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Abstract
Gold (Au) nanoparticles supported on certain platforms display highly e�cient activity on nitroaromatics reduction. In this study,
steam-activated carbon black (SCB) was used as a platform to fabricate Au/SCB catalysts via a green and simple method for 4-
nitrophenol (4-NP) reduction. The obtained Au/SCB catalysts exhibit e�cient catalytic performance in reduction of 4-NP (rate constant
kapp = 2.1925 min-1). The effects of SCB activated under different steam temperature, Au loading amount, pH and reaction temperature
were studied. The structural advantages of SCB as a platform were analyzed by various characterizations. Especially, the result of N2

adsorption-desorption method showed that steam activating process could bring higher surface area (from 185.9689 m²/g to 249.0053
m²/g), larger pore volume (from 0.073268 cm³/g to 0.165246 cm³/g) and more micropore for SCB when compared with initial CB,
demonstrating the suitable of SCB for Au NPs anchoring, thus promoting the catalytic activity. This work contributes to the fabrication
of other supported metal nanoparticle catalysts for preparing different functional nanocomposites for different applications.

1. Introduction
As raw materials for pesticides, explosives and other chemical products, nitroaromatics are widely used in the chemistry industry, which
could certainly make the environmental pollution, especially water pollution, thus posing threat towards biology. For example, 4-
nitrophenol (4-NP), a kind of nitroaromatics, is common toxic and in urgent need of removal (Cao et al. 2020, Fu et al. 2019a). Among
the removal methods, catalytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) is a suitable method, which can decrease the
toxicity of 4-NP and simultaneously produce the added-value by-product 4-AP for many chemical synthesis and thus bring economic
bene�ts. With abundant explorations, the catalysts for 4-NP reduction are tremendously developed in recent years, especially supported
gold nanoparticles (Au NPs) catalysts (Neal et al. 2020, Zhang et al. 2020). Although the super high catalytic activity can be achieved
by the supported Au NPs catalysts, the high cost and limited resource hinder the practical application (Tan &Tan 2020). Hence, it is
important to design a supported Au NPs catalyst with excellent catalytic activity and desired cost.

As for catalysts supports, carbon materials with many properties of well electrical conductivity, stable mechanical performance, easy
modi�cation and low cost are widely used for Au NPs anchoring (Ferry et al. 2015, Qin et al. 2019a). In our group, we have been
working on ways to develop a sequence of carbon-supported Au NPs catalysts, which are low cost and exhibit e�cient catalytic
performance in reduction of 4-NP (Fu et al. 2019a, Fu et al. 2019b, Qin et al. 2019a, Qin et al. 2019b, Qin et al. 2019c). For instance, we
employed hierarchical porous carbon black (CB) as supporting materials to prepare supported Au NPs catalysts, on account of CB with
low cost and hierarchical porous structure (Qin et al. 2019b, Wang et al. 2011). The results have shown that the rich pore structure of
CB is conducive to restricting Au NPs in the pore structure, which improves the reuse ability and stability of Au NPs catalysts. In
addition, the graphite-like mixed layer structure of CB can produce π-π stacking interaction, which has a strong adsorption effect on 4-
NP. Compared with Au NPs catalysts supported by other carbon materials (carbon nanotubes, activated carbon and activated coke), the
Au NPs supported by CB exhibits well catalytic activity (Qin et al. 2019b). In addition, to further promote the activity, stability and
dispersibility of Au NPs on CB surface, N-doped and oxygen-containing groups were introduced into CB by modifying with HNO3. The
catalytic performance of the prepared bimetallic HCB-Ni-Au catalysts was certainly enhanced compared with previous study (Qin et al.
2019c). Hence, it is obvious that CB is an ideal platform for Au NPs anchoring.

The existing study has proved that CB-supported Au NPs catalysts exhibit potential for catalytic 4-NP reduction. But considering the
secondary pollution to environment caused by HNO3 modi�cation and high toxicity of other introduced metal such as Ni, it is vital to
develop an environmentally friendly method to functionalize and activate CB as a better support for Au NPs anchoring. Recently, it has
been reported that steam can effectively activate carbon materials, which increases the speci�c area and pore volume, thus promoting
the adsorption ability towards pollutants and catalytic reaction (Rajapaksha et al. 2015, Zhao et al. 2007). Lima and Huang et al. used
steam to activate biomass by adjusting the temperature of steam, effectively increasing the speci�c area and pore volume of biomass,
and the steam activated-biomass exhibited e�cient adsorption ability towards Cu2+ and tetracycline (Lima et al. 2010, Wang et al.
2020). In the research of Shcherban et al., they also used steam to activate carbon materials (Shcherban et al. 2014). The
characterization results display that the steam-activated carbon materials possess increased speci�c surface area and higher
adsorption capacity of hydrogen. Hence, it can be expected that steam activation is a green and simple method to modify CB to
increase the speci�c surface area and provide more active sites for Au NPs anchoring, thus promoting the catalytic activity. In addition,
it has been reported by our group that ascorbic acid (AA) can serve as a mild reducing agent for Au3+ reduction (Fu et al. 2019b).
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Thus, we expect to fabricate Au NPs supported on steam-activated CB (Au/SCB) via a green, simple and low-cost method, using AA as
reducing agent. The obtained catalysts are applied in the model reaction of 4-NP reduction. The main experimental contents of this
study include: (1) analysis of the characteristics of SCB compared with initial CB, and discussion the effect of steam temperature; (ii)
study on the catalytic activity of Au/SCB catalysts, and discussion the effect of Au loading amount, pH, and reaction temperature, and
the universality; (iii) investigation on the catalytic principle for 4-NP reduction over the Au/SCB catalysts; (iv) comparison with previous
studies.

