of CO,
saturation. Therefore, in all cases, the aqueous phase after the photo-
catalytic activity measurement processes was analysed for the content of
zinc ions. The results of these analyses are presented in Table 2.

From the results presented in Table 2, it can be concluded that all
tested samples of photocatalysts, regardless of the particle size, were
stable in the alkaline (NaOH) solution after 16 h of carbon dioxide
saturation and for the next 6 h of photocatalytic activity measurements.
On the other hand, all samples of photocatalysts tested in the water
saturated with carbon dioxide practically dissolved (see Fig. 4). It was
proved with the zinc content in the filtered solution (Table 2). The
determined degree of dissolution was from 68.5 % to 97.7 %. Still, it
should be noted that the measurements of zinc content by ICP-OES took

several h, and the solution was re-suspended due to the slow desatura-
tion of CO; from the samples during the transfer, which changed the
carbonate balance in the solution. It can be assumed that all zinc was
transferred to the solution and reached 100 %. Interestingly, it was
noted that the total dissolved zinc content depends on the size of the
crystallites - the smaller the crystallites, the higher the zinc solubility.

The photocatalytic performance of the tested materials in CO3
reduction to hydrogen, carbon monoxide, and methane was visualised in
Fig. 4 and Table 3. Based on the results, it can be seen that material ZnO
<26 nm was characterised by the highest photoactivity, both in aqueous
and alkaline environments. The amounts of obtained products were
44.78 urnol/gphomcm_/dm3 of hydrogen, 14.93 prnol/gphotoc.-it,/dm3 of
carbon monoxide, and 1.04 pmol/gphotocat,/dmg of methane for the
process in an aqueous environment. In contrast, for the test in an alka-
line environment product, amounts were 63.92 pmol/ gphotocat/dm3 of
hydrogen, 18.70 umol/gphotocat,/dmg’ of carbon monoxide, and 4.04
pmol/gphotocat./ dm® of methane.

On the contrary, the other two materials showed lower activity,
especially in hydrogen production, in which the decrease in the amount
was significant (3.20-13.77 pmol/gphomcat./dms). The amount of pro-
duced carbon monoxide was decreased only to a lesser extent
(9.68-12.83 pmol/gphotocat_/dm3). The quantity of methane was the
lowest in all tests, which can be explained by the fact that it takes 8
electrons to form a methane molecule. Therefore, in this case, the
reduction of CO3 to carbon monoxide was more privileged since it is a 2-
electron reaction. The variable hydrogen production rate was probably
because it is an intermediate product of carbon dioxide reduction and
was continuously consumed in other reactions. It is worth mentioning
that all tested materials were active even in an aqueous environment
despite being entirely dissolved in water saturated with CO». This proves
the possibility of carrying out homogeneous photocatalytic processes
using the discussed zinc compounds. Another observation can be seen
from the results provided. The photocatalytic activities for hydrogen,
carbon monoxide, and methane are generally higher in an alkaline
aqueous medium compared to pure and neutral water for the same
photocatalyst due to a higher concentration of crucial bicarbonate ions
in an alkaline environment and lower concentration of this HCO3 ions in
near neutral pH in water saturated with CO».

The use of (ZnCO3)2-[Zn(OH)2]3 as the photocatalyst was motivated
by the conclusions put forward by Li et al. [12], Xin et al. [13], and Pang
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Fig. 2. XRD patterns of ZnO <26 nm, ZnO <5 pm and (ZnCOs3)2-[Zn(OH),]3 with the corresponding PDF4+ standard patterns.

et al. [14]. They claimed that the active phase on the surface of various
ZnO photocatalysts was exactly (ZnCO3)2-[Zn(OH)2]s. This phase results
from complex reactions of carbon dioxide with photoactive zinc oxide,
which will depend on the carbonate-bicarbonate balance of CO, in the
aqueous solution [25]. Dissolution of a small part of free carbon dioxide
in water leads to the formation of carbonic acid, presented as reaction
(1), which is in equilibrium with carbonate and bicarbonate according
to the following dissociation reactions (2) and (3) [26]:

2C0; + Hy0 = COyq) + HoCO3 @
H,CO3 = HCOj3 + H 2
HCOj; = CO%¥ + HF €)

Based on carbonate speciation as a function of pH, it is known that
free CO, dissolved in water also forms small portions of chemically
unstable carbonic acid, as presented in reaction (1). The highest
amounts of HoCO3 are found in an acidic pH. Increasing the pH to 4.5
shifts the equilibrium towards bicarbonate formation (reaction (2)) with
the dominant fraction of HCO3 in the pH regime below 9 [27]. The

carbonate fraction, presented in reaction (3), becomes minor at pH 8.5
and dominant above the pH of 11. Saruhashi [26] detailedly analysed
the pH-dependent changes in relative speciation of carbon dioxide
(CO,), bicarbonate (HCO3), and carbonate (CO%’) in water, i.e. at
pH=5.0 and a temperature of 20 °C, 96.2 % carbonic acid, 3.8 % bi-
carbonate ions, and no carbonate ions were confirmed. At pH=6.0, 71.5
% of carbonic acid, 28.5 % of bicarbonate ions and no carbonate ions
were found, and at pH=7.0, only 20 % of carbonic acid, 80 % of bi-
carbonate ions and no carbonate ions. At basic pH=10.0, no carbonic
acid, 70.6 % of bicarbonate ions and 29.94 % of carbonate ions were
detected [26].

Due to the above equilibria, in pure water during carbon dioxide
saturation of ZnO suspension, regardless of the size of ZnO particles, we
have to deal with the following dissolution reactions (4) and (5) of solid
particles [28]:

e dominating reaction:

ZnOy) + HyCO3 = ZnCO;3 + H,0 “
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Fig. 3. SEM pictures and histograms presenting particle size distribution of the tested materials: (a-d) ZnO <26 nm, (e-h) ZnO <5 pm, and (i-1) (ZnCO3),-[Zn(OH);]3

made under various magnifications.

Table 1 ) ) ) e and side reaction:
The physicochemical properties of ZnO-based photocatalysts.
Sample code Mean Equivalent Specific Model Zno(s) +2CO; + HO = Zn(HCOS)Z(aq) )
crystallite diameter surface surface area
size [nm] * [nm] ™" area Sggy Smoa[m2/ The above equilibrium limitation with dominating reaction (4),
[m?/g] ™" gl reducing abilities of samples to CO, reduction reaction to valuable
700 <26 nm 25 24 29 45 chemicals because only bicarbonate ions HCO3 from reaction (5) is
ZnO <5 pm ~100 25-1000 8 R useful in this purpose, as concluded by other authors [15,16].
(ZnCO3)2:[Zn 14 43 40 71 During the saturation of ZnO suspension in sodium hydroxide solu-
(OH)2l3 tion, ZnO particles are stable because the following reactions (6) and (7)

* X-ray diffraction analysis.

** Modelling analysis using ImageJ public domain software.

* Low-temperature N, adsorption-desorption.

occur:
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Table 2

The contents of the zinc in the liquid phase were introduced in the form of solid
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e dominating reaction, which stabilizes the ZnO particles in suspen-