2. Experimental

2.1 Materials
Commercial spherical Vulcan XC-72 carbon black was purchased from Nanjing XFNANO Materials Technology Corporation. Hydrogen
tetrachloroaurate hydrate (HAuCl4·4H2O), ascorbic acid (AA), nitrophenols including 2-nitrophenol (2-NP), 3-nitrophenol (3-NP), 4-
nitrophenol (4-NP), and 2,4-dinitrophenol (2,4-DNP), and azo dyes including Methyl orange (MO), Congo red (CR), and Erichrome Black T
(EBT) were both proposed from Sinopharm Chemical Reagent Corporation Limited.

2.2 Synthesis of steam-activated carbon black supported Au NPs (Au/SCB)
Steam-activated carbon black (SCB): Commercial spherical CB was �rstly puri�ed by ultrapure water. The above samples were
activated by steam for 45 min in tube furnace the peak temperature of 300°C, 400°C and 500°C with 5 °C·min-1 heating rate, and the
obtained catalysts were denoted as T-SCB (T = 300°C, 400°C and 500°C).

Steam-activated carbon black supported Au NPs (Au/SCB): 0.2 g SCB was added to 100 mL of ultrapure water with ultrasound of 0.5 h.
Then, 0.5~2.5 mL of HAuCl4·4H2O (24.28 mM) was injected into SCB suspension with stirring for 0.5 h. After that, 10 mL of AA (0.1 M)
was dropwise appended into the above solution with stirring for 24 h under ambient environment. The resulting samples were collected
after washed and dried overnight for further use, which were marked as xAu/T-SCB (x = 0.5, 1, 1.5, 2 and 2.5; T = 300°C, 400°C and
500°C).

2.3 Characterization
The X-Ray diffraction (XRD) was conducted on a 6100 powder diffractometer (Shimadzu Corporation, Japan). Transmission electron
microscopy (TEM) was conducted on Tecnai G2 f20. Raman spectroscopy was performed on HORIBA JY LabRAM HR Evolution.
Fourier transform-infrared spectroscopy (FT-IR) was collected on Perkin Elmer spectrum 100. Nitrogen adsorption isotherms were
obtained by using BET surface area apparatus on Micromeritics ASAP 2460 at 423 K. X-ray photoelectron spectroscopy (XPS) was
performed on apparatus of Thermo Scienti�c. Zeta potential was tested using a Zeta-sizer Nano-ZS (Malvern). The UV-Vis absorption
spectra were monitored using UV-2700 spectrophotometer purchased from Shimadzu Corporation.

2.4 Catalytic experiments
Firstly, 10 mg xAu/T-SCB catalyst was decentralized in 50 mL 4-NP (0.2 mM), and then mixed for 30 min to realize the equilibrium of
adsorption and desorption. Next, 0.0757 g NaBH4 (C4-NP/CNaBH4 = 1/200) was introduced to the above solution. The solution was
sampled at speci�c intervals time and �ltrated by 0.45 µm syringe �lter, and then monitored on a UV-Vis spectrometer. The catalytic
reduction of various nitrophenols and azo dyes (0.3 mM) was also performed at same reaction conditions.

3. Results And Discussion

3.1 Characterizations
Firstly, XRD spectra were measured to determine the crystal structure. As shown in Fig. 1a, the typical diffraction peaks of SCB
appeared at 2θ = 25° and 44° attribute to the plane (002) and (101) of carbon, which is identical with the previous results that our group
reported (Qin et al. 2019b, Qin et al. 2019c). It can be initial inferred that the crystal structure of CB would not be affected by the steam.
The diffraction peaks of 2Au/500°C-SCB centered at 38.1°, 44.3°, 64.5° and 77.5° can be ascribed to the plane (111), (200), (220) and
(311) of face-centered cubic (fcc) Au (JCPDS No.04-0784), respectively. It can be noticed that the peak intensity attributed to plane
(002) of SCB decrease in 2Au/500°C-SCB sample, which is because the Au NPs weaken the internal structure order of SCB (Qin et al.
2019b, Xia et al. 2016).
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TEM and HRTEM characterizations were conducted to study the morphology and microstructure of 500°C-SCB and 2Au/500°C-SCB
catalysts. As shown in Fig. 1b, it can be observed that the SCB is spherical morphology with size of ~40 nm and slightly aggregation,
which is similar with the morphology of initial CB in our previous research (Qin et al. 2019b). As for the morphology of 2Au/500°C-SCB
catalysts shown in Fig. 1c-e, it can be preliminary estimated that Au NPs with size of ~65 nm is well dispersed without obvious
aggregation on the surface of SCB. It can be primarily attributed to the fact that CB activated by steam can provide much active sites
on the surface for Au anchoring (Wang et al. 2011). HRTEM image (Fig. 1e) displays the distinct lattice fringes of 0.235 nm, ascribed to
the plane (111) in fcc Au NPs, which further demonstrates that the Au NPs were resoundingly immobilized on the 500°C-SCB surface
(Fu et al. 2019a). Fig. 1f displays the STEM image of 2Au/500°C-SCB catalysts. Interestingly, it can be found that except large-sized Au
NPs (~65 nm) anchored on the surface of SCB, the small-sized Au NPs (~5 nm) are also anchored both inside and on the surface of
SCB, which may be ascribed to plentiful hierarchical porous texture and high speci�c area of SCB (Qin et al. 2019c).

Next, Raman and FT-IR spectroscopy were used to provide more information on the crystallinity and surface groups of samples. As
shown in Fig. 2a, two characterization peaks at 1345 cm-1 attributed to D band and 1560 cm-1 attributed to G band appear in the
Raman spectra of initial CB (Reddy et al. 2020, Revathy et al. 2018). The D band indicates the disorder or defect in this lattice, and G
band indicates the ‘in-plane’ vibrations. Usually, the ratio of ID/IG is used to represent the degree of disorder in the graphitic material
(Revathy et al. 2018). ID/IG ratio of the initial CB and SCB are calculated to be 1.06 and 1.16. Obviously, the ID/IG ratio of SCB increases
when compared with initial CB, representing more defects are brought into SCB and the graphitization degree decreases after steam
activating (Song et al. 2014). As for 2Au/500°C-SCB, the ID/IG ratio was calculated to be 1.07, closed to the value of initial CB. It may be
because the nucleation of Au NPs at SCB surfaces �lls up a part of defect sites on SCB surface (Ballesteros et al. 2008). Furthermore,
FT-IR spectra provide the information about surface chemistry as shown in Fig. 2b-c. All spectra of samples display a peak at 3680-
3080 cm-1, ascribed to water (hydroxyl groups), which can be neglected following the subsequent discussion (Fu et al. 2019a, Fu et al.
2019b). The peak at 1626 cm-1 is associated to C=C bonds or characteristic of condensed aromatic structures (Shcherban et al. 2014).
In addition, the peaks around 1170-1000 cm-1 and 695-554 cm-1 are responsible for stretching and plane bending vibrations of C–H
bonds (Fu et al. 2019a, Qin et al. 2019b). Compared with initial CB that we have test the characterization in other study, there is no
characteristic band in region 2890-2350 cm-1 in the SCB samples activated at different temperature (300°C, 400°C, and 500°C), which
may be ascribed to the steaming puri�cation (Ballesteros et al. 2008). According to FT-IR results, no obvious change was detected for
surface chemical properties after steam activating. After loading Au on SCB surface, there is no obvious change in all peaks that were
located in the same position (Ali et al. 2017, Kamal et al. 2016).

The pore structures of initial CB, 500°C-SCB and 2Au/500°C-SCB were tested by N2 adsorption-desorption method. Fig. 2c-d indicate the
N2 adsorption-desorption isotherms follow the type IV classi�cation, indicating the existence of abundant mesopores in these samples.
Table S1 lists the speci�c surface area on the basis of Brunauer-Emmett-Teller (BET) model. Obviously, the BET surface area of 500°C-
SCB (249.01 m²/g) is higher than that of initial CB (185.97 m²/g), which can be ascribed to the steam activating (Rajapaksha et al.
2015). Similarly, the pore volume of 500°C-SCB also increases to 0.165 cm³/g from 0.073 cm³/g. Differently, the pore size of 500°C-
SCB decreases to 15.61 nm when compared with initial CB (21.04 nm). Hence, pore size distribution on the basis of Barrett-Joyner-
Halenda (BJH) and Horvath-Kawazoe models were used to further explain the decrease of pore size. As shown in Fig. 2d, there is a
main peak within the range of mesopore diameters (10-50 nm) in the pore size distribution of initial CB, while the peak in the range of
micropore diameters (0-2 nm) is appeared in 500°C-SCB, exhibiting hierarchical pore structures. All the results clearly illustrate that
steam activating process can bring higher speci�c surface area, larger pore volume and more micropore structures (Jiang et al. 2013,
Rajapaksha et al. 2015, Shcherban et al. 2014). It can be explained by that the process causes the rapid and continuous diffusion of
gases, especially superheated steam, into the CB, thus exposing new surfaces and forming more micropores in SCB (Lima et al. 2010).
Remarkably enough, the larger speci�c surface area may be owing to more pores from stacking together, and the large amount of
emerged micropores result in the decreased average pore size in 500°C-SCB (Li et al. 2021). After loading Au NPs, the speci�c area and
pore volume of 2Au/500°C-SCB display a little decrease, which may be because the Au NPs occupy a portion of surface and pore
channel of 500°C-SCB, in accord with the results of TEM analysis.