sion because carbon dioxide is involved in reactions with sodium

photocatalysts for all materials tested in the aqueous (H,0) and alkaline (NaOH) ions:
solution.
Sample code Amount of zinc Amount of zinc Total ZnOg;) + COz + NaOH + Hy0 = NaHCO;3 + ZnOg) + H20 (6)
introduced into the  analysed in the dissolved
reactor [mg] liquid phase [mg] zinc [%] . .
e side reaction:
ZnO <26 161.4 148.9 92.2
nm_H,0
ZnO <26 161.4 BLQ* 0.0
nm_NaOH Table 3
ZnO <5 pm_H,0 161.5 110.7 68.5 Contents of products in the gas phase after 6 h of the photocatalytic process.
ZnO <5 161.5 1.3 0.8 K
pm_NaOH Sample code The content in the g3as phase after 6 h of the process
(ZnCO03)y-[Zn 161.1 157.4 97.7 [pmol/gphotocat./dm”]
(OH)]3 H,0 H, co CH,
(ZnCO3)2:[Zn 160.9 0.1 0.1
(OH),]3.NaOH ZnO <26 nm_H,0 44.78 14.93 1.04
ZnO <26 nm_NaOH 63.92 18.70 4.04
*Beneath Limit of Quantification. ZnO <5 pm_H,0 3.20 1037 0.74
ZnO <5 pm_NaOH 9.49 12.83 1.05
(ZnCOs)y-[Zn(OH)]5_ H,0 10.08 9.68 0.77
(ZnCO3)2:[Zn(OH),]3_NaOH 13.77 11.03 0.52
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Fig. 4. The content of: (a, d, g) Ha, (b, e, h) CO, and (c, f, i) CH4 in the gas phase for the sample ZnO <26 nm, ZnO <5 pm and (ZnCO3),-[Zn(OH),]3, respectively,
tested in an aqueous (H,0) and alkaline (0.2 M NaOH) environment.



E. Kusiak-Nejman et al.
ZnOg, + CO, + 2NaOH + Hy0 = Nap,CO3 + Zn(OH), + H,O 7

Also, according to the following equilibrium reaction, the ZnO slurry
is stable because CO> is continuously involved in the reaction (8):

2NaHCOj3 = Na,CO3; + CO;, + H,O 8)

Both of them, NaHCO3 and NayCOg, are highly soluble in water.

In the above cases of carbonate equilibrium states in an alkaline
environment, the presence of small amounts of zinc carbonate (ZnCO3)
and zinc hydroxide (Zn(OH);) cannot be ruled out, which forms a
complex compound mentioned as an active phase on the ZnO surface, i.
e. basic zinc carbonate (ZnCOs3)s-[Zn(OH),]3, which is stable in an
alkaline environment, but soluble in neutral and acidic water, i.e.
saturated with CO,. Based on XRD measurements of ZnO photocatalysts,
Xin et al. [13] proposed the following reaction (9) to form this phase on
ZnO particles at 150-250 °C with water vapour and CO3:

5Zn0 + 2CO; + 3H,0 = Zns(OH)(CO3), 9

where: Zns(OH)g(CO3)2 is (ZnCO3)s-[Zn(OH)2]3 in our work.

In summarizing, under the experiment conditions (at slightly acidic
pH), after the dissolution of ZnO as well as the possibly formed
(ZnCO3)2-[Zn(OH),]3 phase, Zn** ions dominate [13], co-existing with
other characteristic ions (CO%’, OH’, HCO3). While in the alkaline me-
dium in the suspension of ZnO and (ZnCO3)2-[Zn(OH),]3, we are dealing
with ZnO mainly, as well as ZnCO3 and Zn(OH), particles. These com-
pounds in an alkaline solution can be occluded with water and OH"
groups, e.g. forming Zn(OH)? or surface hydroxyl groups like
(Zn-0),-OH [27]. The wurtzite ZnO phase stability vs water pH was
studied by Yamabi and Imai [29]. At a low pH value, it is expected that
Zn(OH); dissolves as Zn(OH)z(aq) and 7Zn>" or dissolved ZnOH* forms,
especially at lower zinc concentrations. They confirmed the presence of
Zn(OH)?{ ions in higher pH.