To further understand the effect of steam activating on samples, XPS was performed to analyze the chemical composition and
chemical bonds over the initial CB, 500°C-SCB, and 2Au/500°C-SCB. The full XPS spectra presented in Fig. 3a display the
compositional elements of them, illustrating C and O elements are the dominant species in each sample. As shown in Fig. 3b, the high-
resolution C 1s spectra is deconvolved into four peaks with binding energy (BE) at 284.6, 285.8, 286.9 and 289.8 eV, ascribed to sp2

carbon (graphitic C=C), sp3 carbon (hydrocarbon C–C), C–O and π-π transition loss (Wang et al. 2011, Xia et al. 2016). The relative
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rations (%) of four species for initial CB, 500°C-SCB, and 2Au/500°C-SCB are listed in Table S2. It is obvious that the relative percentage
of C=C decreases to 55.59% from 66.1%, and C–C increases to 28.35% from 9.83% after steam activating. The results are consistent
with the discussion in the section of Raman analysis, that the graphitization degree decreased and more defects are brought into SCB
after steam activating, owing to the etch of crystal structures by the steam activating. In addition, the relative percentage of C–O
increases to 7.91% from 6.43% after steam activating. As shown in Fig. 3c, the percentage of O also increases for SCB after steam
activating, corresponding to the results of increased percentage of C–O. After loading Au NPs, the high-resolution spectrum of C 1s
displays that the percentage of C–O still increases to 16.81%. According to the previous reports by Xie et al., it could be associated with
the improved uniformity of Au NPs on SCB because the C–O could serve as active sites with high charge density on the oxygen sites
(Wang et al. 2011). The Au 4f spectrum shown in Fig. 3d displays the typical characteristic peaks at 83.2 and 86.9 eV, displaying Au
4f7/2 and Au 4f5/2 of Au0 (the difference value between the two peaks is 3.7 eV). In addition, the additional peaks at the high BE side are

also found, attributed to oxidized Au+ species (Duan et al. 2019, Qin et al. 2021).

3.2 Catalytic performance of Au/SCB catalysts for nitrophenols reduction

3.2.1 Catalytic performance for 4-NP reduction
The reaction of 4-NP reduced to 4-AP is thermodynamically feasible (Eo = -0.76 V) at normal conditions with NaBH4 serving as

reductant (Eo = -1.33 V) (Zhang et al. 2021). However, the reaction progress is hard to proceed without catalyst, owing to the kinetic
barrier brought from large potential difference between 4-NP and NaBH4. But the barrier could be got over through Au NPs based
catalysts and the reaction progress is readily detected by UV-vis spectrometer (Jiang et al. 2021). Hence, Au/SCB catalysts was used
for catalytic 4-NP reduction. Firstly, adsorption experiments of 4-NP by SCB and Au/SCB catalysts were conducted. Fig. S1a-b show
that the peak intensity at 316 nm of 4-NP decreases but there is no new peak in the absorbance spectra, demonstrating the adsorption
ability of SCB and Au/SCB catalysts. Fig. S1c displays that the absorbance characteristic peak of 4-NP shifts from 316 to 400 nm after
adding NaBH4, illustrating 4-nitrophenolate ions are formed (Fu et al. 2019a, Qin et al. 2019c). When adding 2Au/500°C-SCB catalyst,
the peak intensity at 400 nm slowly weakened with the reaction proceeding and could be detected no longer after 3 min, indicating the
4-NP reduction. Meanwhile, a new peak occurred at 300 nm, indicating the formation of 4-AP (Fig. 4a). In addition, the color of
reactants gradually fades. The NaBH4 concentration is 200 times 4-NP concentration, so the catalytic 4-NP reduction can be regarded

as pseudo-�rst-order kinetics reaction. After simulating, the rate constant kapp was obtained (2.1925 min−1), displaying excellent
catalytic activity of 2Au/500°C-SCB catalyst (Fig. 4b).

3.2.2 Effect of steam activating temperature and Au loading amount
According to the previous study, it is known that the temperature of steam activating may impact on the structure of SCB, thereby
in�uencing the catalytic activity of Au/SCB catalysts. Besides, the loading amount of Au is also an important parameter for the Au-
based catalysts. Hence, the effects of steam activating temperature and Au loading amount were investigated. As shown in Fig. S2a-c,
all the xAu/T-SCB catalysts (x = 0.5, 1, 1.5, 2 and 2.5; T = 300°C, 400°C and 500°C) can successfully reduce 4-NP (Fig. S2d-f). As
evidenced in the kinetic rates, the catalytic performance of different xAu/T-SCB catalysts is closely related to the steam activating
temperature and Au loading amount. Obviously, the catalytic performance is promoted as the steam activating temperature increases
from 300°C to 500°C. Among the Au/SCB catalyst prepared in different temperature, the Au/500°C-SCB displays the highest catalytic
activity for 4-NP reduction. It might be because that the higher temperature may be bene�cial for superheated steam diffusing, resulting
in high speci�c area and abundant pore structure, especially micropore, which is demonstrated by the BET characterization (Table S1).
The abundant pore structure is conducive to concentrating 4-NP, thus facilitating the catalytic activity (He et al. 2020). As for different
Au loading amount, all the catalysts with 2 mL of Au loading amount prepared under different temperature exhibits higher catalytic
activity. Fig. S2d-f displayed the -ln (Ct/C0) vs. time of 4-NP reduction over xAu/T-SCB catalysts (x = 0.5, 1, 1.5, 2 and 2.5; T = 300°C,
400°C and 500°C). With Au loading amount increasing, the catalytic rate is �rstly increased and next decreased. It might because the
active sites increased with Au content increasing, while the active sites would decreased caused by Au NPs agglomeration with Au
content further adding (Jiang et al. 2021). The rate constant kapp is 1.4869, 2.0382 and 2.1925 min−1 for 2Au/300°C-SCB, 2Au/400°C-
SCB and 2Au/500°C-SCB, respectively. Overall, considering the catalytic e�ciency and economic cost, 2Au/500°C-SCB exhibits better
performance, thus employed in the following study.

3.2.3 Effect of initial pH
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The effect of pH in this catalytic system was investigated at initial pH of 2-9. As shown in Fig. 5a, it is obvious that initial pH can
signi�cantly affect the catalytic activity of 2Au/500°C-SCB and the acidic pH condition is bene�cial for promoting the catalytic
e�ciency. With the initial pH increasing from 2 to 9, the catalytic activity decreased to 0.4022 min−1 from 3.8387 min−1 (Fig. 5b). It has
been reported that the effect of pH in this catalytic system is closely associated with the pHIEP of 2Au/500°C-SCB and pKa of 4-NP
(Nellaiappan et al. 2017, Nguyen et al. 2019a). Zeta potential of the 2Au/500°C-SCB was measured to better understand the in�uence.
Fig. S3 shows the Zeta potential of 2Au/500°C-SCB, which shows a decreasing trend from positive potential to negative potential. The
measured pHIEP of 2Au/500°C-SCB is at about pH of 4, indicating that the catalysts are positively charged at pH < 4. It can been known
that the catalytic 4-NP reduction by 2Au/500°C-SCB in the presence of excessive NaBH4 conforms to Langmuir-Hinshelwood kinetics

model, in which the primarily step procedure is adsorption for catalytic reduction reaction (Qin et al. 2019c). Hence, the BH4
− with

negative charge would be readily gathered round the 2Au/500°C-SCB surface with positive charge at acidic condition, thus leading to
an improved rate constant. In addition, protons in solution can easily bond with BH4

− to produce H2 at acidic condition, promoting the
formation of activated H and thus enhancing the catalytic activity (Lin &Doong 2014). The results are in well accord with the results
obtained from the previous study of Lin and Doong et al., that low pH condition is conducive for accelerating the catalytic e�ciency
(Lin &Doong 2014, Nguyen et al. 2019b). When pH increases over 5, the form of 4-NP with pKa of 7.2 is anionic. It means that 4-NP
anions can be not easily adsorbed onto the negatively charged 2Au/500°C-SCB surface on account of the electrostatic repulsion, thus
decreasing the catalytic e�ciency (He et al. 2020). The results re�ect that the adsorption process is vital for the catalytic reaction,
which would be focused on following discussion about the catalytic mechanism.