Reactions (11)-(15), shown below, explain the formation of various
hydrated forms of zinc (present as a homogeneous phase) as a result of
its dissolution in water following the CO5 saturation of the suspension:

ZnOgs) + H,0 = Zn(OH)yq) + OH an
Zn(OH)(yg) + Hy0 = Zn(OH)yq) + HT 12)
Zn(HCO3)a(q) + H20 = ZnGah + 30H + HY 4 2C0O, 13)
Znlhy + 2H0 = Zn(OH)q) + 2HT 14)
Zn(OH)aq) + 2H20 = Zn(OH)gq) + 2HT s)

At pH> 9, hydroxyl ions from an alkaline solution can react further
to produce dissolved zinc hydroxide or hydrated zinc ions again (re-
actions (16) and (17)):

ZnOH*+ OH = Zn(OH)y(q) (16)
Zn(OH), + 20H" = Zn(OH)zy) 17)

The above molecules of hydrated zinc hydroxides can form local
dissolved networks in which the -Zn-O-Zn- junction is the most
essential and photoactive part of the aggregate containing the hydroxyl
groups. For example, two molecules of Zn(OH); can be transformed as
given in a general dehydration reaction (18) [29]:

Zn(OH)2™ + Zn(OH)2 ™ = Zn,0(0H)4: 2 + H,0 (18)

where n=2 or 4.

Hydrogen cations formed in reactions (11)-(15), in addition to H*
ions from photocatalytic water decomposition, participate in the CO5
photoreduction towards carbon monoxide and methane according to
reactions (19) and (20) [30]:

CO, + 2H" + 2¢” —» CO + H,0 (19)
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CO; + 8H + 8¢ — CH4 + 2H,0 (20)

An excess hydrogen ion formed in the reactions (11)-(15) can react
with e from the conduction band, generated during photoexcitation of
ZnO photocatalyst or the —-Zn—-O-Zn- junction, producing hydrogen as
presented in reaction (21):

2H' +2¢ — H, 21

4. Conclusions

The photocatalytic reduction of CO5 to hydrogen, carbon monoxide,
and methane in the suspension or solution of two ZnO forms (ZnO
<26 nm and ZnO <5 pm) and (ZnCOs3)»-[Zn(OH)2]3, used as a reference
material, in both an alkaline environment by NaOH and in neutral water
was investigated. Because of carbonate-bicarbonate equilibrium, the
ZnO samples and reference material were stable in the alkaline envi-
ronment. The crystallite size was correlated with the high zinc solubility
in an aqueous solution (97.7 % for 14 nm, 92.2 % for 25 nm, contrary to
68.5 % for crystallites larger than 100 nm).

The ZnO with an average size of <26 nm was the best with activity.
The amount obtained products for ZnO <26 nm were 63.92 pmol/
8photocat./dm> of Ha, 18.70 pmol/gphotocar./dm® of CO, and 4.04 pmol/
gphomcm_/dm3 of CHy4 for the test in an alkaline environment. In an or-
dinary water environment, all tested samples of zinc-containing com-
pounds are completely dissolved within minutes. 6 h of carbonation of
water to form a transparent solution of Zn>* ions coordinated by OH’,
C0%, and HCO3. The solution showed photoactivity with a slightly lower
value than the heterogeneous one. Also, the ZnO <26 nm for the process
in an aqueous environment was the highest photoactivity because pro-
duction was 44.78 pmol/gphotocat,/dme' of hydrogen, 14.93 pmol/gpho.-
tocat./dm® of carbon monoxide, and 1.04 pmol/; gphotocat./dms' of
methane.

For both cases, selectivity creates the order Hy > CO > CHgy. It has
been proposed that the photoactive center in dissolved agglomerates
Zn20(OH)§;f§‘ is a hydrous bridge —~Zn-O-Zn- that can utilise bicar-
bonate HCO3 ions as a transporter of CO,. In addition, the H' ions
generated during the ZnO dissolving in water can first participate in the
CO; photoreduction towards CO and CH4 and, secondly, involve form-
ing small quantities of hydrogen as a valuable byproduct.
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