3.2.4 Effect of reaction temperature
Reaction temperature on 4-NP reduction was also studied from 20°C to 60°C. Fig. 5c-d display that the catalytic rate of 4-NP reduction
increased with temperature increasing, and the rate constant for 4-NP reduction increased from 0.8952 min−1 at 20°C to 2.7531 min−1

at 60°C. According to the previous study, increasing temperature can accelerate decomposition of NaBH4 and generation of activated H
on catalyst surface, thus enhancing the catalytic activity (Ozerova et al. 2020). Furthermore, activation energy (Ea) can reveal the
relation and dependency between the temperature and rate constant in catalytic reactions (Shin et al. 2012, Wang et al. 2021), which
can be evaluated based on the Arrhenius equation (Eqs. (1)).

lnk = lnA − Ea/RT

1
in which A and T display pre-exponential factor and temperature respectively, and R indicates gas constant (8.314 JK−1·mol−1). As
shown in Fig. S4, the linear �tting of ln k vs. 1/(T × 1000−3) is obtained, in which Ea can be �gured from the slope (-Ea/R) (Cui et al.
2020). Hence, the Ea of 2Au/500°C-SCB for reducing 4-NP is calculated as 23.235 kJ/mol. It is approximate with the Ea of other
reported Au-based catalysts, indicating the well activity of 2Au/500°C-SCB for 4-NP reduction. Generally, the Ea in the range of 8−42
kJ/mol could be ascribed to surface catalyzed reactions. Hence, it can be concluded that the catalytic 4-NP reduction over 2Au/500°C-
SCB �ts surface catalytic mechanism (Bogireddy et al. 2020, Cao et al. 2020, Cui et al. 2020, Wang et al. 2021).

3.2.5 Catalytic activity for isomers and homologues of 4-NP
To manifest the generality of as-prepared 2Au/500°C-SCB catalysts and �gure out the impacts of substituent groups, catalytic
reduction of isomers of 4-NP such as 2-NP and 3-NP, homologues including 2, 4-DNP was investigated under the same reaction
conditions. As shown in Fig. S5a-c, the 2Au/500°C-SCB catalysts exhibit satisfactory catalytic activity for nitrophenols. The absorbance
peaks attributed to 2-NP (414 nm), 3-NP (390 nm) and 2, 4-DNP (443 nm) gradually weakened after adding 2Au/500°C-SCB catalysts
(Fu et al. 2019b), and all the color of reactants faded from natural color. Fig. S5d displays that 2-NP and 3-NP can be totally reduced
within 3 min, and the catalytic reduction of 2, 4-DNP is accomplished within 4 min. The different catalytic e�ciency for isomers and
homologues of 4-NP may be attributed to the molecular orientation and number of nitro-substituent, which has been reported in our
previous study (Fu et al. 2019b).

3.2.6 Catalytic activity for azo dyes
In addition to nitrophenols, azo dyes involving azo bond (–N=N–) in wastewater could also bring serious threat to environment and
human health. The catalytic reduction of –N=N– over metal NPs catalyst has proved an e�cient method to cleavage –N=N– and thus
reducing its hazard (Zhang et al. 2021). Hence, some typical azo dyes such as MO, CR and EBT were selected to further study the
catalytic universality of 2Au/500°C-SCB catalysts. Fig. S6 shows that the peak intensity of MO (463 nm), CR (497 nm), and EBT (530
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nm) decreases as the reaction proceeding with the decolorization of reaction solution, until it can be detected no longer.
Simultaneously, a new peak occurred at ~250 nm, illustrating the formation of new colorless products. The new peak may be ascribed
to derivatives of azo dyes after azo bonds splitting (Fu et al. 2019a). Obviously, the catalytic e�ciency of MO and CR reduction was
higher than that of EBT, which might because 2Au/500°C-SCB exhibits different adsorption capacity towards various azo dyes, and
different azo dyes possess different structure (Qin et al. 2019c). Even so, the 2Au/500°C-SCB catalysts exhibit well catalytic activity in
various azo dyes reduction.

3.2.6 Recycling stability of catalyst
As shown in Fig. S7a, the 2Au/500°C-SCB catalyst exhibits well stability with no obvious deactivation after 5 recycles experiments. But
the rate constant kapp for nitrophenol reduction decreases when the catalysts are reused, which may be because the production of 4-AP
with –NH2 is bonded on the surface of Au NPs. It has been known that –NH2 could strongly bind with Au NPs, therefore blocking the
catalytic sites on Au NPs. To verify the assumption of surface blocking by –NH2, 4-AP was used to pretreat the 2Au/500°C-SCB
catalysts prior the reduction of 4-NP. Fig. S7b displays that the catalytic 4-NP reduction over the 4-AP pretreated 2Au/500°C-SCB
catalysts is complete within 11 min and the rate constant kapp decreases to 0.3765 min−1 from 2.1925 min−1, verifying the assumption
of surface blocking by –NH2.

3.3 Catalytic mechanism
The catalytic principle for 4-NP reduction over Au-based catalysts has been widely proposed and veri�ed in previous studies. In this
study, a widely feasible electron transfer principle is employed, i.e. BH4

− as electron donors and –NO2 on 4-NP as electron acceptor,

which can be divided into three main stages (Bian et al. 2021, Liu et al. 2021). Firstly, BH4
− and 4-NP were adsorbed on Au/500°C-SCB

surface. Meanwhile, the adsorbed BH4
− would dissociate and activated by BH4

− and then active Au-H was formed. Then, active Au-H
and electron transferred to 4-NP, leading to –NO2 reduction to –NH2. Finally, 4-AP desorbed naturally from 2Au/500°C-SCB surface
(Bogireddy et al. 2020, Liu et al. 2021). Combined with the results of characterizations, the superior catalytic features of 2Au/500°C-
SCB catalysts could be explained by following respects: (i) the steam activation may bring some defects to SCB for providing more
active sites for Au NPs anchoring, thus forming more catalytic sites for 4-NP reduction. (ii) It has been discussed that adsorption
process is vital for catalytic reaction. Compared to initial CB, the BET speci�c area and pore volume of SCB increase signi�cantly, and
micropore structure appeared. These are bene�cial for adsorption, thus facilitating diffusion/transport of 4-NP/4-AP. (iii) In addition, the
increased BET surface and porosity could lead to a signi�cant increase of hydrogen adsorption, which is conducive to the production of
active hydrogen species on Au NPs and further promotes the catalytic activity (Shcherban et al. 2014). Fig. 6 shows the process of
preparing 2Au/500°C-SCB catalysts applied in 4-NP reduction, which is a green and simple method.

3.4 Comparison with previous studies
As for a catalyst used in catalytic reaction, the critical factors in practical application should possess super high activity and effective
cost. Our group has been working on ways to design supported Au NPs-based catalysts with super high activity and low cost. As
discussed above, the 2Au/500°C-SCB catalysts exhibit expected catalytic performance towards 4-NP reduction. Table 1 compares the
obtained catalysts in this study with supported Au NPs catalyst reported by our previous studies and other recent publications. The
catalytic performance is emphasized.

It should be noticed that although the 2Au/500°C-SCB catalysts is similar to the Au/CB catalysts in our previous study, in which the
initial CB was used for supporting Au NPs, 2Au/500°C-SCB catalysts display different structure. The results of Nitrogen adsorption
isotherms and TEM show that the pore structure of initial CB mainly composes of micropores, mesopores and macropores, which may
be caused by the aggregation of dispersed CB. After anchoring Au NPs on the initial CB, the speci�c area, pore volume, and average
pore size decreases, indicating that Au NPs are limited in the porous structure of CB. But in this study, the results of Nitrogen adsorption
isotherms illustrate that the speci�c surface area of SCB increases to 249.0053 m²/g, and more micropores structure appears when
compared with initial CB. Combining with TEM results, it can be found that Au NPs are located inside and on the surface of SCB. In
addition, the Raman structure displays that more defects are brought into SCB, providing more active sites for Au NPs anchoring. It can
be reasonable speculated that steam activation brings the structure advantages to SCB for supporting Au NPs. Hence, the performance
of 2Au/500°C-SCB catalysts in this study is also improved greatly. Under the same reaction condition, the catalytic reduction of 4-NP
over 2Au/500°C-SCB catalysts could be �nished within 3 min, while the reaction over Au/CB catalysts was complete within 5 min. The
rate constant kapp of Au/500°C-SCB for 4-NP reduction increased to 2.1925 min−1, but the rate constant kapp of Au/CB catalysts was
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0.8302 min−1 (Qin et al. 2019b). The enhanced catalytic activity of 2Au/500°C-SCB catalysts could be ascribed to the steam activation,
bringing more active sites for Au NPs anchoring and more hierarchical pore structure.

Although the catalytic activity of 2Au/500°C-SCB catalysts is not as good as the HCB-Ni-Au and PDA-g-C3N4/Au catalysts prepared in
our previous studies, the modi�cation method for CB supports is eco-friendly and easy accessibility. And the reductant AA is gentler
than N2H4·H2O, which would not bring about secondary pollution during synthesis. Besides, compared with other catalysts such as
Ag@RF@Fe3O4 nanocatalysts and Pt/biogenic SiO2 hybrid, although 2Au/500°C-SCB catalysts do not exhibit better catalytic activity,
the CB supports in this study are cheaper and easily available. Nevertheless, the activity of the obtained catalysts in this study should
be further promoted, which is doing under our laboratory.

Table 1
Comparison of the catalytic performance of Au/500°C-SCB with our previous studies and recent published studies.

Samples Support Modi�cation
method for
support

Synthesis
method

kapp

(min−1)
knor

b (min-

1·mg-1)

m
(catalyst,
mg)/V
(solution,
mL)

Ref.

2Au/500°C-
SCB

Carbon black Steam
activating CB

AA as reducing
agent

2.1925 0.2192 1/5 This study

Au/CB Carbon black - Ethylene glycol
as reducing
agent

0.8302 0.0830 1/5 (Qin et al.
2019b)

HCB-Ni-Au Carbon black HNO3
modifying CB

N2H4·H2O as
reducing agent

1.9617 0.3923 1/10 (Qin et al.
2019c)

Au/AC Activated coke - AA as reducing
agent

1.1496 0.1277 3/10 (Fu et al.
2019b)

Au
NPs/CTS/AC

Activated coke Chitosan
functionalized
AC

Chitosan as
reducing agent

0.6994 0.1399 1/10 (Fu et al.
2019a)

PDA-g-
C3N4/Au

g-C3N4 Polydopamine
decorated g-
C3N4

Polydopamine
as reducing
agent

3.0840 0.6168 1/6 (Qin et al.
2019a)

Au/M2.5-ZSM-
5(2d)

silica ZSM-5 zeolite - NaBH4 as
reducing agent

0.3450 0.1725 2/3 (He et al.
2020)

Ag@RF@Fe3O4
nanocatalysts

Resorcinol
formaldehyde@Fe3O4

Resorcinol
formaldehyde

Photocatalytic
reduction

2.2700 5.4900 1/10 (Cao et al.
2020)

Au@graphitic
carbon nitride

graphitic carbon
nitride

- Photodeposition

method

0.3198 0.1599 1/1 (Nguyen et
al. 2019b)

Pt/biogenic
SiO2 hybrid

Biogenic porous
silica

particles

- Impregnation
method

1.7400 7.2500 1/250 (Bogireddy
et al.
2020)

4. Conclusions
In this paper, we have designed a green and economic way to fabricate xAu/T-SCB catalysts using steam activated CB as supports and
AA as reducing agent. By comparing the characteristics of initial CB and SCB activated by steam at different temperatures, the 500°C-
SCB is more apt to serve as benign platform to anchor Au NPs. Because it has applicable defects and high BET speci�c surface area,
which is brought by steam activation, thus providing quite active sites for Au NPs anchoring both inside and on the surface of SCB. The
obtained 2Au/500°C-SCB catalysts exhibit high catalytic e�ciency in 4-NP reduction with kapp of 2.1925 min−1. The superiority of
2Au/500°C-SCB catalysts can be explained by the adequate catalytic active sites of Au NPs and competent adsorption ability for
pollutants ascribed to the above properties of SCB. Furthermore, the enhanced hydrogen adsorption may also be conducive to the
production of active hydrogen species on Au NPs, thus promoting the catalytic activity. In addition, the 2Au/500°C-SCB catalysts exhibit
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well universality and recyclability, which is important for the industrial application. The steam activated SCB for Au NPs anchoring in
this study offers a guidance for anchoring different nanoparticles to prepare functional nanocomposites, which could be used in
different applications.
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Figure 1

1 (a) X-ray diffraction spectra of 500°C-SCB and 2Au/500°C-SCB, TEM and HRTEM of (b) 500°C-SCB and (c-e) 2Au/500°C-SCB, (f)
STEM image of 2Au/500°C-SCB.
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Figure 2

(a) Raman spectra of initial CB, 500°C-SCB and 2Au/500°C-SCB, (b) FT-IR spectra of 300°C-SCB, 400°C-SCB, 500°C-SCB, and
2Au/500°C-SCB. (c) N2 adsorption-desorption isotherms and (d) pore size distribution of initial CB, 500°C-SCB and 2Au/500°C-SCB.



Page 14/16

Figure 3

(a) Full XPS spectra, high-resolution XPS spectra of (b) C 1s, (c) O 1s, and (d) Au 4f of initial CB, 500°C-SCB, and 2Au/500°C-SCB.

Figure 4
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(a) Time-dependent UV-Vis absorption spectra of 4-NP reduction over 2Au/500°C-SCB, and (b) plots of Ct/C0 and -ln (Ct/C0) vs. time.
Reaction conditions: C(4-NP) = 0.2 mM, C(NaBH4) = 40 mM, m(2Au/500°C-SCB) = 10 mg, initial pH = 5.62, and room temperature.

Figure 5

(a) Plots of Ct/C0 and (b) -ln (Ct/C0) vs. reaction time of 4-NP reduction under different pH conditions. (c) Plots of Ct/C0 and (d) -ln
(Ct/C0) vs. reaction time of 4-NP reduction under different reaction temperature (T = 20°C, 40°C, and 60°C) over 2Au/500°C-SCB
catalysts. Reaction conditions: C(4-NP) = 0.2 mM, C(NaBH4) = 40 mM, m(2Au/500°C-SCB) = 10 mg.
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Figure 6

Schematic representation of the green and simple method for preparing 2Au/500°C-SCB catalysts used for reduction of 4-NP.
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